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Abstract

:

Based on the analysis of standards for the testing of lubricants, both liquid and plastic, on a four-ball tribometer, and the analysis of the parameters by which lubricants are evaluated, this paper proposes a methodology and an integral parameter for the estimation of tribological properties. The methodological approach proposed in this paper allows for the integration of a variety of parameters provided in the standards for the testing of lubricants into one indicator. Herein, we show that the developed technique is based on the energy approach and takes into account the specific wear work of the test material (steel balls) in the lubricating medium to be investigated. The results of laboratory tests of a wide range of lubricants are presented: hydraulic fluids, motor and transmission oils of various purposes and classifications. It is shown that the magnitude of the integral parameter can be used to assess the effectiveness of anti-wear and anti-scuff additives in base lubricants, as well as the ranges of their applications. This allows for differentiation and quantitative evaluation of the effectiveness of such additives. The obtained results allow us to state that all tests according to the developed method are reproducible and homogeneous, which is confirmed using the Cochran criterion. The coefficient of variation during testing does not exceed 18%. We show that the presented methodology and the integral parameter can be used in the first stage of the laboratory selection tests of new lubricants and additives of various origins, reducing the costs of their development and implementation.
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1. Introduction


An analysis of publications published in various scientific journals allows us to conclude that, recently, new types of lubricant additives and dopants have been actively developed. Much attention has been paid to additives based on nanomaterials, as well as environmentally friendly lubricants based on vegetable oils. The search for the optimal concentrations of additives, the use of additives in the base lubricant and the evaluation of the effectiveness of such additives require a large number of laboratory, standard and operational tests.



In order to reduce the time and costs of such studies, developers use laboratory tests on a four-ball tribometer. Such tests are the first stage of research and allow for the rapid evaluation of the effectiveness of lubricants, the establishment of optimal concentrations and justification for areas of research.



The second stage is the testing of new lubricants on real tribo-system constructions in the form of standard tests or controlled operation. Therefore, the use of a four-ball tribometer in the first stage of research can reduce the time required for testing and increase the efficiency of such studies.



The methodology for the study of lubricants using a four-ball tribometer is set out in the standards of various countries: GOST 9490, ASTM D4172, ASTM D2596, ASTM D2783, ASTM D5183 and DIN 51350. The standards allow for the determination of several parameters, the physical meanings of which differ and are sometimes contradictory, making it difficult to formulate specific conclusions. In our opinion, the tribological properties of a lubricant should be evaluated by an integral indicator that takes into account the interaction of the lubricating medium (additives and dopants in the base lubricating medium) with friction surface materials under various loads, revealing the mechanisms of physical adsorption and chemisorption and the chemical reactions that affect the wear resistance of the tribo-system. Such an approach can increase the efficiency of the development of new lubricants and make the test procedure on a four-ball tribometer more informative.



An overview of various designs of tribometers that are used in the laboratory testing of materials and lubricants for friction and wear is presented in [1]. Among the variety of test equipment constructions, specific consideration is given to the four-ball tribometer. This device is used to determine the tribological characteristics of lubricants, both liquid and plastic.



According to the authors of [2], traditional tests on a four-ball tribometer make it possible to optimize base lubricant additives and dopants through an assessment of their effective actions. We believe that such a methodological approach makes it possible to reduce the number of preliminary tests and to detail the work of extreme pressure additives.



The authors of [3] used a four-ball tribometer to test the extreme pressure properties of lubricants according to ASTM D2596. The authors investigated various lubricants and their ability to prevent burrs. A feature of the tests was the change in the rotational speed of the tribometer rotor. The authors found that the change in the rotor speed and the acceleration time of the rotor changed the magnitude of the burr load. In our opinion, these studies show the necessity of meeting the requirements of the standards for testing using a four-ball tribometer, which set out the testing procedure. Otherwise, the results obtained in different laboratories and by different researchers will vary significantly, making it impossible to analyze such data and create databases. Changes to the methods set out in the standards should be substantiated.



