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 Abstract  In order to minimize losses caused by friction, various technical solutions are applied. Most frequently, however, 
they are limited to proper lubrication. Two aspects of the problem have to be taken into consideration nowadays: 
ecology and an economic approach, which involves a possibility of the creation of the cheapest lubrication 
compositions. Therefore, new lubricants which have a neutral impact on the environment and are characterised 
by the lowest production costs and the highest effectiveness in the wear of co-operating elements are researched.

        The main purpose of this paper is an evaluation of the influence of water-based lubrication with an addition 
of non-ionic and anionic surface-active substances on the wear of a friction pair with a concentrated contact. 
Laboratory tests were carried out with the use of a T-02 four-ball wear tester and a digital microscope. A series 
of measurements were conducted in which a tribological connection was lubricated with water and a mixture of 
water and non-ionic and anionic surfactants of various mass concentrations in reference to water. The conducted 
research takes into account criteria connected with the minimization of the production costs of lubricating 
compositions and the minimization of their influence on the environment with a simultaneous limitation of the 
wear of the co-operating elements. The results obtained in the research enabled an analysis of the influence of 
the additions of detergents at various concentrations on water lubricating properties, water surface tension, and 
the volumetric wear of the analysed samples.

 Słowa kluczowe:  zużycie tribologiczne, substancje smarowe na bazie wody, niejonowe surfaktanty, anionowe surfaktanty, 
zużycie pary trącej, aparat czterokulowy.

 Streszczenie  W celu zminimalizowania strat wywołanych zjawiskiem tarcia stosowane są różnego rodzaju rozwiązania 
techniczne, jednak najczęściej ograniczają się do właściwego smarowania. Obecnie duży nacisk stawiany jest 
na ekologię. Również bardzo istotny jest aspekt ekonomiczny tego zagadnienia, a więc możliwość tworzenia 
jak najtańszych kompozycji smarowych. W związku z tym poszukiwane są nowe środki smarne o neutralnym 
wpływie na środowisko charakteryzujące się możliwie najniższymi kosztami produkcji i efektywnością w za-środowisko charakteryzujące się możliwie najniższymi kosztami produkcji i efektywnością w za- charakteryzujące się możliwie najniższymi kosztami produkcji i efektywnością w za-
kresie zużycia elementów współpracujących. Głównym celem prezentowanej pracy była ocena wpływu sma-
rowania wodą z dodatkiem niejonowych oraz anionowych środków powierzchniowo czynnych na zużycie pary 
trącej ze stykiem skoncentrowanym. Badania laboratoryjne przeprowadzone zostały z użyciem m.in. aparatu 
czterokulowego T-02 oraz mikroskopu cyfrowego. Wykonano serie pomiarów, w których węzeł tribologiczny 
był smarowany wodą oraz mieszaniną wody z niejonowymi oraz anionowymi środkami powierzchniowo czyn-środkami powierzchniowo czyn- powierzchniowo czyn-
nymi o różnym stężeniu wagowym względem wody. Przeprowadzone badania uwzględniają kryteria związane 
z minimalizacją kosztów pozyskania kompozycji smarowych oraz minimalizacją wpływu na otoczenie przy 
jednoczesnym ograniczeniu zużycia współpracujących elementów. Uzyskane w badaniach wyniki pozwoliły 
na przeprowadzenie analizy wpływu dodatku detergentów o różnych stężeniach na właściwości smarne wody, 
napięcie powierzchniowe wody oraz zużycie objętościowe analizowanych próbek.

INTRODUCTION

Creating new lubricant compositions which would 
have best tribological properties and which would be 
cheapest in production is a producer’s priority [L. 1, 2]. 

Such compositions should also have a neutral impact on 
the environment. In professional literature, this issue 
is widely discussed. There are numerous articles that 
refer to biodegradable oils and the modifiers of their 
properties. In this work [L. 3], the authors present the 
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results of the research into the anti-wear and anti-seizure 
properties of oil compositions that contain the ash-
free lubricating additions AW/EP. In article [L. 4], the 
results of the evaluation of the lubricating properties of 
the selected fuel compositions are shown. The features 
of the fatty acid methyl esters of the vegetable oils and 
the mixtures with diesel fuels at various proportions are 
compared. 

