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Abstract. To obtain maximum profit in the production of agricultural products, it is necessary to reduce the 

operating costs of machine and tractor units and agricultural machinery. They depend on such properties of the 

reliability of machines as reliability, durability and maintainability. These properties are formed during the design, 

production and operation of units and assemblies. The most expensive structural and assembly unit of a machine 

is the internal combustion engine, the cost of which can be 35...40% of its total cost. As a rule, the residual life of 

engine parts before repair is 85...100%. An important task of the service department is to carry out repairs - a set 

of organizational and technological measures to restore the serviceable (efficient) state, as well as renew the 

resource. There is a need to increase the engine life after repair. One of the rational ways to solve this problem is 

tribological compensation for the loss of the imparted properties of parts during the operation of machines, the use 

of additional antiwear additives to engine oils. To ensure the durability of the D-240 engine after major overhauls 

to the new level, it is recommended to use the AMOIL additive to the M-10G2 (SAE 30API CC) engine oil. The 

increase in wear of steel 45 caused by a decrease in hardness from 55 to 35 HRC, in the load range corresponding 

to the operating mode of the crankshaft, is tribologically compensated by the introduction of the AMOIL antiwear 

additive into the engine oil in an amount not exceeding 1% by weight. Operational tests have established that the 

AMOIL additive added to engine oil in a concentration of 0.22...0.52% recommended for crankshaft hardness 

51...43 HRC after repair reduces the wear rate of friction surfaces and thus increases the engine resource by 18.6% 

at the theoretically set 20%. 

Keywords: reliability, durability, additive, wear, engine. 

Introduction 

To obtain the maximum profit in the production of agricultural products, it is necessary to reduce 

the operating costs of machine-tractor units and agricultural machines. They depend on such properties 

of machine reliability as dependability, durability and maintainability [1]. These properties are formed 

during the design, production and operation of components and aggregates. The most expensive 

structural and assembly unit of the machine is the internal combustion engine, the cost of which can be 

35...40% of its total cost. As a rule, the residual life of engine parts before repair is 85...100%. An 

important task of the service department is to perform repairs – a set of organizational and technological 

measures to restore a serviceable (working) state and renew the resource. At the same time, expenditure 

of monetary funds is reduced by reducing the consumption of spare parts. 

The service life of the engine before reaching the limit state consists of the pre-repair and the amount 

of inter-repair resources. The standards established that the resource of overhauled engines of 

automotive and tractor equipment should be at least 80% of the resource of new ones. However, practice 

shows that the resource of the repaired equipment has a lower level and is, according to various 

estimates, 30-60% of the resource of the new one [2]. Failures that lead to malfunction of the engines 

can occur due to fatigue of materials, aging, residual deformations, corrosion and wear of the friction 

surfaces, as well as the loss of the attached properties. The greatest number of failures (50-75%) occurs 

due to wear and tear [3; 4]. The wear rate of working surfaces may increase after repair due to a decrease 

in the physical and mechanical properties of the material of the parts during operation or after 

technological operations that are necessary for repair. The task of the engineering and technical service 

is to increase the service life (resource) of machine components and assemblies during operation, which 

will lead to an increase in the depreciation period before the onset of the limit state. 

The fundamental prerequisites for solving the problem of improving the reliability of machines by 

tribological methods were determined by Bowden F. P., Tabor D. [5] This scientific approach found its 

further development in the elaboration of surface-active antifriction additives with anti-wear action for 

internal combustion engines [6, 7], in studying the tribochemical and tribophysical mechanisms of their 

action [8], and in the determination of the features of their application [9]. 

The number of engine overhauls during the service life can be determined by the formula: 

 
трпкркр Tkkn = , (1) 
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where kкр – annual coverage coefficient of engine overhaul; 

kп – correction coefficient for the annual coverage coefficient r for major repairs of the 

engine, taking into account the place of operation of the tractor; 

 Tтр – duration of engine operation before decommissioning (in years). 

In connection with the above, there is a need to increase the engine resource after repair, as a result 

of which the engine operation time will increase before decommissioning (resource). 

The engine resource is limited by the parts of the cylinder-piston group and the crank mechanism. 