The anti-wear and extreme pressure properties of motor oils were studied in [4,5,6] using a four-ball tribometer according to ASTM D4172 and ASTM D2783. The tribological characteristics of fresh and used SAE 15W40 and SAE 20W50 engine oils were evaluated at different operating times in the engine [5]. The presented results allow us to state that the chosen test method is highly informative. This method allows for the evaluation of the effectiveness of additives in motor oils, such as colloidal particles and ionic liquids [4], as well as carbon nanotubes [6]. These works confirm the high sensitivity and information contents of tests conducted on a four-ball tribometer.



A study of the efficiency of the use of graphene-based organic additives based on graphite, which provide a tribo-chemical reaction during friction with metal surfaces, was described in [7]. The authors of the work showed the high efficiency of using a four-ball tribometer in the study of such additives. According to the test results, organic additives are physically or chemically adsorbed on rubbing metal surfaces with the formation of monolayers, which indicates the high information content of the chosen method.



The results of tests of greases conducted on a four-ball tribometer were presented in [8,9,10]. For example, the addition of ash from rice husk was shown in [8]. In [9,10], additives to lithium grease in the form of talc nanoparticles were studied. The main conclusion of the works listed above was that tests using a four-ball tribometer can achieve highly reproducible results. Therefore, we can state that the use of a four-ball tribometer in the first stage of the qualifying tests of oils, lubricants, additives and dopants can help to obtain reliable information about the selected areas of research, introducing corrections into research in the first stages of testing and reducing the financial costs and time spent on controlled exploitation [9,10,11,12].



A good result was achieved using a four-ball tribometer in the study of the tribological characteristics of vegetable oils. The investigation of sunflower vegetable oil with nano-additives at various concentrations was shown in [13], which allowed the authors to establish the optimal concentration. The purpose of the studies presented in the article was to assess the anti-wear characteristics of vegetable-based lubricants. The test results from the presented work enable us to assert the high information value of employing a four-ball tribometer in studying the anti-wear and extreme pressure properties of vegetable-based lubricants.



The evaluation of the tribological characteristics of various lubricants, both liquid and plastic, with the addition of nanoparticles, where the main tool is a four-ball tribometer, was described in [14,15,16,17,18,19,20,21]. The tribological properties of SiO2 nanoparticles used as additives to a base oil were studied in [15]. In this work, the authors used a four-ball tribometer to evaluate the anti-wear properties of the base oil in comparison with SiO2 nanoparticles in the base oil. A strong correlation was observed between the anti-wear properties of oils with additives, their solubility, and the additive content in the base oil. This affirms the high information value of the chosen research method [16].



The tribological properties of a paraffin lubricant with ZnO and CuO nanoparticles were studied in [17]. Using a four-ball tribometer, the extreme pressure and anti-wear properties of lubricants with nano-additives were assessed according to the ASTM D2596 and ASTM D2266 standards.



In [18], the tribological performance of castor grease with and without two-dimensional (2D) lamellar nanomaterials was evaluated using a four-ball tribo-tester following the ASTM standards. The test results demonstrated high measurement reproducibility.



Nanoparticles, specifically activated carbon, in lithium grease, were discussed in [19,20], while hybrid nano-oils were studied in [21,22]. The possibility of using nanoparticles and polytetrafluoroethylene simultaneously was considered by the authors of [23].



The tribological characteristics of lubricants containing carbon spheres were discussed in [24]. In all these works, experimental studies were conducted using a four-ball tribometer. The authors of these works highlight the high reproducibility of the experimental results.



The works in [25,26] consisted of experimental studies on the tribological characteristics of lubricants using a four-ball tribometer with polytetrafluoroethylene additives. Appropriate concentrations of polytetrafluoroethylene additives in base oils were established.