Apart from the price of the lubricating property 
modifiers, a base substance constitutes a significant part 
of the production costs of lubricating compositions. 
That is why an analysis of water-based lubricating 
compositions is becoming a frequent issue discussed 
in the scientific research. In works [L. 3], [L. 5–15], 
this problem is especially considered, because pure 
water does not fulfil the lubricant requirements. Thus, 
it is necessary to use adequate modifiers, which change 
such properties like anti-seizure, anti-wear, anti-
corrosive, or rheological ones.

Since surfactants, which are surface active 
substances, have an ability to change the surface 
properties of the liquid in which they are dissolved, 
they can be used as the modifiers of lubricants. 
Surfactants are a rich group of natural or synthetic 
substances [L. 16]. They are widely applied in various 
technological processes and numerous products 
[L. 17]. Their influence on the lubricating properties 
of lubricating compositions is thoroughly analysed in 
scientific research. 

The influence of the surfactant concentration on 
various tribological characteristics is presented in the 
following works: [L. 1–6]. In article [L. 7], there is 
a description of the influence of surfactants dissolved in 
water on the creation of the boundary layer (a lubricant 
boundary film) and on the elastohydrodynamic features 
of rolling bearings.

Together with researching the influence of the 
surfactant concentration on the anti-wear properties, 
the influence of the structure and composition of 
the surface-active substances on the tribological 
characteristics is analysed in many works [L. 7, 1, 3, 8]. 

In work [L. 5], for instance, the authors study the 
influence of the composition of the water solutions of 
the surface-active compounds (ethoxylates of oleyl 
alcohol) on anti-seizure properties. In work [L. 6], 
physical-chemical and tribological tests have been 
carried out on water solutions of ethoxylate lauryl 
sulphate natrium (SLES).

The main reason for carrying out research into 
the influence of water lubrication with an addition of 
non-ionic anionic surfactants was the evaluation of 
possibilities for applying them in lubricating a wheel-
rail contact zone in municipal transportation rail 
vehicles. Modern trams are equipped with a system of 
lubricating the flanges. However, they are lubricated 
only with oil lubricants with an addition of solid 

lubricants such as MoS2 or graphite. These lubricants, 
together with sand which is used for increasing the grip 
between a wheel and a rail during rapid braking and 
starting the vehicle, make a mixture whose operating 
effects are opposite to the required ones. This mixture 
acts like an abrasive paste that increases the wheel-rail 
pair wear. Moreover, this material tends to deposit in 
the railway subgrade, especially in the rail and turnout 
grooves, causing improper co-operation of the wheel 
with the rail and an increase in the noise level during 
rolling. It is an unwelcome effect in densely built-up 
urban areas. 

Finding an alternative for currently used lubricants 
that would not produce an abrasive material and would 
be more environment-friendly is economically and 
socially justified. 

This paper presents some results of the pilot 
tribological research conducted in order to create a new 
lubricating composition with best lubricating qualities. 
The production costs of this composition should be the 
lowest possible. The composition should have a neutral 
impact on the environment,and one should be possible 
to apply it in open tribological junctions, e.g., in the 
wheel-rail systems.

RESEARCH  METHODOLOGY

Adequate research methodology was worked out for 
the research goal.  Tests on new compositions were 
performed with the use of a T-02 four-ball tester. 
This allowed the authors to compare the results of the 
conducted tests with the results of the tests carried out on 
other lubricants and the data presented in professional 
literature. 

A four-ball tester is widely used mainly for 
measuring the durability of an oil or grease film between 
rubbing rolling elements and for measuring the value 
of the moment of friction. It is often used in order to 
determine the anti-seizure and anti-wear properties of 
oils and greases.

During tests, the following values were measured: 
the moment of friction, the load, the temperature of 
a tested lubricant, and the rotational speed. The duration 
of each test was constant and equal to 120 s. It was 
selected as such because the maximum mass temperature 
of the elements of the friction junction should not exceed 
50°C. 

