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The thesis deals with the surface treatments of bearing steel processed for wind turbines, on which the 
quality parameters of the surface treatments performed were compared. This is blackening, which is a 
method of surface treatment that allows the protection of the base material from the negative effects of 
external influences, in particular from moisture and associated corrosion. The application of surface tre-
atment by blackening contributes to a better and more efficient start-up of the bearing in service. In the 
experimental part, the individual results of the structural analysis carried out for all types of materials 
investigated are evaluated, with the analysis focusing on the structural properties, the quality of the ad-
hesion properties and the influence on the service life of the machine components. Electron microscopy 
was used to investigate the structural properties of the layer as well as the base material, which allowed 
to obtain the necessary data to meet the objectives of this work. 
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 Introduction 

The use of surface treatments is essential in many 
industries to ensure the required performance and du-
rability of products. The surface as a boundary 
between two different environments is fundamentally 
influenced by its mechanical, physical and chemical 
properties. The essence of surface preparation is to 
create an environment that ensures the smooth pro-
gression of the reactions that take place downstream 
with the layers and surfaces being formed [1]. In spite 
of advanced metallurgy, the development of new gra-
des of steels alloyed in different proportions, no uni-
versal material can be applied. The essence of surface 
preparation is the creation of an environment that en-
sures the smooth progression of reactions that take 
place downstream of the layers and surfaces being for-
med. Mechanical and chemical pretreatment of the 
surface is necessary to ensure good adhesion, durabi-
lity of the future coating and homogeneous properties 
of the formed layers [1]. When a clean metal surface is 
exposed to external environmental influences, almost 
most metals develop a thin layer formed by their own 
reaction products on the surface, which protects the 
metal surface. If the surface of the metal becomes oxi-
dised, it is up to the physical and electrical properties 
of the metal as to how quickly the oxidation continues 
or stops. In almost all types of metals, the growth of 
the oxidized layer is associated with a change in sur-
face color and loss of the characteristic luster [2]. The 
oxide layer reaches a minimum thickness, so there is 

no change in the dimensions of the components after 
blackening.  Due to the high adhesion capacity of this 
layer, it also prevents unnecessary slippage of the bo-
dies when interacting with the outer and inner ring of 
the bearing. 

 Blackening is classified among diffusion methods 
of surface treatment, used for surface treatment of 
highly stressed components, such as gears in gearbo-
xes, or for the protection of bearing surfaces [3]. Be-
cause of its advantages, especially the protection of 
surfaces against corrosion, blackening has found its 
application mainly in the armament industry and in en-
gineering in the manufacture of machine components. 
Its use has found application mainly in metalworking, 
for example on drills, milling cutters, jaws, screws, and 
washers, on various decorative elements of door con-
trols, handles, hinges for its visually rustic effect. 

 Materials used for the manufacture of bea-
rings 

Materials occupy an important role in a developing 
society since the various stages of human develop-
ment are named after the material that was most abun-
dantly used in each period. When assessing the suita-
bility of material selection and the choice of a compa-
tible surface treatment, it is necessary to take into ac-
count all the external and internal influences to which 
the treated material will be exposed in Fig. 1. In par-
ticular, the structure and topography, the chemical 
composition and the properties of the body material  
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determine the surface properties and its behaviour. 

Metallic materials are characterised by high elastic mo-

duli and toughness, while at the same time being well 

formable [3]. They have good thermal and electrical 

conductivity but are less resistant to corrosion. Their 

properties can be further improved by hardening or 

possible modifications of the material composition. In 

general, due to their mechanical and technological 

properties, metals, and in particular steels, dominate in 

a wide range of applications [4-6]. 

In addition to technical and quality parameters, 

bearing steels must meet high technological and de-

sign requirements for good machinability and uniform 

metal remelting while maintaining the required dimen-

sions [4-8].  In addition to carbon, the chemical com-

position of steels contains a number of accompanying 

and alloying elements. Alloying elements are added to 

steels to meet the increasingly stringent requirements 

for use in demanding applications and operating con-

ditions. By simply adjusting the ratio and increasing 

the content of certain elements, they improve in par-

ticular the mechanical properties of the resulting steel, 

but also the degree of remelting, remelting, carbide 

formability or technological processing [8]. The wear 

and thus the functionality and service life of individual 

steel components is also influenced by the running-in 

and especially by repeated start-ups of the bearing af-

ter the interruption of normal operation [9,13]. 

 

Fig. 1 Categories of surface treatments 

 Surface treatment of metal materials 

For a smooth start-up without unwanted bearing 

slippage, it has been proven to increase adhesion by 

treating the contact surfaces with a surface treatment. 