All the works mentioned relied on tests conducted using a four-ball tribometer [14,15,16,17,18,19,20,21,22,23,24,25,26]. In [27,28], the authors proposed an energy parameter, namely the specific work of the wear of a test material composed of ball-bearing steel in the tested lubricating medium, to assess the tribological characteristics of lubricants. The study demonstrated that the value of the specific wear work can serve as a comprehensive energy parameter for the evaluation of the lubricating properties of liquid and plastic materials. The presented methodology and parameters for the assessment of the effectiveness of anti-wear and extreme pressure additives include the mandatory determination of the wear index and its inclusion in the general formula. In our opinion, this methodological approach reduces the information content of the test results obtained from a four-ball tribometer [24,29,30]. Excluding the wear indicator from the general formula for the estimation of the integral parameter can significantly enhance the method’s information content.



According to the authors of the referenced works [14,15,16,17,18,19,20,21,22,23,24,25,26,27,28], testing on a four-ball tribometer provides highly reproducible results across multiple experiments and offers valuable data. In our view, conducting tests on a four-ball tribometer should be the primary and essential step in the study of lubricants, both liquid and plastic. These tests help to identify areas for further research in terms of developing promising lubricants and determining the initial optimal content of additives and dopants in the base lubricant [31].



A prerequisite for such studies, constituting the second stage of testing, is the implementation of bench tests on actual machinery or controlled operation tests. During this phase, optimal concentrations will be refined, and factors such as the friction losses and wear rates of the primary tribo-systems in the machinery will be determined when employing new lubricants. For example, in works [32,33], plant-based additives were examined as environmentally friendly additives to lubricants using a four-ball tribometer. Studies involving nanomaterial-based additives, such as fullerenes [34,35], were conducted in works [34,35,36,37,38,39,40]. Such investigations necessitate rapid and efficient laboratory tests to identify directions for further research. The work [28] demonstrates the utilization of an integral parameter in assessing the tribological properties of lubricants in mathematical models.



An analysis of the methods using a four-ball tribometer, as outlined in ASTM D4172 and ASTM D2783, reveals several crucial indicators.



Point B on the ASTM D2783 characteristic curve, which characterizes a lubricant, determines whether the lubricant possesses anti-wear properties. These properties are typically conferred by surfactants and their physical adsorption to the friction surface. A shift in point B to the right on the graph indicates the presence of a surfactant in the lubricant, functioning as an anti-wear additive. The primary mechanism of interaction between such additives and the friction surface is physical adsorption.



Conversely, the ASTM D2783 standard does not mandate tests at point A. For instance, GOST 9490 prescribes test conditions at point A, which entails a load of 196 N or 20 kg. This load applies to all lubricants except gear oils. For gear oils, the load at point A is increased to 392 N or 40 kg. Consequently, an AB segment is established, signifying specific physical attributes. This range represents the performance of anti-wear additives in a lubricant with a broader AB range situated lower on the graph field, indicating the superior anti-wear properties of the lubricant.



Section 2, as presented in the ASTM D2783 standard, is the BC segment, which characterizes the rapid increase in the wear scar on the three lower balls as the load increases. Since the load increases in accordance with the standard’s load series, the temperature in the friction zone also rises. The elevated temperature causes the physical adsorption of lubricant molecules to the friction surface to diminish. Consequently, the wear scar and temperature on the friction surface increase rapidly. This rise in temperature indicates chemical reactions between the extreme pressure additives and the friction surface material. On the curve, there is a transition from point B to point C, accompanied by deceleration (or a halt) in the growth of the wear scar. The BC segment signifies the presence and effective operation of extreme pressure additives in the lubricant. If extreme pressure (EP) additives are not available, at point C, the scoring of the friction surfaces begins, and the balls may weld together. However, a large BC segment leads to a high wear rate in the materials due to active chemical processes occurring on the friction surfaces. The seizure of the friction surfaces is eliminated, and the wear rate of the materials is increased. A smaller BC segment indicates superior extreme pressure properties of the lubricant.



