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EVALUATION  OF  THE  LUBRICATION  EFFICIENCY  OF  GREASES  
ACCORDING  TO  CRITERION  OF  WEAR  EXPERIMENTALLY  
DETERMINED  AT  VARIABLE  VALUES  OF  MOTION  PARAMETERS

OCENA  EFEKTYWNOŚCI  SMAROWANIA  SMARÓW    PLASTYCZNYCH  
WEDŁUG  KRYTERIUM  ZUŻYCIA  Z  TESTÓW  PRZY  ZMIENNYCH  
PARAMETRACH  RUCHOWYCH
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Abstract  The results of tribological investigations into the lubrication efficiency of greases in steel sliding pairs 
working in mixed friction conditions are presented. The lubrication efficiency was evaluated according to 
the criterion of wear determined by tribological tests conducted at variable values of motion parameters: load 
F and sliding velocity v. Wear volume VF(d), calculated from wear regression equations (wear d = f(p,v), was 
adopted as the lubrication efficiency criterion. Five different commercial greases currently available on the 
market and one in-house grease (a compound of grease 1S and two solid greases (6% PTFE and 5% Cu)) 
were tested. The experiment was conducted in a four-ball tester at five levels in accordance with the rotatable 
experiment design. A regression function with interrelated ball wear d, sliding velocity v, and applied load 
F, was formulated for each of the tested greases. Wear volumes VF(d)  were calculated and conclusions were 
drawn.

Słowa kluczowe: smary plastyczne, efektywność  smarowania.

Streszczenie   Przedstawiono wyniki badań tribologicznych nad efektywnością smarów plastycznych w stalowych skojarze-
niach ślizgowych pracujących przy tarciu mieszanym.  Efektywność tę oceniano według kryterium zużycia 
uzyskanego z testów tribologicznych przeprowadzonych przy zmiennych wartościach parametrów rucho-
wych – obciążeniu F i prędkości poślizgu v. Za kryterium efektywności przyjęto objętość zużycia VF(d) uzy-
skanego z równań regresji zużycia (zużycie d = f(p,v). Zbadano 5 różnych smarów plastycznych aktualnie 
oferowanych w handlu oraz jeden smar własny będący kompozycją smaru 1 S z dwoma smarami stałymi 
(6% PTFE i 5% Cu). Eksperyment realizowano na aparacie czterokulowym, stosując metodę planowanego 
eksperymentu z wykorzystaniem planu rotalnego na 5 poziomach. Dla każdego z badanych smarów została 
opracowana funkcja regresji, która uzależniała zużycie kulek d od prędkości poślizgu v i obciążenia nadanego 
F. Obliczono objętości otrzymanego zużycia VF(d)  i podano stosowne wnioski.

INTRODUCTION

Sliding pairs whose operation is always accompanied by 
friction occur in most machines and mechanisms. Fluid 
friction is most advantageous from the energy losses and 
sliding pair durability point of view. Then the journal 
and the bush are separated by a lubricating film that 
is sufficiently thick to ensure that there is no metallic 

contact between the irregularities of their surfaces. In the 
case of fluid friction, the basic criterion for evaluating 
a substance’s ability to perform lubrication functions is 
its viscosity (a physical property). In practice, however, 
sliding pairs often work in the mixed friction range. 
Then the correct operation of a bearing node depends 
mainly on the physical properties of the superficial layers 
forming as a result of physicochemical interactions 
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between the journal material, the bush material, and the 
grease. The superficial layers not only determine the 
energy losses, but also the amount of wear of the paired 
sliding surfaces. Because of the complex and diverse 
character of the physicochemical phenomena taking 
place in the course of mixed friction and the lack of 
precise knowledge about the mechanisms governing the 
phenomena, there is still no general mathematical model 
of mixed friction. Hence, only through experiments 
and by building mathematical models of the objects 
of research (regression functions), one can effectively 
reduce the negative effects of friction, i.e. energy 
losses and wear. Thanks to their ability to form a stable 
boundary layer – 1.2–3.5 times thicker than the thickest 
layer formed by base oil – on the interacting surfaces  
[L. 1, 2], greases are mainly used to lubricate sliding 
pairs working in the mixed friction region.

