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INTERACTIONS  BETWEEN  LUBRICANT  AND  STEEL  SUBSTRATE  
–  A  CONCEPTUAL  METHOD  OF  ANALYSIS

KONCEPCJA  TESTOWANIA  ODDZIAŁYWANIA  ŚRODKA  SMAROWEGO   
Z  PODŁOŻEM  STALOWYM
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 Abstract:  The paper demonstrates the methods for the analysis of the interaction between lubricant and steel substrate 
and presents the obtained results. The samples to be tested were commercially available greases as well as 
greases developed for the purpose of this research, containing a known amount of adhesion additives. Due 
to the lack of normalized methods, the authors applied indirect methods based on the analysis of the peel 
resistance and the resistance to variable shearing rates. The obtained results reveal that there is a possibility 
to apply the proposed methods for the comparative assessment of interactions between the grease and steel 
substrate. 

 Słowa kluczowe:  dodatki adhezyjne, olej mineralny, smar plastyczny, podłoże stalowe.

 Streszczenie:  W artykule przedstawiono metody badania oddziaływań środków smarowych z podłożem stalowym, a także 
zaprezentowano uzyskane wyniki. Przedmiotem badań były komercyjne smary plastyczne i smary opracowa-
ne na potrzeby eksperymentu zawierające znaną ilość dodatków adhezyjnych. Ze względu na brak znormali-
zowanej metody do badania zastosowano metodyki pośrednie oparte o pomiar siły rozrywania i odporności 
warstw smarowych na działanie zmiennych szybkości ścinania. Uzyskane wyniki wskazują, że istnieje moż-
liwość wykorzystania zaproponowanych metod do oceny porównawczej oddziaływań smarów plastycznych 
z podłożem stalowym.

INTRODUCTION

Modern lubricants have a wide range of applications 
that result in constantly growing requirements for their 
properties. They are, e.g., increased adhesion to the 
co-operating parts of the friction pair. This parameter 
is especially important in those applications where 
the bearings (and therefore lubricants) operate at high 
temperatures and high-speed rotation. The effect of 
adhesion is tightly related to the cohesion of the lubricant. 

There is no clearly recognized, complete theory of 
adhesion. Wide varieties of intermolecular interactions 
have become the basis of numerous partial theories that 
try to explain the observed phenomena. According to 
the physiochemical theory, the adhesion is a result of 
mutual interactions between intermolecular forces of the 
contacting materials. This theory indicates the crucial 
role of intermolecular interactions, especially Van der 
Waals forces. It also does not exclude the possibility of 
chemical bonds that are being created in the interfacial 

phase. The necessary condition is a small distance 
between the surfaces. This claim is common for all of 
the adhesion theories [L. 1 – 3]. 

The interactions between the lubricant and steel 
substrate are the sum of adhesion and cohesion. 
There was an attempt to identify of the interactions 
by examining the stability of lubricating layers. The 
tests were carried out at variable shearing rates. The 
deformations of the lubricant caused by the shearing 
forces are related to the intermolecular interactions. At 
minimum rates, the lubricant layers start to migrate after 
overcoming the cohesion forces, while at high rates the 
movement are related to the adhesion. [L. 4, 5].

Within the diagnostic system for lubricant properties 
used so far, there are no direct indicators of adhesion 
and cohesion forces. The system is based on the indirect 
parameters with an accuracy that is highly dependent on 
the physiochemical phenomena mentioned above.   

The aim of this study was the examination of 
the indirect methods for the evaluation of grease-

*  Institute for Sustainable Technologies – National Research Institute, ul. Pułaskiego 6/10, Radom, Poland, e-mails:  
ewa.pawelec@itee.radom.pl,  miroslaw.neska@itee.radom.pl.



76 ISSN 0208-7774 T R I B O L O G I A  1/2017 

steel adhesion and cohesion interactions based on the 
measurement of the peel resistance and the resistance to 
variable shearing rates. 

MATERIALS  AND  METHODS

The experiments on the interaction between lubricants 
and steel surfaces were carried out using a tensile 
strength tester made by ITeE Radom (Fig. 1).

a)                                                b)

Fig. 1.  The tensile strength tester (a), measuring discs (b)
Rys. 1. Tester do badania wytrzymałości na odrywanie (a), 

tarcze pomiarowe (b)

For the purposes of the experiment, the tester 
was modified by applying custom-made handles and 
measuring discs. Two 10 cm steel measuring discs 
(Fig. 1b) were mounted in such way that the grease 
to be tested might be put between them. The study 
was conducted according to the author’s methodology, 
described in detail in the previous papers [L. 7, 8]. The 
sample material (grease) was put on the lower measuring 
disc. Then, both measuring discs were brought together 
with linearly increasing force to establish a defined gap. 

The trials on a large variety of lubricants where 
different force vs. displacement characteristics were 
obtained, which led the authors to the optimal measuring 
gap set at  0.05 mm [L. 8]. All the experiments for this 
paper were performed under these conditions. 

The analyses of the peel resistance were based on 
the steady receding of the discs until the lubricant layer 
was broken, which was recorded as a steep decrease 
in measured tensile force. Separation of the measuring 
discs requires overcoming all the interactions (forces) 
binding the grease molecules with the surface as well as 
the intermolecular interactions within the tested grease. 

The fixed space between measuring discs eliminated 
variables caused by the intermolecular forces that are 
dependent on the thickness of the lubricant layer. 

The analyses of the interaction between lubricants 
and the surface were also performed by the use of 
the rotational rheometer, Physica MCR 101 (Fig. 2), 
cone-on-plate arrangement. The measurements were 
performed for 3000 s at minimum rate of shear (ẏ) of 
0.01s-1, and continued at 100s-1 until the constant tension 
was achieved. 