Section 3, represented by the CD segment, characterizes the performance of the extreme pressure additives in the lubricant. With an increase in the test load, following the standard’s load series, the temperature in the friction zone increases significantly. The temperature is the driving force behind the chemical reactions on the friction surfaces that prevent the scuffing or welding of the balls. The physical meaning of the CD segment indicates the effectiveness of the extreme pressure additives in the lubricant. The wider the CD segment, the better the extreme pressure properties of the lubricant. However, the height of point D on the graph negatively affects the wear resistance. Due to the active reactions of the chemical elements in extreme pressure additives with the metal surface, the size of the wear scar increases significantly. Such a lubricant prevents seizure but results in a high wear rate. Ideally, point D should be positioned as far to the right as possible on the graph field and below.



The next load after point D is the welding load, at which either the four-ball pyramid welds together in an oil bath or the four-ball tribometer automatic shuts down. This occurrence signifies the loss of extreme pressure properties in the lubricant.



In our view, a test on a four-ball tribometer can serve as the initial stage in evaluating liquid and plastic lubricants, offering a preliminary assessment of their tribological characteristics. This method enables the determination of the directions for further research in the development of new lubricants at a minimal cost.



The purpose of this investigation was to establish an integral parameter for the evaluation of the tribological properties of lubricants, providing a differentiated assessment of the contribution of anti-wear and extreme pressure additives or dopants.




2. Materials and Methods


The testing unit, following the four-ball scheme, is depicted in Figure 1. It consists of three fixed lower balls (1) and one upper rotating ball (2) secured with a collet (3). The upper rotating ball (2) is subjected to pressure, represented by the load N, against the three lower balls (1).



The external view of the four-ball assembly is shown in Figure 2, and a four-ball tribometer is illustrated in Figure 3.



The foundation for the development of an integral parameter for the assessment of the tribological properties of lubricants, with a differentiated evaluation of the contribution of anti-wear and extreme pressure additives, was presented in [27]. The study introduced an energy parameter—the specific wear work of the test material (ball-bearing steel balls) in the tested lubricating medium. This parameter characterizes the amount of friction work required to remove a unit volume of material from the friction surface, expressed as J/m3, in the form of wear particles. The specific wear work serves as an integral energy parameter whose value can be used to evaluate the anti-wear and extreme pressure properties of lubricants. This manuscript is a continuation of the work presented in [26] and offers an improved technique for the assessment of tribological properties. This work takes into account the requirements outlined in the ASTM D4172 and ASTM D2783 standards.



The specific wear work A is calculated using the following expression:


  A =   f ⋅ P ⋅ l    d 3    ,   J /  m 3   



(1)




where f—the coefficient of friction during tests on a four-ball tribometer;



P—the load chosen based on the load range specified in the ASTM D2783 standard, dimension N;



l—the friction path during testing, dimension m;



d—the average diameter of the wear spots on the three lower balls during the test, dimension m.



This parameter can be applied to evaluate the anti-wear and extreme pressure properties of liquid and plastic lubricants.



The methodological approach involves employing this parameter according to Formula (1) for all three ranges, AB, BC, and CD, that characterize the lubricant. Such a methodological approach allows for differentiation in the effectiveness of anti-wear and extreme pressure additives. The sum of these properties results in an integral parameter reflecting the tribological properties of the lubricant [29,30].



As mentioned previously, the AB range is utilized to assess anti-wear properties, and the specific wear work for this range, denoted as AAB, is calculated using the following expression:


   A  A B   =   ∑  i = 196    P B        f i  ⋅  P i  ⋅  l i     d i 3      ,   J /  m 3   



(2)




where     ∑  i = 196    P B       —the sum of the values of tests from a load of 196 N (20 kg) to the load preceding the point where the wear scar diameter increases. Such a load is denoted as PB. According to the aforementioned standards for four-ball tribometer testing, this increase in diameter should be at least 0.1 mm.



fi—the friction coefficient value at loads ranging from 196 N to PB.