According to literary sources, the greatest decrease in wear resistance after repair occurs in the surface 

matching “crankpin – bearing insert” [10]. Thus, this friction unit is the weakest link that limits the life 

of the engine, and, therefore, the coefficient of durability of the crankshaft can be equated with the 

coefficient of change in the pre-repair life of the engine after major repairs. 

The main defect of parts that limit the life of the engine is the wear of their friction surfaces. Wear 

of working surfaces during repair is eliminated mainly by processing for the repair size. When restoring 

the crankpins by regrinding to the repair size, it is almost impossible to ensure their 100% resource. This 

is due to the fact that the hardness of the crankpins hardened by high-frequency currents decreases from 

the surface to the center of the shaft and the hardest wear-resistant layer is removed during grinding. 

The properties imparted to the crankpin change and the post-repair resource decreases. 

After reaching the size limit, the crankshaft journals can be repaired by coating. However, wear-

resistant coatings, due to their hardness and brittleness, lead to a decrease in the fatigue resistance of the 

restored crankshafts. When solving this problem, it is advisable to use a coating with a lower tensile 

strength, less wear-resistant, but more plastic [11]. In this case, fatigue resistance determines the quality 

of restoration of worn crankpins. 

The durability of the crankshafts, determined by the fatigue resistance and wear resistance, can be 

represented as: 

 KD = KW × KE, (2) 

where  KD – crankshaft durability coefficient; 

 KW – coefficient of wear resistance of the crankshaft friction surfaces; 

 KE – coefficient of endurance of the crankshaft. 

It is possible to increase the coefficient of crankshaft life by increasing the coefficient of wear 

resistance by reducing the rate of wear of the friction surfaces. The crankshaft endurance coefficient 

after grinding decreases to 0.9 [12], and during coating, as a rule, it remains at the level of the extremely 

worn part, and therefore it is practically impossible to increase the durability coefficient to unity. 

Reducing the wear rate is proposed by tribological compensation for the loss of the imparted 

properties of parts during operation in conjunction. This is possible by additional dosed introduction of 

anti-wear additives into lubricants during operation. The use of an anti-wear additive is more preferable 

than strengthening the friction surface of the crankshaft, since it does not require special repair 

equipment. In addition, the additive acts in a complex way, increasing the wear resistance of all parts 

lubricated with engine oil, and not just the crankshaft. The necessary concentration of the additive in the 

engine oil, which provides a coefficient of wear resistance equal to one, can be determined by the method 

described in [13; 14]. 

In the case of boundary friction, when the main wear of the surfaces of the friction units occurs, 

moderate adhesive and corrosion-mechanical wear are the leading ones. Anti-wear additives, interacting 

with the friction surfaces, create strong protective layers on them, which protect the base metal from 

direct contact. These films can be formed as a result of physical adsorption, chemisorption, chemical 

reaction of additives with the surface metal, selective transfer, and tribopolymerization. Under normal 

friction, a dynamic balance is established between the destruction and the renewal of the protective 

surface layers. The decrease in the wear rate occurs due to the fact that wear protective films consist 

mainly of anti-wear additive materials and slightly of the metal of the friction surface. 

The scheme illustrating the increase in the service life of the crankpins after repair as a result of the 

action of the anti-wear additive is shown in Fig. 1. 
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Fig. 1. Scheme of changing the resource of the part: IMW – maximum wear of the part; А – wear 

curve of the shaft after grinding to the repair size, without the use of an additive; B – wear curve of a 

new shaft without an additive, or a shaft after grinding to an oversize with an additive;  

Т1 – shaft resource after grinding to the repair size when working without the  

use of an additive; Т – resource of a new crankshaft; Т2 – resource of the  

crankshaft after grinding to oversize when working with an additive 

The use of an anti-wear additive is more preferable than strengthening the friction surface of the 

crankshaft, since it does not require special repair equipment. In addition, the additive acts in a complex 

way, increasing the wear resistance of all parts lubricated with engine oil, and not just the crankshaft. 

The necessary concentration of the additive in the engine oil, which provides a coefficient of wear 

resistance equal to one, can be determined by the method described in [15]. 