According to Kragielski’s postulate [L. 3, 4], the 
necessary condition for the normal course of friction 
and wear in sliding pairs working in the mixed friction 
region is to ensure a positive shear strength gradient 
for the surface layers of the interacting elements. 
Experiments have shown that the optimization of this 
gradient in accordance with the minimum friction 
and wear criterion through the selection of a proper 
lubricant is highly effective. Thus, a good grease is the 
one that, for a sliding pair, ensures the existence of the 
gradient in a wide range of external excitations (F, v). 
The excitations (F, v) area boundary is mainly defined 
by the heat generated on the contact surface, as a result 
of which the boundary layers of the sliding materials 
and the grease separating them heat up. When a certain 
critical temperature (proper for the given grease and 
the paired materials) is exceeded, the metastable state 
becomes unbalanced, and the boundary layers are either 
destroyed or formed [L. 5, 6].

A survey of the literature on the efficiency of 
lubrication with greases shows that, in most cases, 
conclusions are drawn on the basis of experiments 
carried out under a constant pressure and at a constant 
sliding velocity, e.g., [L. 7, 8, 9], or at a constant sliding 
velocity and under a variable load, e.g., [L. 10, 11, 
12, 13, 14]. Any generalization of the results of such 
experiments is bound to be grossly inaccurate, since the 
lubrication efficiency of grease in sliding pairs working 
in mixed friction conditions is mainly determined by the 
temperature on their contact surfaces. This temperature 
is proportional to product F v, i.e. pressure and sliding 
velocity. Each change in the load or in the sliding velocity 
results in a change in the amount of heat generated 
during friction, which in turn affects the responsivity of 
the grease or the stability of the boundary layer, whereby 
the amount of friction and wear increases. The claim 
that loads (e.g., weld load, wear versus load, etc.) best 
characterizes the behaviour of a friction pair, maintained 
by the authors of [L. 15], represents a simplified 
approach. The claim is based on the observation that, in 

reality, a specific amount of energy acts on a friction pair, 
a lubricating film, and a boundary layer. According to 
above authors, this energy is determined by the product 
of load, sliding velocity v, and friction coefficient μ.

Therefore, the error in grease lubricating ability 
estimation will be limited to a minimum when a wide 
range of excitations is taken into account. The wider 
the range (F, v), the more accurate is the estimate of the 
grease’s lubrication efficiency. The rational solution of 
the problem so formulated is facilitated when tribological 
tests are carried out for two input variables, i.e. pressure 
(F) and sliding velocity (v), using experiment design 
methods. Then the expenditures incurred will be the 
lowest and the time needed to find regression functions 
(a mathematical research object model) will be the 
shortest. The derived regression functions will enable 
optimization with regard to the adopted criterion.

Five different commercial greases and one in-house 
grease composed of grease 1S and two solid greases 
(6% PTFE and 5% Cu) were tribologically tested in 
the Department of Machines Design and Tribology 
Foundations at Wrocław University of Science and 
Technology. For comparison, the characteristics of grease 
1S and grease Litomos EP-25 [L. 16] were specified. 
The aim of the tests was to determine the lubrication 
efficiency of the greases applied to steel sliding pairs 
working in the mixed friction region. The efficiency was 
evaluated on the basis of wear characteristics determined 
at variable values of pressure and sliding velocity.

LIST  OF  MATERIALS  AND  THEIR  SHORT 
CHARACTERIZATION 

The following materials were used for the tests:
1.  Bearing balls were made of steel ŁH15, 12.7 mm 

in diameter, belonging to accuracy class 16 and 
dimensional group S=0 µm. The other characteristics 
of the balls were consistent with standard PN-
83/M.-86452.

2.  The following five commercial greases for lubricating 
sliding pairs and rolling bearings and one in-house 
grease compound were used:
• Grease STP, which contains highly refined 

mineral oil and high molecular weight (HMW) 
fatty acid calcium soaps, is recommended 
for the periodic lubrication of motor vehicle 
underbodies, pins, joints, and other friction 
nodes, and it is unsuitable for the lubrication of 
rolling bearings.

• Grease ŁT-4S3, which is a multifunctional grease 
based on mineral oil thickened with lithium soaps, 
contains additives improving its lubrication, 
anticorrosion and antioxidation properties, and 
it is recommended for the lubrication of rolling 
bearings and sliding bearings in industrial 
machines and equipment operating in conditions 
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requiring high mechanical stability, ageing 
resistance and good anticorrosion properties, and 
to be used in a temperature range of -30°C–120°C 
and is waterproof.