Pi—the load value from 196 N to PB, N, applied according to the load range specified in ASTM D2783. Tests must be carried out sequentially at all loads specified in the standard.



li—the friction path during testing, with the standard recommending a testing duration of 10 s, resulting in a friction path of l = 5.88 m.



di—the average diameter of the wear spots on the three lower balls under loads ranging from 196 N to PB, N, dimension m.



It should be noted that if the test duration remains consistent at 10 s, then the friction path remains the same, l = 5.88 m.



The higher the value of the specific wear work within the AB segment, the better the anti-wear properties of the lubricant.



The second segment, BC, which signifies the shift from anti-wear properties to extreme pressure properties, can be determined using the following expression:


     A  B C   =   ∑   P  B + 1      P C        f k  ⋅  P k  ⋅  l k     d k 3      ,   J /  m 3   



(3)




where     ∑   P  B + 1      P C       —the total value of tests from the load at which the wear scar diameter increases by at least 0.1 mm, denoted as PB+1, up to the load where the increase in the wear scar diameter ceases, denoted as PC.



fk—friction coefficient value under loads ranging from PB+1 to PC.



Pk—the load value from PB+1, N, to PC, N, applied according to the load series specified in ASTM D2783. Tests should be performed sequentially at all loads outlined in the standard.



lk—the friction path during testing, equal to 5.88 m.



dk—the average diameter of the wear spots on the three lower balls under loads ranging from PB+1, N, to PC, N, dimension m.



Based on experience gained from testing various lubricants, it is observed that the range of the BC segment typically encompasses no more than two loads from the load range.



The greater the specific wear work value in the BC segment, the faster the EP additives of the lubricant come into effect, and the more effective their action.



The third segment, denoted as CD, characterizes the performance of extreme pressure additives and can be determined using the following expression:


   A  C D   =   ∑   P  C + 1      P D        f j  ⋅  P j  ⋅  l j     d j 3      ,   J /  m 3   



(4)




where     ∑   P  C + 1      P D       —the total value of tests from the load where the growth in the wear scar ceases, denoted as PC+1, up to the load that precedes the welding load, denoted as PD.



fj— the friction coefficient value under loads ranging from PC+1 to PD.



Pj—the load value from PC+1, N, to PD, N, applied according to the load series specified in ASTM D2783. Tests must be conducted sequentially at all loads outlined in the standard.



lj—the friction path during testing, equal to 5.88 m.



dj—the average diameter of the wear spots on the three lower balls under loads ranging from PC+1, N, to PD, N, dimension m.



Based on the experience of testing various lubricants, as well as additives and dopants used with them, it is observed that not all lubricants under high loads ensure the welding of balls during testing. Some lubricants do not result in welding. Instead, there is accelerated wear of the three lower and one upper balls. In such cases, the standard recommends stopping the test with the load when the wear scar exceeds 3 mm.



The greater the value of the specific wear work in the CD segment, the better the extreme pressure properties of the lubricant. This area can be referred to as the “carrying capacity” of the lubricant, as extreme pressure additives ensure the operation of tribosystems under increased loads and elevated temperatures of the friction surfaces.



With the expressions for the calculation of the specific work of friction on three segments of the curve characterizing the lubricant’s performance—see Formulas (2)–(4)—we can derive an expression for the calculation of the integral parameter of the lubricant’s tribological properties, represented by the formula


  A =  A  A B   +  A  B C   +  A  C D   ,   J /  m 3   



(5)







The physical interpretation of this integral parameter for the assessment of the tribological properties of lubricant A, with a differentiated assessment of the contribution from each of these segments, is illustrated in Figure 4.



The developed methodological approach allows us, within the framework of the ASTM D2783 standard, to determine the presence of antiwear and extreme pressure properties of a lubricant, as well as to differentially evaluate the contribution of each of the three sections to the integral properties.