The rheometer control and the analysis of obtained 
results were performed by the use of Rheoplus software. 

As the indirect parameter, the shear stress defining 
the deformation under the external forces was selected 
[L. 6]. 

a)                                                        b)

Fig. 2. The test stand: a) rotational rheometer, b) cone-
on-plate measuring system 

Rys. 2.  Stanowisko badawcze: a) reometr rotacyjny, b) układ 
pomiarowy płytka-stożek

Based on obtained tensile stress vs. time curves, the 
maximum values of tensile stresses were recorded. 

The relationships between the compressive and 
tensile strengths of the lubricants were determined by 
the linear correlation coefficient Rxy and the coefficient 
of determination – Rxy

2 [L. 9]. The calculations were 
performed with the statistical modules of Microsoft 
Excel 2000 software.

The test materials were commercially available 
greases of various compositions and claimed by the 
producers to have good adhesion properties to the 
lubricated surfaces. They are as follows: 
• The bearing grease - ł based on the mineral oil and 

hydroxystearate thickener; 
• Threading paste (G) obtained by thickening of 

mineral oil with lanolin esters with AW additives;  
• Graphite grease based on mineral oil with calcium 

thickener; 
• S – the grease based on the lithium soap and silicone 

oil of high adhesion to the surface; and,
• The high temperature grease (marked as WT-1 

i WT-2) based on the inorganic thickeners and 
silicone oil. 
Due to the lacking information on the quantitative 

composition of commercially available greases, for 
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the purposes of the experiment, the authors developed 
a grease based on mineral oil and soap thickener (M-0). 

As the viscosity additives, the commercially 
available components were used. According to the data 
provided by the manufacturer (C.H. Erbslöh), one of 
the additives is based on synthetic esters (compositions 
marked with E), and the other one is an ethylene-
propylene copolymer (compositions marked with K). 

To evaluate the impact of the particular viscosity 
additive and its content on the final composition 
properties, the weighted amount of additives were 

introduced to the base. As a result, the authors obtained 
a set of greases containing 3, 5 and 10% of E or K 
additives. Such a variety of compositions allowed the 
authors to examine the greases significantly differing in 
the parameters of interest. 

RESULTS

Figure 3 depicts selected graphs of the breaking force 
as a function of the displacement of the tested greases. 

Fig. 3.  The breaking force as a function of displacement
Rys. 3. Przebieg siły zrywania warstwy smaru plastycznego w funkcji przemieszczenia
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On the presented graphs, one can notice a point 
associated with the overcoming of the intermolecular 
forces, generated during setting the gap between 
measuring discs. In the next step, the discs are receded at 
constant speed until the lubricant layer is broken, which 
can be seen as a sudden decrease in the measured shear 
force.  

Each graph provides data on the force needed to 
establish the test gap between the disc as well as the 
maximum force needed for their separation. The values 
of the mentioned forces are shown in Fig. 4.

Fig. 4. The compressing and tensile forces of the particular 
greases

Rys. 4.  Siła ściskania i rozrywania warstwy smaru plastycz-
nego

Based on obtained results, it was found that the 
applied method allows for the differentiation of greases 
depending on their shearing forces. 

The trial was carried out to identify the type of 
interactions by examining the stability of the lubricating 
layers (Figs. 5 and 6). The tests performed at a shearing 
rate of 0.01[1/s] revealed a diverse change in the path of 

Fig. 5. The time dependence of changes in shear stress 
for the greases with additive E at a shear rate of 
0.01[1/s] and 100[1/s]

Rys. 5. Przebieg naprężeń ścinających w funkcji czasu 
dla smarów z dodatkiem E przy szybkości ścinania 
0,01[1/s] i 100[1/s]

Fig. 6. The time dependence of changes in shear stress 
for the greases with additive K at a shear rate of 
0.01[1/s] and 100[1/s]

Rys. 6.  Przebieg naprężeń ścinających w funkcji czasu dla 
smarów z dodatkiem K przy szybkości ścinania 
0,01[1/s] i 100[1/s]

the shear stress depending on the type and amount of the 
adhesion additive. The shear stress is expressed as the 
quotient of the force causing fluid movement to the area 
on which the force acts. The consistency of the lubricant 
is caused by an internal cohesiveness dependent on the 
intermolecular interactions for which the Van der Waals 
forces are responsible. 

The analysis of the dependence of compressing 
forces and shear stress for the greases of defined adhesion 
additives content showed the linear correlation between 
these parameters. The greater the compressing force, the 
lower is the susceptibility to deformation (Fig. 7).  

Fig. 7.  The correlation between compressing force and 
the shear stress at a shear rate of 0.01 [1/s] 

Rys. 7. Zależność siły ściskania od naprężenia ścinającego 
przy szybkości ścinania 0,01 [1/s] badanych smarów

At high values of shear rates, the dependence of 
the shear stress and the peel resistance has a high R2 
coefficient (Fig. 8). 
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Fig. 8. The correlation between compressing force and the 
shear stress at a shear rate of 100 [1/s]. 

Rys. 8. Zależność siły ściskania od naprężenia ścinającego 
przy szybkości ścinania 100 [1/s] badanych smarów

Based on the obtained correlation, it was found 
that high shearing rates and the high susceptibility 
to deformation is accompanied with the high forces 
required to break the lubricating layer. 

CONCLUSIONS

As a result of the conducted experiments, a novel 
method for evaluation of lubricant-steel interactions was 
developed.

A high correlation coefficient between selected 
parameters confirms that the method based on the 
evaluation of peel resistance and the resistance to 
variable shearing stresses is a useful tool for comparative 
differentiation of greases. 

The presented results will be the basis of an 
integrated test system for the evaluation of lubricant 
interactions with the surface. 
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