• Grease ŁT-41, which is a multifunctional 
grease for lubricating rolling bearings and 
sliding bearings operating in normal operating 
conditions, is based on mineral oil thickened 
with lithium soaps and is characterized by 
good anticorrosion properties. It is to be used 
in a temperature range of – 30ºC–120ºC and is 
waterproof.

• Grease Moliterm 23 produced by thickening 
mineral oil with modified bentonite contains 
oxidation and corrosion inhibitors and about 
3% of molybdenum disulphide. It is for the 
lubrication of rolling bearings, sliding bearings 
and other rubbing surfaces working at elevated 
temperatures (up to 200°C) and exposed to heavy 
loading, and it is waterproof.

• Grease Nulon L80 is a compound of grease 
and Tarflen (PTFE) powder in the form of 
microparticles. As an imported product, Nulon 
compounds (oils, greases, mounting pastes) are 
widely advertised as lubricating media reducing 
the friction and wear of heavily loaded machine 
assemblies, particularly combustion engines and 
toothed gears.

• An in-house compound., i.e. grease 1S with 
6% PTFE and 5% Cu additions, where the 
polytetrafluoroethylene (PTFE) is suspension 
tarflen produced by Zakłady Azotowe Tarnów, 
with a grain size of 20-40 µm, and the copper 
powder had a similar grain size.

Automotive grease 1S on which the in-house 
compound was based (1S + 6% PTFE+ 5% Cu) 
is a high-quality lithium grease based on lithium 
12-hydroxystearate and mineral oil with a viscosity of 60-
79 mm2 /s at 40ºC. It contains lithium 12-hydroxystearate 
as a thickener and three improvers: oxidation and 
corrosion inhibitors, and an adhesion promoter. It is 
intended for the lubrication of main drive shaft joints 
and other automotive sliding nodes.

Grease Litomos EP-25 is a molybdenum grease 
with very good tribological characteristics, suitable for 
heavily loaded sliding pairs working in mixed friction 

conditions [L. 17]. For this reason, it was deemed 
a good background for the investigated greases. It 
contains an EP additive, a corrosion inhibitor, and 4-5% 
molybdenum disulphide. It is intended for heavy loading, 
for lubricating CV universal joints, ball-and-socket 
joints, pull rods, pins, connectors, and screw joints in 
motor vehicles, agricultural equipment, construction 
equipment, and other. It is particularly recommended 
for lubricating rolling bearings and sliding bearings 
working in dusty conditions. The operating range: -30ºC 
to +130ºC (up to150ºC for a short duration).

TESTING  METHOD  AND  CONDITIONS

Tests were carried out in a typical four-ball tester. The 
experiment was conducted at five levels in accordance 
with the rotatable design. The independent variables 
(input quantities) were applied load F and sliding 
velocity v. The output (criteria) quantity was wear d 
measured as the diameter of the fixed balls’ rubbing 
track. The wear was measured along friction path  
s = 33.5 m, corresponding to the path of the moving ball 
during the standardized test in a four-ball tester (in acc. 
with PN-76/C-04147), aimed at determining limit wear 
load index Goz. Having in mind the reliability criterion, 
ensuring that the research object functions properly in 
all the adopted configurations of input values [L. 18, 19], 
and taking into account the four-ball tester’s technical 
capabilities, the following variation intervals were set 
for the input variables:
• Applied load F: from 32 to 128 daN, to which mean 

Hertz pressure pH  of 2165–3437 MPa corresponds; 
and,

• Sliding velocity v: from 0.04 to 0.68 m/s (ball 
rotational speed n of 104–772 rpm).

Since two input quantities were assumed for the 
object of research (S = 2), the basic data for the adopted 
experiment design are as follows:
• Star point distance a = 1.414,
• The number of experiments in central point No = 5, 

and
• The total number of experiments N = 13.

The correlation between the numerical values of the 
standardized variables and those of the natural variables 
is shown in Table 1.