3. Results of the Experiments


The purpose of the experimental studies was to confirm the information content and reproducibility of the developed methodological approach and the integral parameter in assessing the tribological properties of various lubricants.



For testing, hydraulic fluids (hydraulic oils), engine oils and gear oils were chosen.



Hydraulic fluids and motor and transmission oils belong to the category of liquid lubricants. The purpose of our research was to develop an integral parameter to evaluate the tribological properties of liquid lubricants only. Excluding from this list, for example, hydraulic fluids that simultaneously serve as lubricants for hydraulic units, would make our study incomplete. Therefore, our study examined all types of liquid lubricants.



As hydraulic liquids simultaneously perform the functions of lubricants, we selected working liquids (ISO 6743-4), the tribological properties of which are presented in Table 1. The tribological properties of motor oils are presented in Table 2, and those of transmission oils in Table 3. Each type of lubricant is represented by at least three types. For instance, hydraulic fluids include four types (Table 1), motor oils include seven types (Table 2) and transmission oils include three types (Table 3).



The choice of oil brands was intended to cover the entire range of tribological properties of lubricants, from minimum values to maximum, in accordance with the requirements of the ASTM D4172 and ASTM D2783 standards. With this methodological approach, we considered the entire range of properties that exist today in the liquid lubricant market. We do not refer to specific brands of lubricants but to their classification according to SAE and API.



The abovementioned lubricants were tested in accordance with the ASTM D2783 standard, using the specified load range. Testing for hydraulic and motor oils began with a load of 196 N or 20 kg, with a sequential load series. For gear oils, testing commenced with a load of 392 N or 40 kg.



Based on the results of three repetitions, we calculated the average diameter values of the drift flames on the three lower balls, the root mean square values of the registration values of the diameters of the drift flames during the experimental studies and the coefficient of variation in the measurement of the diameter.



The root mean square deviation of the diameter values of the wear spot during experimental studies was determined using the following formula:


   S d  =    1 n    ∑  i = 1  n      (   d i  −  d  a v    )   2      , m ,  



(6)




where di, dav—the diameter of each wear spot in the sample and the average value for the number of repetitions n, respectively, dimension m.



n—the number of results obtained during the testing of the coating material.



The coefficient of variation in the diameter measurements of wear spots was determined as follows:


   v d  =  (     S d     d  a v      )  ⋅ 100 % .  



(7)







The experimental sample of wear spot diameter values obtained during the experimental studies was assessed for uniformity and reproducibility across multiple experiments using Cochran’s C test:


   G p  =    S  d  (  max  )   2      ∑  i = 1  n    S  d  ( i )   2      ,  



(8)




where    S  d  (  max  )   2   —the maximum value of the dispersion of the wear spot diameters (di) measured during the experiment;



   S  d  ( i )   2   —the value of the variance of the i-th experiment for the parameters to be measured during the experiment—di.



The hypothesis was tested using the following condition:


   G p  <  G  t a b l e   ,  



(9)




where Gtable—the tabular value for Cochran’s C test, with a predefined confidence factor q = 0.90.



If condition (9) is met, it indicates that the obtained experimental results exhibit uniformity and reproducibility.




4. Discussion


As indicated in the tables above, the integral parameter A—see Formula (5)—dimension J/m3, exhibits significant variation across different lubricants. For instance, hydraulic oils have A values ranging from 45.66 to 98.93 ×1011 J/m3, engine oils show values between 108.55 and 288.64 ×1011 J/m3 and gear oils exhibit values ranging from 89.07 to 260.54 ×1011 J/m3.



The most pronounced result was obtained when examining the anti-wear and extreme pressure properties separately. The value of the AAB range indicates the presence of anti-wear additives or dopants in the lubricant. Notably, motor oils (as shown in Table 2) tend to display the maximum values of this range, while hydraulic oils (as seen in Table 1) exhibit the minimum values. This range serves as a useful metric for the evaluation of the effectiveness of anti-wear additives and dopants in a lubricant.



