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Summary 
 
In the mixed and boundary friction regime, wear of rolling bearings can be influenced significantly by the combination 
of base oil and additive. Additives in the lubricant can form anti-wear layers on the contacting surfaces of the bearing and 
inhibit the direct steel-steel contact thus reducing adhesive and abrasive wear. The mechanisms of the layer formation in 
highly loaded machine elements are mostly unknown. To ensure a wear-free lifetime of the elements, a protective layer 
must be formed. This study provides a contribution to the influencing parameters on this layer formation. Tests were 
conducted with cylindrical roller thrust bearings. Limits of the anti-wear layer formation were identified by varying the 
operational parameters rotational speed, load and temperature and the additive parameters concentration and structure. 
 

 
 
 
1. Introduction 
Failures of rolling bearings, operated in the mixed and 
boundary lubrication regime, can occur due to abrasive 
and adhesive wear. Typically these operating conditions 
are avoided. In some application with high loads and low 
speeds (e.g. wind turbines) this cannot be prevented. 
Therefore, lubricants with suitable properties are used in 
these applications and inhibit wear due to modifications 
at the surface of the roller bearings. This is normally 
achieved by additives mixed with the base oil. Chemical 
and physical interactions between the lubricant and the 
bearing surface, enhanced by high pressures and 
stresses, lead to modifications and the occurrence of a 
non-metallic layer at surface of the rolling bearing. This 
processes result in the development of the so-called 
boundary layer. 
This layer can inhibit the direct steel contact of the mat-
ing elements (roller and washer) and reduce abrasive and 
adhesive wear. Hence, the layer is also called anti-wear 
layer or anti-wear film. A prediction whether a protect-
ing layer is formed or not is not yet possible. The under-
standing of the chemical processes between the addi-
tives and the surface, which lead to the layer formation, 
is not sufficient for this purpose. Therefore, experi-
mental testing is needed for a qualification of the wear 
protection ability of different lubricants up to today. 
In this study, the formation of anti-wear layers is inves-
tigated for cylindrical roller thrust bearings. The influ-
ences of the operating conditions (load, speed, tempera-
ture) and the lubricant properties (additive concentra-
tion, additive structure) on the layer build-up is deter-
mined in a rolling bearing test rig. As additive, the com-
monly used zinc dialkyldithiophosphate (ZDDP) is ap-
plied. 
 
1.1 Tribological boundary layers 
Boundary layers are a system of individual layers di-
vided into the inner and the outer boundary layer. The 

inner boundary layer describes a finely crystalline area 
which results from the surface finishing process at the 
end of machining or the high stresses under severe oper-
ating conditions. This part is also known as tribomuta-
tion layer and has a thickness of 400 nm to 5 µm depend-
ing on the acting mechanical strains. Due to the finely 
crystalline characteristics, the mechanical properties can 
differ from those of the base material. [1]  
The outer boundary layer is a multi-layer system itself 
and generally thinner than the inner boundary layer. Af-
ter machining, an oxide layer of a few nanometres de-
velops in new rolling bearings on top of the metal sur-
face by oxidation processes at air environment. Chemi-
cal reactions between with the lubricant additive and the 
base material result in an additional layer in this system, 
the so-called reaction layer. This layer is often described 
as a glass-like structure consisting of different reaction 
products of the chemical reactions between lubricant 
and material elements. [2][3] Both layers can mix and 
circulate in the outer boundary layer. Then, a rigid sep-
aration is not possible. On top of these layers, lubricant 
components can adsorb. As they are mostly weak 
bonded, these components are removed during sample 
preparation for micro analytical analyses and thereby 
not detectable. [1] The whole boundary layer system is 
shown in figure 1. 

 
Figure 1. Boundary layer system 
 



1.2 The additive zinc dialkyldithiophosphate (ZDDP) 
The risk of wear in the heavily loaded tribological con-
tacts of machine elements is always present when direct 
contact of the solid bodies occurs. Hence, so called anti-
wear (AW) and extreme pressure (EP) additives are 
added to the lubricant. These additives form the reaction 
layer of the boundary layer system and inhibit the direct 
steel-steel contact, reducing abrasive and adhesive wear. 
One often applied additive with AW- and EP-character-
istics is zinc dialkyldithiophosphate (ZDDP). It is used 
since several decades and also provides properties as an-
tioxidant and corrosion inhibitor. [2] ZDDP is a metal 
organic compound and has a good solubility in mineral 
oils. The alkyl group of ZDDP can vary in length and 
structure, influencing the thermal and hydrolytic stabil-
ity and thus the AW/EP performance. The structure of 
the alkyl groups (R) can be either primary, secondary or 
aromatic (s Figure 2). 
 