The increase in the service life and service cycles of the engine over its life cycle with the 

introduction of an anti-wear additive into the engine oil is illustrated in Fig. 2. 

 

Fig. 2. Overhaul scheme: T1, Т2 – engine life during operation, respectively, without the introduction 

and with the introduction of an additive; ΔT – increase in the engine life, moto-hour.; to – pre-repair 

service life of the engine; k1, k2 – coefficient of change in the pre-repair service life of the engine after 

major repairs, respectively, without the introduction and with the introduction  

of an additive (k1 = 0.8, k2 = 0.9) 

The increase in the engine life can be determined by the formula: 

 ( )12012 kkktTTT кр −=−= , (3) 

The coefficient of increasing the engine life can be determined by the formula: 
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In our case, when determining wear, the response function has the form: 
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 ( )CNHRCfI ,,= ,  (5) 

where  I – wear of the friction surface, mg; 

 HRC – friction surface hardness, HRC; 

 N – amount of load on the samples during the test; 

 C – concentration of the anti-wear additive in the lubricant, in % by weight. 

The dependence of wear on various factors, as a rule, is non-linear. Therefore, the response function 

(5) is approximated by a second-order polynomial, which in our particular case takes the form: 
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+++++=
, (6) 

where a0, a1, a2, a3, a12, a13, a23, a11, a22, a33 – coefficients that characterize the free term of the 

equation, linear and quadratic effects of the interaction of the corresponding factors. 

Materials and methods 

To determine the coefficients of the regression equation (6), an active laboratory experiment is 

performed. The tests are carried out on a roller friction machine of the SMT 2070 type according to the 

“pad-roller” scheme in the sliding friction mode. 

The lubricating medium, which was subjected to tribological correction, is M-10G2 base engine 

oil. The anti-wear and anti-friction additive AMOIL was used as a corrector. It is the product of the 

interaction of oleic acid and ammonia in the presence of an alcoholic solution of iodine. It is a complex 

of neutralized oleic acid, oleic acid amide with the general formula R-CONH2, and oleic acid ethyl ether 

with the general formula R-COO-C2H5, in which iodine exists as an iodide ion and an oleic acid salt 

complex representing iodine oleate [16; 17]. 

During the experiment, the range of changes in the hardness of the tested friction surface should 

include the hardness of the new part and the surface hardness of this part obtained during regrinding, as 

well as the hardness for various types of surface restoration. To reduce the time spent on laboratory tests, 

wear is accelerated by any of the input factors. In our case, it is advisable to force the wear on load. The 

test load is varied to cover the widest range of friction and wear conditions. It should be borne in mind 

that the friction regime during testing should not qualitatively differ from the friction regimes 

corresponding to the operating conditions, so that the physical picture of the real wear process does not 

distort. The concentration of the additive should vary from 0 to values that are limited by the chemical 

properties of the lubricant used for the friction unit, the economic feasibility, or the concentration at 

which the anti-wear properties do not improve. 

For an experiment in which three factors change at three levels, the most acceptable in our 

conditions is a three-level Box-Behnken second-order design. It includes 15 experiments, instead of 

27 at a full factorial experiment. Although the plan we have chosen is not orthogonal, it is preferable to 

central compositional plans of the second order. It does not require the setting of factors on the axial 

distances beyond the originally chosen range. When setting up this kind of experiment, this presents 

significant difficulties. The three-level Box-Benkin plan for three factors is almost rotatable and has 

high efficiency according to all criteria of optimality (eD = 0.879; eA = 0.935; eQ = 0.957; eE = 0.739). 

The area of variation of the hardness of the working surface of the roller was chosen in the range 

35...55 HRC with a step of 10 units. The upper hardness value of the working surface corresponds to 

the nominal hardness of the crankpins. The lower hardness value corresponds to the hardness obtained 

after reconditioning by surfacing. 