Table 1.   Values of standardized and natural input variables on particular experiment levels
Tabela 1.   Wartości zmiennych wejściowych standaryzowanych i naturalnych na poszczególnych poziomach eksperymentu

Denotation  
of variable

Standardized values

Natural name
-1.414 -1 0 1 1.414

X1 Applied load F [daN] 32 46.06 80 113.9 128

X2 sliding velocity v [m/s] 0.04 0.133 0.36 0.586 0.68
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A 2nd degree polynomial with 1st order interaction 
was adopted as the function approximating the test 
results. For the two input variables the polynomial has 
the following form:

ý = b0 + b1 x1 + b2 x2 + b11 x1
2 + b22 x2

2 + b12 x1 x2         (2)

where
b0, b1, .....,b22 – regression function coefficients;
x1, x2  – input quantities, respectively F, v;
ý  – model output quantity (wear d).

The measurement results were approximated by 
means of the above polynomial using the least square 
error method.

The ball wear regression equations obtained for the 
considered greases were used to quantitatively evaluate 
the lubrication efficiency of the latter in accordance with 
the ball wear criterion. The evaluation was made using 
the minimum volume of the criterial (wear) function 
described in [L. 20]. According to this method, the wear 
function is regression equation d = f(F,v), which can be 
written as F(d) = f(F,v). The graphic representation of 
this function is a certain surface formed by the wear (d) 
values measured in the experiments in which excitations 
F, v assume the values stemming from the adopted 
experiment design. The space under this surface was 
called wear function volume VF(d) and calculated from 
the following relation: 

                                                                                                     (3)

where
v0, v1, F0, F1  – the boundary (minimum and maximum) 
values of sliding velocity v and applied load F,
f(F,v) – wear function F(d), i.e. the wear regression 
equation for the considered grease.

Double integral (3) was solved numerically using 
the SURFER software for drawing and analysing 3D 
surfaces [L. 21]. In the program, this integral could 
be solved by the three methods: the trapezoidal rule, 
Simpson’s rule, and Simpson’s 3/8 rule. Calculations 
were performed using each of the rules. Since the limit 
values of the excitations (pressure F and sliding velocity 
v) in the investigations carried out in accordance with 
the experiment design principles were constant, the 
calculated values can be compared with one another. The 
lower the value of the calculated volume VF(d), the better 
is the grease’s lubricating properties in the considered 
range of pressures F and sliding velocities v (the wear of 
the lubricated surfaces is the smallest).

TEST  RESULTS  AND  CONCLUSIONS

The regression equations for the tested greases, 
formulated on the basis of the results of the tests carried 
out in accordance with the experiment design, are as 
follows:
• Grease STP for automotive underbodies

d = 2.084312 – 0.038328 F – 6.0065805 v + 0.000303 
F2 + 5.670436 v2 + 0.053842 Fv;

• Multifunctional grease ŁT-4S3 
          d = 1.220110 – 0.009552 F – 5.73202 v + 

4.627136 v2 + 0.048678 Fv;
• Grease ŁT-41 for rolling bearings
 d = 2.17152 – 0.041786 F – 6.824227 v + 0.000194 F2 

+ 6.843105 v2 + 0.0478038 Fv;
• Grease Nulon L80
d = 2.160123 – 0.032938 F – 5.421015 v + 0.000196 F2 

+ 5.306705 v2 + 0.04532 Fv;

• Grease Moliterm 23

d = 1.784092 – 0.028765 F – 5.79684 v + 0.000205 F2 
+ 5.102421 v2 + 0.047872 Fv;

• Grease 1S filled with 6% PTFE +5% Cu

 d =  0.18774 + 3.8988∙10-8 F2 + 1.919793 v – 
2.7967∙10-6  F – 5.8677∙10-6  Fv  – 0.81706 v2 :

• Grease Litomos EP-25

 d = 0.673277 – 0.006701 F – 0.944468 v + 0.000044 
F2 + 0.934495 v2 + 0.008587  Fv;

• Automotive grease 1S

d = 2.076241 – 0.041076 F – 5.971706 v + 0.000273 F2 
+ 6.434437 v2 + 0.042169 Fv.

The values of multidimensional correlation 
coefficient R and the F-Snedecor test coefficient, 
calculated for the regression equations are presented in 
Table 2.

The high values of R indicate strong correlation 
between the values of wear measured during the 
experiment and the ones calculated from the above 
equations. Moreover, the obtained values of coefficient 
F considerably exceed the critical test value. As 
an example, Figures 2 and 3 graphically show the 
regression functions for rolling bearing grease 1S and its 
compound with 6% PTFE+ 5% Cu.