 
Figure 2. Structure of ZDDP (adapted from [4]) 
 
The thermal and hydrolytic stability rises with increas-
ing chain length while the reactivity is reduced. [5] In 
this study, the ability to form a wear inhibiting reaction 
layer is compared between a primary ZDDP with mainly 
short chains and secondary, long chain ZDDP. 
 
2. Experimental  
2.1 FE8-test rig 
Concerning their wear prevention capability, lubricants 
are tested in tribometers with simplified contact condi-
tion or test rigs, in which machine elements can be ap-
plied. Due to the high complexity of the contact condi-
tions in machine elements, practical information on 
wear can only be obtained by the direct testing of such 
components. 
The characterisation of a lubricant‘s wear behaviour in 
rolling bearings is often done in the FE8 test rig. Two 
cylindrical roller thrust bearings of type 81212 are used 
for the classification tests due to high percentage of slip-
page between washer and roller. The bearing and the 
qualitative sliding speed is shown in figure 3. 
 

 
Figure 3. Cylindrical roller thrust bearing 81212 
 
The standardised test procedure according to DIN 
51819-3 [6] is performed under wear critical operating 
conditions in the boundary lubrication regime. The 
standard test is run at a temperature of 80 °C, a rotational 
speed of 7.5 rpm and an axial load of 80 kN, which cor-
responds to a Hertzian pressure of 1920 MPa. The wear 
mass is used to classify the lubricant’s wear protection 
capability and measured after 80 hours with a precision 
of 1 mg. According to DIN 51517-3 [7] the wear mass 
of a roller set must be less than 30 mg for the approval 
as CLP oil. A more precise classification can been spec-
ified. In this case, a lubricant provides very good wear 
protection if the weight loss at the roller set is less than 
10 mg. A weight loss of over 100 mg is considered as 
very high wear. [8] 
Well-developed lubricants with adequate anti-wear 
properties will show a negligible wear loss during the 
test due to the formation of the anti-wear layer induced 
by chemical reactions between the lubricant additive and 
the bearing surface.  
In this study, a modified FE8 test rig is used for the tests 
on the formation of anti-wear layers. The axial load can 
be applied dynamically and different operating condi-
tions can be driven during one test. The test rig setup is 
shown in figure 4.  
 

 
Figure 4. Modified FE8 test rig 
 
The layer formation can be monitored online by the 
measurement of the contact resistance. This measure-
ment can provide information on the lubrication regime 
and the current state of the boundary layer. In both cases, 
the change of the ohmic resistance is caused by a miss-
ing direct steel contact between the rolling bearing ele-
ments. In the full lubrication regime, the lubricant sepa-
rates both surfaces resulting in a higher resistance. In the 
second considered case, the outer boundary layer, 



formed by the additive ZDDP, has a higher ohmic resis-
tivity than the steel substrate. When the layer is formed 
on the complete surface the contact resistance will rise 
even if the bearing is operated under mixed friction con-
ditions. Furthermore, the information of the contact re-
sistance can give an indication on the current wear sta-
tus. If a resistance is measured, the surfaces are effec-
tively protected from wear.  
 
2.2 Experimental procedure 
In this study, the formation of anti-wear layers depend-
ing on the influencing parameters, operating condition 
and oil composition, is analysed. Therefore, a test pro-
cedure is applied, which is able to define the limit of the 
protective layer build-up. All influencing parameters are 
hold except for the rotational speed. This parameter is 
reduced respectively raised till the limit is reached. Fig-
ure 5 shows a results of this procedure. The rotational 
speed is reduced in three steps and for the last test 
(right), wear could be observed.  
 

 
Figure 5. Anti-wear layer formation 
 
After the speed limit is found, one of the other parame-
ters is varied and the procedure is repeated. To cover a 
large area of the operating conditions, the contact pres-
sure is modified from 500 MPa to 2000 MPa and the 
rotational speed ranges between 7.5 rpm and 75 rpm. 
The tests are conducted at a mass temperature of 80 °C, 
60 °C or 40°C. The test were driven as short test with a 
duration of 2h. 
The second influencing factor of the layer formation is 
the applied oil in the test. The oil composition in this 
study is varied regarding the additive concentration and 
the additive structure. A mineral oil of class ISO VG 100 
is used as base oil and mixed with the ZDDP. The con-
centration is varied from 200 ppm to 1750 ppm phos-
phorus in the oil. According to the API SN standard, the 
concentration of phosphorus in engine oils must be be-
tween 600 ppm and 800 ppm. [9] 
Beyond that, two different additive structures are inves-
tigated in this study. One structure has primary alkyl 
groups with mainly short chain lengths, the other one is 
a primary ZDDP with long chain alkyl groups. As men-
tioned before, the structures have different properties 
concerning the thermal stability and the reactivity thus 
leading to different operating conditions needed for the 
layer formation. 
The identification of a complete layer formation is done 
in three steps. Firstly, an optical evaluation is done after 