The load of the friction junction equal to 1000 N 
resulted from the similarities between the loads that 
occur at the base of the rail vehicle wheel flange while 
maintaining the permissible axle loads. The measured 
values were systematically controlled on the computer 
screen and, after finishing the tests, they were archived. 
Measurement conditions presented in Table 1 were 
identical for all the tests.
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Table 1.  Measurement conditions
Tabela 1.  Wyniki pomiarów

Parameter Value Unit

Test duration 120 s

Sampling frequency 75 Hz

The coefficient of compression 1

Lever arm 0.15 m

Initial load of the friction junction 1000 N

Rotational speed of the spindle 250 revolutions/
min

Speed of building up of the load 0 N/s

A Delta Optical Smart 2MP digital microscope was 
also used in the tests. Picture live-monitoring on the 
computer screen and recording the photos are primary 
functions of the microscope. Available adjustments 
allow for the changes of resolution and the control 
of some photograph parameters, e.g., brightness and 
contrast. Thus, it is possible to obtain sharp edges of 
the wear profile. The included software allows the 
measurement of the objects. That is why a digital 
microscope was used to measure wear. Then the results 
were verified with the use of a Brinell magnifier, which 
has a measurement accuracy equal to ± 0.1mm.

Six water surfactant solutions were prepared 
for the tests. A widely used product which contained 
non-ionic surface-active substances (<15%) and 
anionic surface-active substances (<5%) was used 
as a surfactant. Such a surfactant was used due to its 
commercial availability, i.e. the price not greater than 2 
Polish zlotys per 0.5 l. 

Two tests were conducted with the use of only 
water (obtained from two different sources) as 
a lubricant. In the subsequent tests, a surfactant that 
contained both non-ionic and anionic surface-active 
substances was gradually added. The characteristics 
of the moment and the coefficient of friction were 
observed in order to get a solution with the smallest 
moment and the coefficient of friction. Table 1 presents 
the weight mass concentration of the detergent. The 
percentage content of the surfactant was calculated 
with reference to the weight of water. Due to the fact 
that no changes in the characteristic of the moment 
of friction and the characteristic of temperature were 
observed when the surfactant concentration was higher 
than 3%, a further increase in concentrations was not 
technically or economically justified. 

RESULTS  OF  THE  RESEARCH

The tests were carried out in compliance with the rules 
included in adequate standards. During the experiments, 
the traces of wear on the surface of the balls, and the 
characteristics of the temperature, the moment, and the 
coefficient of friction were obtained. 

The load on the friction junction was set up at the 
beginning of each test carried out on the four-ball tester. 
The tester was cooled to the constant laboratory ambient 
temperature between the tests.

For each series of measurements, representative 
characteristics of the junction load [N], the moment 
of friction [Nm], the coefficient of friction, and the 
temperature [⁰C] were presented in a form of diagrams. 
Figure 1 shows the results of the tests in which water 
with an addition of surfactants at various percentage 
concentrations was used as a lubricant. For Series 1 
and 2, the lubricant was pure water (obtained from two 
different sources and without an addition of surfactants). 
Series 3 contained 0.025% surfactant solution, and 
Series 4 contained the solution of 0.03% detergent. In 
Test 5, the influence of 0.15% solution of non-ionic 
and anionic surface-active substances was analysed. 
The next tests were performed with an addition of the 
surfactants greater than 1 percent – 1% (Series 6), 1.7% 
(Series 7), and 3% (Series 8). 

Figure 2 presents the traces of wear that developed 
during a series of tests conducted with  a four-ball 
tester. The photos were taken with the use of a digital 
microscope at 200x magnification. Figures 2a and 
2b show the wear of a ball from a test in which water 
was the only lubricant (Series 1 and Series 2). The 
subsequent photos illustrate wear traces produced during 
the successive tests in which the concentration of non-
ionic and anionic surfactants increased.