The calculated wear volumes VF(d) for the above 
regression equations are given in Table 3 and are 
graphically illustrated in Fig. 3. The high agreement 
between the wear volume VF(d) results yielded by each of 
the three methods indicates that the results are correct.
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Table 2.   Values of correlation coefficients R and F-Snedecor test coefficients
Tabela 2.   Wartości współczynników korelacji R i testu  F-Snedecora

Fig. 2.  Dependence d = f(F,v) for compound 1S+6%PTFE 
+5%Cu

Rys. 2.  Zależność d = f(F,v) dla kompozycji 1S+6%PTFE 
+5%Cu

Regression equation for: Correlation coefficient R
F-Snedecor test coefficient

F Fcr

grease STP for automotive underbodies 0.97483 22.36 4.28

multifunctional grease ŁT-4S3 0.97322 23.08 4.88

grease ŁT-41 for rolling bearings 0.97938 33.87 4.28

grease Nulon  L80 (graphitized) 0.98023 27.14 4.28

grease Moliterm 23 (Benterm 2) 0.98120 53.21 4.28

grease 1S + 6% PTFE+5%Cu 0.98115 94.5 4.28

grease Litomos EP-25 0.99251 66.50 4.28

automotive grease 1S 0.97539 19.56 4.28

Table 3.   Values of wear volume VF(d)
Tabela 3.   Wartości objętości zużycia VF(d)                             

Fig. 1.  Dependence d = f(F,v) for automotive grease 1S
Rys. 1.  Zależność  d = f(F,v) dla smaru samochodowego 1S

Grease:
Wear volume VF(d) [mm3 ] acc. to:

trapezoidal rule Simpson’s 3/8 rule Simpson’s rule

grease STP for automotive underbodies 26.5612 26.22 26.2217

multifunctional grease ŁT-4S3 24.8515 24.8013 24.8015

grease ŁT-41 for rolling bearings 26.1620 26.1683 26.1681

grease Nulon L80 (graphitized) 21.3915 21.3810 21.812

grease Moliterm 23 (Benterm 2) 20.4210 20.4102 20.4113

grease 1S + 6% PTFE+ 5%Cu 14.7434 14.7427 14.7427

grease Litomos EP-25 18.5968 18.5963 18.5963

automotive grease 1S 27.8381 27.8346 27.8346
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Fig. 3.  Wear volume for tested greases
Rys. 3.   Objętość zużycia dla badanych smarów plastycznych

CONCLUSIONS

Summing up the lubrication efficiency results obtained 
at variable pressure and sliding velocity for the tested 
greases, the following can be stated:
1. The mathematical research object models (regression 

functions) developed for the tested greases enable 
the designers of sliding bearings working in mixed 
friction conditions to do grease optimization 
according to the minimum bearing wear criterion.

2. The lubrication efficiency of a grease, evaluated 
on the basis of wear volume VF(d), is inversely 
proportional to the calculated wear volume. The 
lower the volume value, the smaller is the wear of the 
sliding pair working at the given pressure and sliding 
velocity, and the higher is the lubrication efficiency 
of the grease.

3. The lubrication efficiency of greases is more 
accurately evaluated on the basis of the wear 
characteristics obtained at variable pressure and 
sliding velocity than at constant F or v. This is 
because the limit of “normal wear” characterized 
by metastable friction (i.e. the rate of formation 
of secondary structures is equal to the rate of their 
degradation) is always determined by temperature 
and the latter is a function of pressure and sliding 
velocity.

4. Grease Moliterm 23 (a domestic product) is more 
effective than grease Nulon L80, since its wear 
volume is about 5% smaller.

5. The in-house compound obtained by filling grease 1S 
with two solid greases (5% PTFE + 5% Cu) showed 
the highest lubrication efficiency from among the 
tested greases. In the case of lubrication with this 
compound, the wear volume is by about 21% smaller 
than the one produced when grease Litomos EP-25 – 
one of the best greases on the domestic market – was 
used.

6. The lubrication efficiency of the tested greases 
(grease STP with calcium thickener and greases: 
ŁT4-S3, ŁT-41 and 1S with lithium thickener) 
without any solid grease additions, evaluated on the 
basis of wear volume, is similar regardless of the 
thickener type. The maximum difference in wear 
volume between the greases amounts to about 10%.
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