On the other hand, the value of the ACD range signifies the presence of extreme pressure additives or dopants within the lubricant. Here, gear oils (Table 3) tend to exhibit the maximum values. For instance, the ACD range varies within 8.08–15.54×1011 J/m3. In contrast, hydraulic oils (Table 1) display the minimum values, ranging from 0 to 2.3 ×1011 J/m3. This range is instrumental in assessing the effectiveness of EP additives and lubricant dopants.



Furthermore, the value of the ABC range provides insights into the effectiveness of the transition from antiwear to extreme pressure properties within the lubricant. Gear oils (Table 3) generally show higher values in the ABC range, signifying a more effective transition to extreme pressure additives. This suggests that the gear oils selected for testing possessed a superior set of extreme pressure additives compared to the engine oils presented.



The laboratory test results for various lubricants assessed on a four-ball tribometer led to the following conclusion (as summarized in Table 4).



	
All test results were reproducible and uniform, with the calculated values of Cochran’s C test (Formula (8)) being less than the tabulated values at a given confidence level of probability q = 0.95. This applies to scenarios where the number of test repetitions was 3 and the number of logged values was 9. Consequently, the condition was satisfied; see Formula (9).



	
The coefficient of variation during testing did not exceed 18%; see Formula (7). This indicates the minimal scatter of the test results.



	
The technique presented in this article and the integral parameter for the evaluation of the tribological properties of lubricants—see Formula (5)—can be used at the initial stage of the qualifying laboratory tests of new lubricants, additives, and dopants of various origins.






The physical interpretation of the tribological properties of lubricants for various purposes, along with characteristic areas of operation for various additives, is shown in Figure 5.



The format adopted for the presentation of the research results in Figure 5 allows us to illustrate the physical meaning of the integral parameter used to assess the tribological properties of liquid lubricants. The presented Figure 5 clearly differentiates among various categories of lubricants. The x-axis represents the load range that the lubricant can withstand, characterizing its extreme pressure properties. Greater values indicate better anti-scuff properties. The y-axis reflects the ability of the lubricant to prevent wear, with higher integral parameter A values signifying better anti-wear properties.



The developed technique and the integral parameter for the estimation of the tribological properties of lubricants differ from those that are already known because they are based on an energy approach—the specific work of wear determined on the test material (balls made of ball-bearing steel) in a lubricating medium, as presented in this research. This parameter characterizes the amount of friction work required to remove a unit volume of material from the friction surface (dimension J/m3) in the form of wear particles. This approach enables the evaluation of the lubricant as a whole and the differentiation of its components, including its anti-wear and extreme pressure properties.



Further development of this method for the testing of lubricants on a four-ball tribometer aims to enhance the efficiency of screening tests during the development of new lubricants, such as vegetable oils. Lubricant additives using nanomaterials, such as fullerenes, are actively being developed, as discussed in [26]. Additionally, this parameter can be utilized in modeling friction and wear processes in tribo-systems to monitor the lubricating medium, as presented in [24,27].




5. Conclusions


Based on the analysis of standards for the testing of lubricants—both liquid and plastic—an energy parameter is proposed: the specific work of wear of the test material (steel balls) in the lubricating medium to be investigated. Unlike known parameters, this energy parameter is associated with the work of friction expended in removing the volume of material from the friction surface during testing. Experimental evidence demonstrates that this proposed parameter evaluates the range of operation of anti-wear and extreme pressure additives in the lubricant, allowing for the differentiation of their effectiveness.



The results of laboratory tests on various lubricants using a four-ball tribometer verify that, according to the developed method, all tests are reproducible and uniform, as confirmed by Cochran’s C test. The coefficient of variation during testing does not exceed 18%, indicating minimal variation in the test results.