Table 2.   The comparison of tested compositions
Tabela 2.  Zestawienie badanych kompozycji

Batch 
number

Basic 
lubricant Addition Detergent 

concentration 
[%]

1 Water – 0.000

2 Water – 0.000

3 Water Surfactant 0.025

4 Water Surfactant 0.030

5 Water Surfactant 0.150

6 Water Surfactant 1.000

7 Water Surfactant 1.700

8 Water Surfactant 3.000
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Fig. 1.  The results of the tests performed with a four-ball tester – lubricant: Series 1 and 2: water; Series 3: water + 0.025% 
detergent; Series 4: water + 0.03% detergent; Series 5: water + 0.15% detergent; Series 6: water + 1% detergent; 
Series 7: water + 1.7% detergent, Series 8: water + 3% detergent

Rys. 1.  Wyniki badań przeprowadzonych aparatem czterokulowym – środek smarny: Seria 1 i 2: woda; Seria 3: woda + 0,025% 
detergentu; Seria 4: woda + 0,03% detergentu; Seria 5: woda + 0,15% detergentu; Seria 6: woda + 1% detergentu; Seria 7: 
woda + 1,7% detergentu, seria 8: woda + 3% detergentu
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Fig. 2.  Selected wear traces in a series of tests conducted with the use of a four-ball tester, 200x magnification [L. 7]
Rys. 2.  Wybrane ślady zużycia w serii prób na aparacie czterokulowym, powiększenie 200x [L. 7]

The characteristics of the moment of friction, 
the coefficient of friction, and the temperature were 
compared in order to get a better illustration of the 
differences between the characteristics in the individual 
test series. Figure 3 presents a relation between the 

moment of friction and the test duration. Figure 4 
shows a relation between the coefficient of friction in 
the time function, Figure 5 illustrates the characteristic 
of the temperature changes recorded during individual 
measurement series.
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THE  ANALYSIS  OF  THE  RESULTS 
AND  THE  CONCLUSIONS

During the analysis of the characteristics of the moment 
of friction, the coefficient of friction and temperature 
in the time function shown in Figures 3, 4, and 5, 
the performed measurement series were divided 
into characteristic groups. Taking into account the 

Fig. 3.  Relation between the moment of friction and time duration for all conducted measurements
Rys. 3.  Zależność momentu tarcia od czasu trwania dla wszystkich przeprowadzonych pomiarów

Fig. 4.  Relation between the coefficient of friction and time for all conducted measurements
Rys. 4.  Zależność współczynnika tarcia od czasu dla wszystkich przeprowadzonych pomiarów

characteristics of the values of the moment of friction, 
a reference interval equal to 50 s occurring between 
20 s and 70 s of the measurement time duration was 
accepted. Then, three groups were selected on the basis 
of the range of the moment of friction values. The values 
from Group 1 were in the range of 1.6 to 2.6 [Nm], and 
Group 2 in the range from 1.3 to 1.8 [Nm], and Group 3 
in the range from 0.2 to 0.5 [Nm].
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Fig. 5.  Relation between temperature and time for all conducted measurements
Rys. 5.  Relacja temperatury od czasu dla wszystkich przeprowadzonych pomiarów

In the next step, the initial division was verified 
by taking into consideration the whole characteristic 
of the moment of friction in the time function and the 
characteristic of temperature in time. Eventually, on the 
basis of these characteristic diagrams, the test results 
were divided into three groups, which included the 
following measurement series: 
-	 Group 1 – Series 1, 2, 3 (surfactant concentration up 

to 0.025%);
-	 Group 2 – Series 4, 5 (surfactant concentration from 

0.030% to 0.150%);
-	 Group 3 – Series 6, 7, 8 (surfactant concentration 

from 1.000% to 3.000%). 
In Group 1, where the only lubricant was water 

(Series 1 and 2) and water with an addition of non-ionic 
and anionic surfactants at the concentration of 0.025% 
(Series 3), a high level of both  the coefficient of friction 
and the moment of friction was observed. Despite 
similar characteristics  of the moment of friction and 
the friction coefficient in this group, a decrease in an 
average diameter of wear pattern in relation to the tests 
conducted with the use of only water as a lubricant was 
noticed when 0.025% surfactants were added in Series 3.  