The load was changed in the range of 700...1000 N with a step of 150 N. As the upper limit of 

loading, the highest value of the load was taken, at which the test was carried out without setting and 

scuffing. As the lower load limit, the value of the load at which wear was observed during the test, fixed 

by the selected method, is set. The load value of 1000 N corresponds to the operation of the part in very 

severe conditions, close to emergency. This correspondence is due to the fact that with a further slight 

increase in the load when using M-10 G2 oil, the oil film is destroyed, and catastrophic wear occurs. A 

load value of 700 NН corresponds to light working conditions. This is due to the fact that at this load 

the wear is insignificant and with its further decrease, the wear becomes so small that it cannot be fixed. 
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In our opinion, the actual operating conditions correspond to the range from 800 to 900 N, which 

corresponds to the loads that occur in the surface matching “crankpin – bearing insert”. 

The concentration of the anti-wear additive in the engine oil varied in the range from 0 to 1% by 

weight in increments of 0.5%. The lower value of the range corresponds to the test on pure commercial 

oil. The upper value corresponds to the concentration of the additive (according to the results of previous 

experiments), at which there is no further significant reduction in wear when it increases (Table 1). 

Table 1 

Factor levels and variation intervals 

Factor levels 

Natural values Code values 

Additive 

concentration C, % 

Hardness, 

HRC 
Load, N 

X1 X2 X3 

X1 X2 X3 

Variation intervals 0…1.0 35…55 700…1000 - - - 

Basic level 0.5 45 850 0 0 0 

Upper level 1.0 55 1000  + 1  + 1  + 1 

Lower level 0.0 35 700 -1 -1 -1 

Results and discussion 

When studying a lubricating composition based on M-10G2 engine oil and AMOIL additive, 

changes in the chemical characteristics of the oil were within acceptable values. According to the results 

of tribological studies, the mathematical model of compensation for the loss of operational properties -

wear resistance- (for steel 45 in the D-240 engine), depending on the surface hardness, the load value 

and the concentration of the anti-wear additive in the lubricating oil (6), took the following form: 

 
22 985.0001962.0002055.0

808.0625.4002611.02903.0874.8

CHRCCN

CHRCCNHRCI

++−

−+−+−=
,  (7) 

To determine the required minimum concentration of the AMOIL anti-wear additive, graphs of the 

concentration dependence on the surface hardness of the part after repair at various load values are 

presented (Fig. 3). To provide compensation for the wear resistance of the surface matching “crankpin 

– bearing insert” after engine overhaul to the level of a new surface matching, provided that repairs are 

carried out without replacing the crankshaft and according to an undifferentiated scheme, we introduce 

AMOIL additive into the engine oil M-10 G2 in a concentration determined by the nomogram (Fig. 3). 

 

Fig. 3. Nomogram for selection of the minimum required concentration of the AMOIL additive 

to ensure the wear resistance of a crankshaft with a reduced hardness at the level of  

a new one with a hardness of 55 HRC 
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If after welding deposition the crankpin surface and restoring it to its nominal size the hardness of 

the surface layer does not reach the required values, the required durability can be ensured by 

introducing an additive of the required concentration into the engine crankcase oil. 

Conclusions 

Thus, there is a need to increase the engine life after repair. One of the rational ways to solve this 

problem is tribological compensation for the loss of the attached properties of parts during the operation 

of machines by applying additional anti-wear additives to oils. Determination of the anti-wear additive 

concentration in the engine oil, which provides the necessary increase in the wear resistance of parts 

that limit the engine life, should be carried out in relation to the friction surfaces of the crankshaft, as 

the weakest link after repair. The use of anti-wear additives to increase the engine life is justified when 

using relatively inexpensive additives that have a good anti-wear effect at low concentrations in the base 

engine oil. 

To ensure the durability of the D-240 engine after major overhauls to the level of the new one it is 

recommended to use the AMOIL additive in the M-10 G2 engine oil in a concentration determined 

analytically from an equation or from a nomogram. In this case, the concentration is determined based 

on the hardness of the crankpins obtained after grinding or restoration in the load range of 800-1000 N. 

The increase in wear of steel 45, caused by a decrease in hardness from 55 to 35 HRC, in the load 

range corresponding to the operating mode of the crankshaft, is tribologically compensated by the 

introduction of the anti-wear additive AMOIL in the engine oil in an amount not exceeding 1% by 

weight. This confirms the validity of theoretical calculations based on the results of laboratory tests. 
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