The technique presented in this article and the integral parameter for the assessment of the tribological properties of lubricants can be applied in the initial stages of laboratory selection tests for new lubricants, additives, and dopants of various origins.
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Figure 1. Scheme of a four-ball friction unit. 1—three lower fixed balls; 2—rotating upper ball; 3—collet; N—load. 
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Figure 2. External view of the four-ball assembly. 1—fixed lower balls; 2—a glass for a lubricant to be tested; 3—nut for fixture of the three lower balls. 
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Figure 3. External view of a four-ball tribometer. 
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Figure 4. Physical interpretation of the integral parameter for assessment of the tribological properties of lubricants. 
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Figure 5. Physical interpretation of the integral parameter for assessment of the tribological properties of lubricants: 1—ISO-L-HM hydraulic oil; 2—engine oil SAE 5W-30, API CH; 3—gear oil SAE 75W-90, API GL-5. 
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Table 1. Tribological properties of hydraulic oils.






Table 1. Tribological properties of hydraulic oils.





	Lubricant

Classification
	AAB × 1011,

J/m3
	ABC × 1011,

J/m3
	ACD × 1011,

J/m3
	A × 1011,

J/m3





	ISO-L-HH
	43.54
	2.12
	0
	45.66



	ISO-L-HL
	57.64
	8.87
	0.69
	67.2



	ISO-L-HM
	75.45
	11.26
	1.84
	88.59



	ISO-L-HV
	83.13
	13.5
	2.3
	98.93










 





Table 2. Tribological properties of motor oils.
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	Lubricant

Classification
	AAB × 1011,

J/m3
	ABC × 1011,

J/m3
	ACD × 1011,

J/m3
	A × 1011,

J/m3





	SAE 20W-30

API SF
	92.93
	13.13
	2.49
	108.55



	SAE 10W-30

API SH
	113.2
	16.12
	2.89
	132.21



	SAE 20W-40

API CD
	124.2
	17.8
	3.1
	145.1



	SAE 20W-40

API SJ/CF
	159.7
	19.5
	3.72
	182.92



	SAE 20W-40

API CF-4
	198.7
	21.7
	4.5
	225.27



	SAE 10W-40

API SL/CF
	224.65
	23.4
	4.87
	252.92



	SAE 5W-30

APICH
	258.26
	25.2
	5.18
	288.64










 





Table 3. Tribological properties of gear oils.
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	Lubricant

Classification
	AAB × 1011,

J/m3
	ABC × 1011,

J/m3
	ACD × 1011,

J/m3
	A × 1011,

J/m3





	SAE 85W-90

API GL-3
	67.55
	13.44
	8.08
	89.07



	SAE 80W-90

API GL-4
	165.72
	24.64
	12.43
	202.79



	SAE 75W-90

API GL-5
	213.25
	31.75
	15.54
	260.54










 





Table 4. Lubricant statistical parameters.
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	Lubricant

Classification
	Sd × 10−3,

m
	vd,

%
	Gp
	Gtable





	ISO-L-HH
	0.155
	17.32
	0.432
	0.478



	ISO-L-HL
	0.137
	17.24
	0.413
	0.478



	ISO-L-HM
	0.113
	16.26
	0.412
	0.478



	ISO-L-HV
	0.09
	14.53
	0.388
	0.478



	SAE 20W-30

API SF
	0.052
	13.23
	0.410
	0.478



	SAE 10W-30

API SH
	0.043
	12.52
	0.410
	0.478



	SAE 20W-40

API CD
	0.041
	11.83
	0.394
	0.478



	SAE 20W-40

API SJ/CF
	0.04
	11.54
	0.380
	0.478



	SAE 20W-40

API CF-4
	0.04
	11.72
	0.345
	0.478



	SAE 10W-40

API SL/CF
	0.039
	10.49
	0.340
	0.478



	SAE 5W-30

APICH
	0.039
	10.28
	0.340
	0.478



	SAE 85W-90

API GL-3
	0.055
	14.32
	0.410
	0.478



	SAE 80W-90

API GL-4
	0.047
	13.55
	0.380
	0.478



	SAE 75W-90

API GL-5