the test. If a layer is formed the surface is discoloured 
and if wear occurred there is usually a shiny surface. 
This behaviour can be seen in figure 5. Secondly, the 
wear mass is measured. If there is no weight loss a pro-
tecting layer was formed. Finally, microanalyses are 
performed with the electron probe microanalysis 
(EPMA). This can provide information on the chemical 
elements at the contacting surfaces of the bearing. 
Chemical elements of the additive, like phosphorus, sul-
phur and zinc, can be found. A typical element distribu-
tion is shown in figure 6. At the inner part of the raceway 
no layer was formed, corresponding with the microanal-
ysis. 

 
Figure 6. Microanalysis of formed anti-wear layer 
 
3. Results and discussion 
3.1 Influence of additive concentration and additive 
structure 
The first tests were conducted with the variation of ad-
ditive concentration and rotational speed. The load was 
held at 80 kN (1920 MPa) and the temperature at 80 °C. 
The results of the layer formation tests are shown in fig-
ure 7 for the short chain ZDDP and in figure 8 for the 
long chain additive. Two areas can be noticed to de-
scribe the limit of a protective layer build-up. At high 
additive concentrations a constant rotational speed is re-
quired for the layer formation. The second area is char-
acterised by a rising required speed when reducing the 
additive concentration. The limit can be described by a 
linear relation between rotational speed and additive 
concentration. Comparing both structures, differences in 
the size of both areas can be seen. The area of the con-
stant minimum limit reaches to smaller concentration for 
the long chain ZDDP. Then the limit increases much 
faster and meets the limit of the short chain ZDDP at a 
minimum concentration of 200 ppm phosphorus. 
The increase of the rotational speed can be linked to a 
raising lubricant gap height at low additive concentra-
tions. This implies a higher oil volume in the contact 
area and may compensate the missing additive amount 
due to reduction of the concentration. 
 



 
Figure 7. Influence of speed on anti-wear layer for-
mation for short chain ZDDP 

 
Figure 8. Influence of speed on anti-wear layer for-
mation for short chain ZDDP 
 
3.2 Influence of contact pressure 
As a second influencing parameter on the layer for-
mation, the contact pressure is varied in this study. The 
tests were conducted for selected concentrations and at 
a temperature of 80 °C. The pressure is reduced from the 
1920 MPa to 500 MPa for the short chain respectively 
to 1000 MPa for the long chain derivative. The results 
for the short chain ZDDP describe a decreasing limit 
with reduced contact pressure. This limit is shown in fig-
ure 9 for two representative concentrations. 

 
Figure 9. Influence of contact pressure on anti-wear 
layer formation for short chain ZDDP 
 
For the additive structure with the long chain alkyl 
groups the limit is presented in figure 10. Some differ-
ences can be seen compared to the results of figure 9. In 
contrast, no complete anti-wear layer was formed during 
the test at low contact pressures. Even higher rotational 
speeds make no impact although this was a good oppor-
tunity at lower concentrations, as shown in chapter 3.1. 

 
Figure 10. Influence of contact pressure on anti-wear 
layer formation for short chain ZDDP 
 
The grey lines drawn in both figures represent a constant 
lubrication gap height calculated with Dowson’s for-
mula. The considered test conditions are located in the 
boundary friction regime, where that formula is not 
valid. But this consideration can give a good opportunity 
to compare two operating conditions qualitatively. 
As can be seen, a correlation between the limit of the 
layer formation and the lubricant gap height is possible. 
Thereby, the same lubricant volume is needed for a layer 
formation at each concentration. Taking this and the in-
crease of the required rotational speed at low additive 
concentrations into account, a dependence of the layer 
formation on the additive amount in the contact area 
may be possible. As the bearings are operating under 
boundary friction conditions a direct correlation be-
tween the gap height and the additive amount is not al-
lowed due to roughness effects. The results of this con-
sideration are still pending and published later. There-
fore, a correlation for the layer formation is only possi-
ble between the lubrication gap height and the additive 
concentration. The relation is shown for both additive 
structures in figure 11 and figure 12.  
 