The temperature during the research in each test 
increased. However, in Groups 1 and 2, the growth of 
temperature was significantly greater than in tests in 
Group 3. In the first case, the maximum temperature was 
within the range of 44 to 51⁰C, and in the second case 
the maximum temperature was within the range of 26 
to 29⁰C. An addition of a detergent lowered the water 

surface tension. This enabled a better heat abstraction 
from the friction zone. 

In the tests classified in Group 2, in which the 
concentration of surfactants in the water solution was 
from 0.03% to 0.15%, a relatively high level of the 
moment and the coefficient of friction could be noticed, 
similarly to Group 1. In the tests in Group 2, however, 
a noticeable drop in these values was observed. The drop 
occurred after about 80 seconds from the beginning of 
the test.

It should be noticed that, during the analysis of the 
detergent addition concentration, the characteristics of 
the moment of friction, the coefficient of friction, and 
the temperature in the time function with a minimal 
addition of surfactants (0.025%) do not differ from 
the characteristics obtained in the tests where only 
water acted as a lubricant. The difference is only in 
the analysis of the wear of these samples (Figures 2a, 
2b, and 2c). While analysing the difference between 
Series 3 and 4, it can be stated that an addition of barely 
0.005% more surfactants (Series 3 with the addition of 
0.025% of a detergent, and Series 4 with an addition of 
0.03% of a detergent) results in a change in the wear 
characteristic.   

Group 3 presents a significantly lower level of wear 
in comparison with Group 1 and Group 2. The addition 
of surfactants in the amount greater than 1% causes 
the coefficient and the moment of friction to decrease 
significantly. Moreover, the temperature and the wear 
pattern are significantly smaller than in other cases. It 
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is caused by the use of surfactants, which lower water 
surface tension.This, together with such a concentration 
of a detergent (more than 1%), allows for a noticeable 
increase in lubricity and the comfortable abstraction of 
heat from the friction zone.

For a better illustration of differences between the 
individual measurement series, the average diameters 
of the wear patterns are shown in a column diagram in 
Figure 6. The smallest traces of wear can be noticed for 
Group 3 – Series 6, 7, and 8. These values differ slightly, 
despite a significant difference in the concentration of 
a detergent addition. Thus, it can be stated that an addition  
of a detergent in the amount of about 1% is completely 
sufficient to lower the coefficient of friction, temperature, 
and the moment of friction, and to significantly lower 
the wear pattern of a tested sample.

Fig. 6.  Average diameter of the wear [mm] for tested 
measurement series

Rys. 6.  Średnia średnica śladu zużycia [mm] dla badanych 
serii pomiarowych

CONCLUSIONS

Surfactants as the substances which are capable of 
changing the properties of the surface of a liquid in which 
they are dissolved can be practically applied in numerous 
technological processes. They are a very wide group 
of substances, both of natural and synthetic (obtained 
in a chemical synthesis) origin. Surfactants, especially 
at low concentrations, are characterized as having an 
insignificant impact on the environment.

On the basis of the conducted research that aimed 
at the testing of the influence of water-based lubrication 
with an addition of non-ionic and anionic surface-
active substances on the wear  of a friction pair with 
a concentrated contact and on the basis of the obtained 
results, it can be stated that an application of surfactants 
as an addition to the water-based lubrication brings about 
beneficial effects that modify the lubricating properties of 
water.

A detergent, by lowering the water surface tension, 
allows an increase in lubrication and a proper abstraction 
of heat from the friction zone. It results in a decrease in 
a volumetric wear of co-operating elements up to 60% 
in the analysed case. The usage of such a lubricating 
composition may be perceived as an effective alternative 
to the application of classical greases or oils.

The low costs of the production of such lubricants 
can also be considered as an advantage. As a consequence, 
the operational costs can be lowered due to the decreasing 
of both the wear and the costs of energy required to 
overcome the friction resistance.

Detergent prices are relatively low. Thanks to 
the European Union regulations which influenced the 
quality of detergents, they are now less harmful to the 
environment than they were a couple of years ago. Taking 
into consideration the fact that such a small concentration 
of surfactants changes the lubricating properties of water, 
such a solution is advisable not only from the economic 
but also from the ecological point of view.
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