 
Figure 11. Limits of the anti-wear layer formation de-
pending on lubricant gap height for short chain ZDDP 
 



 
Figure 12. Limits of the anti-wear layer formation de-
pending on lubricant gap height for long chain ZDDP 
 
3.3 Influence of additive structure 
In figures 11 and 12, two other specifics of the layer for-
mation are obvious. On the one hand, a minimum gap 
height is always required even at high concentrations. 
This can also be linked to a required additive amount in 
the contact. Due to the high percentage of the solid body 
contact, the lubricant volume in the contact area is so 
small that the amount of additive molecules is not suffi-
cient for a complete layer formation. 
On the other hand, the limiting lines of both structures 
show a significant difference: The limit of the long chain 
derivative remains at the minimum gap height even at 
smaller additive concentrations. Comparing both struc-
tures, the short chain molecules have about half the 
length of the long chain ones. This cannot explain the 
behaviour at small concentrations if the limit is corre-
lated to the additive amount. But former micro analyses 
of such layers can offer an explanation. Inacker et al. 
[10] analysed the formed reaction layers of ZDDPs with 
different alkyl chain lengths. They showed that the 
structural design is different. The layers formed by short 
chain ZDDP are thick and soft, whereas long chain ad-
ditives form a rather thin and hard layer. This behaviour 
can give following explanation for the results in this 
study. Less additive molecules are required for the for-
mation of thin layer, what explains the minimal required 
lubricant gap even at low concentrations for the long 
chain derivative. 
 
3.4 Influence of temperature 
A variation of the temperature has been done for the 
short chain additive between 40 °C and 80 °C. At high 
pressures (1920 MPa) a protective layer can be formed 
even at 40 °C. The limits and a possible compensation 
curve are shown in figure 13. Here the compensation 
curve also represents a constant gap height. This support 
the thesis that the amount of additives in the contact area 
is essential for the successful layer formation. 
Further tests at low temperatures (60 °C) and lower con-
tact pressures (1450 MPa) showed that a protective layer 
build-up is no longer possible. The limits of the layer 
formation are reached. 

 
Figure 13. Anti-wear layer formation for short chain 
ZDDP at a contact pressure of 1920 MPa 
 
Next to the possible limit due to the additive amount in 
the contact, another limiting factor of the layer for-
mation can be detected. No protective film was formed 
at low pressures and temperatures. A possible explana-
tion for this behaviour can be the chemical reactivity of 
the contact area, which must exceed a critical level for 
the layer build-up. Two effects affect this reactivity. The 
solid body contact in the boundary friction regime leads 
to local frictional heating. Adding this to the mass tem-
perature applied in the test, a higher local temperature 
and therefore a higher reactivity is reached. Besides, tri-
bochemical interactions can be induced due to tri-
bostresses in the contact area and these tribostresses are 
directly coupled to the contact pressures. Therefore, 
both, the higher temperatures and contact pressures, en-
hance the reactivity of the system and accelerate the 
chemical reaction, on which the layer formation is 
based. [3] [11]  
Differences in the required contact pressure were shown 
in figures 9 and 10. The layer build-up for the long chain 
additive is limited while no limit was found at 80°C for 
the short chain derivative. This behaviour can be cou-
pled with the thermal stability, which is higher for the 
long alkyl groups. At 40°C and a Hertzian contact pres-
sures of about 1450 MPa, the limit is also reached for 
the short chain ZDDP. For a protective anti-wear layer 
formation, all described limits must be exceeded. 
 
5. Conclusions and outlook 
Boundary layers in rolling bearings can inhibit wear un-
der severe operating conditions in the boundary friction 
regime. These anti-wear layers are formed by chemical 
reactions of the lubricant’s additives and the steel of the 
contacting surfaces of the rolling bearing. With this, the 
direct steel contact is prevented thus reducing adhesive 
and abrasive wear. The mechanisms of the layer for-
mation and the chemical reactions in highly loaded ma-
chine elements are mostly unknown. Nevertheless, the 
wear-free lifetime of the elements must be ensured. This 
is often realised by a high percentage of additives in the 
lubricant. For an additive reduction, the influencing pa-
rameters on the protective layer formation must be iden-
tified. The results of this study provided a contribution 
to this issue. 
Tests with cylindrical roller thrust bearings were con-
ducted in a modified FE8 test rig. Limits of the anti-wear 
layer formation were identified by variation of the oper-



ational parameters rotational speed, load and tempera-
ture and the additive parameters concentration and struc-
ture. The analysis of the results leads to two require-
ments which must be met for a protective layer for-
mation. 
Firstly, the amount of additive molecules must be suffi-
cient for a complete layer formation. This can be 
achieved by matching the lubricant gap height and the 
additive concentration. 
Secondly, the reactivity of the system must permit 
enough chemical reactions between the additive mole-
cules and the surface for the layer formation.  
Both requirements are deduced as qualitative values and 
must be specified with physical or chemical reference 
values in a next step. In addition, the influences of higher 
temperatures and the sliding speed are still unknown and 
must be identified in further tests. 
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