The surface is the basic functional unit of a surface 

that forms the interface between the material and the 

surrounding environment. The surface of the material 

remains in equilibrium with the environment due to 

its own free energy. Wear and subsequent degradation 

occurs when the free energy is disturbed and the two 

phases interact.  The surface properties and its beha-

viour are mainly determined by the structure and to-

pography, chemical composition and material proper-

ties of the body [9]. Blackening of iron, cast iron and 

steel components is one of the oldest methods of me-

tal protection and has been used since the past also for 

its decorative character. However, over time it has 

been extended to other technological applications due 

to its positive properties. Bearings taught for the ope-

ration of wind turbines must withstand various exter-

nal influences [10]. The installation of such devices 

requires their stability in operation under different 

temperatures, speeds and load rates. In practice, this 

surface treatment is less suitable for use on cast irons 

or on high alloy steels; for the manufacture of bea-

rings, it is usually most widely used to protect the sur-

face of the contact surfaces of the bodies and rings of 

tapered roller, cylindrical roller, as well as ball rolling 

bearings [7-13]. The armouring of steels is carried out 

in baths of hot concentrated aqueous solution of salt 

hydroxides with inhibitors and other additives [7]. It 

improves appearance, abrasion resistance and corro-

sion resistance. It is usually combined with the use of 

a suitable lubricant or oil, which as a result positively 

influences the adhesion capability according to the 

type of application of the components treated in this 

way. The blackened layer is of particular importance 

as an effective protection against corrosion and exter-

nal environmental influences, due to the porosity of 

the layer and thus a more uniform distribution of the 

lubricant, it contributes to better bearing run-in and 

also to repeated run-ins during bearing downtime. In 

this process, a chemical reaction takes place which 

forms an oxide layer on the surface of the blackened 

material. The selection of steel is the most important 

at all for these chemical processes and is connected to 

machining [10].  Materials science, and mechanical en-

gineering are subjects that are always developing and 

upgrading. Still, scientists cannot achieve high quality 

at the lowest possible cost, and numerous products fail 

[11,12].  Due to the compactness and integrity of the 

layer, it helps to prevent cracks in the material and sub-

sequent damage. It reduces the risk of fretting due to 

corrosion damage to the bearing, enables smoother 

bearing run-in, increases corrosion resistance, pre-

vents body slippage during bearing run-in, improves 

bearing performance even at low lubrication levels, re-

duces hydrogen permeation into the bearing base ma-

terial, the resulting layer is very thin, therefore it does 

not affect the geometry and dimensional accuracy of 

machine parts, the layer is resistant to abrasion and 

abrasion, resistant to temperatures up to 300 °C by the 

characteristic "blackening" of the component gives 

the workpiece an antique appearance (optical enhan-

cement) [13,14]. 



June 2025, Vol. 25, No. 3 MANUFACTURING TECHNOLOGY 
ISSN 1213–2489 

e-ISSN 2787–9402 

 

299 indexed on http://www.webofscience.com and http://www.scopus.com  

 Experimental part 

In the experimental part, we compared the quality 
parameters of the surface treatment on three types of 
base material Fig. 2. The surface treatment consisted 
in blackening, which is a method of surface treatment 
that allows protection of the base material against ne-
gative effects of external influences, especially against 
moisture and the associated corrosive wear of the bea-
rings. Blackening is classified as a diffusion method of 
surface treatment [15,16]. A layer is formed on the sur-
face of the base material by controlled oxidation.  
The result is a porous layer with a thickness of about  
0.5-2 μm. 

The treatment involves the preparation of the so-
lution and the blackening itself. The blackening salt is 
poured into cold water with stirring for optimum con-
centration at a ratio of 1 kilogram of mixture per 1 litre 
of water. The temperature rises sharply due to the exo-
thermic process, with the temperature of the solution 
rising by up to 80°C as the salt dissolves. It is known 
that the boiling point of a mixture depends on the 
amount of salt dissolved. By adding salt or evaporating 
water, increasing the salt concentration, the boiling 
point temperature increases. If we want to lower the 
boiling point temperature, it is necessary to add water 
to the mixture solution [9].  

 

    Fig. 2 Immersion of components in a boiling alkaline salt 
solution 

 
The blackening process is initiated by immersing 

the components in a bath in racks, sieves or drums 

Fig. 2. To ensure the required quality of blackening of 
bearing components, a two-step process is used [14-
17]. The reaction in the material layer takes place only 
in the boiling point region, so care must be taken to 
ensure that the solution bath is heated. The compo-
nents are removed from the bath as soon as they turn 
dark black. After blackening, the heating can be swit-
ched off and the bath is turned off [15]. When restar-
ting, heating power is first added to bring the solution 
to the boiling point. As the blackening salt is reple-
nished during operation, the solution bath has a long 
service life under normal operating conditions [15-17]. 
After the blackening process is complete, a thorough 
rinse is required to remove any residual salts that may 
later crystallize on the surface of the blackening layer 
[13,15]. After rinsing, the surface is dried. Since the 
resulting layer is porous and not completely anticorro-
sive, the application of oil or lubricant becomes an es-
sential part of the process [16,18]. The oil preservative 
is retained in the micropores and acts as additional 
protection against corrosive wear of the surface. Bo-
dies made from bearing after heat treatment and che-
mical-thermal treatment were the subject of investiga-
tion and comparison of surface quality properties [15-
19]. The experimental material is used in the enginee-
ring industry to produce bearings for wind turbines. 
In Fig. 3 below, the bodies made from three different 
all-coatable materials that were designed for the expe-
riment are documented.  

 

Fig. 3 Bodies sampled for surface treatment blackening - from 
the left sample A, B and C 

 
The 18NiCrMo14-6 - (sample A) cementitious 

steel material was cut from a body that had undergone 
a chemical-heat treatment cementation process. The 
hardness after processing is guaranteed at 60-64 HRC. 
The chemical composition of the base material is gi-
ven in Table 1.

Tab. 1 Chemical composition of sample A  

Element Ni Mo Cr Si Mn C P S O Ca 

Content 
[wt. %] 

3.29 0.16 1.34 0.33 0.47 0.17 0.008 0.003 0.0003 0.0002 

 
Sample B of 100CrMnSi6-4 - (sample B) steel was 

cut from the body after heat treatment by quenching, 
the hardness after quenching is guaranteed at 59-63 

HRC. The chemical composition of the base material 
is shown in Table 2. 
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Tab. 2 Chemical composition of sample B 

Element Ni Mo Cr Si Mn C P S O Ca 

Content 
[wt. %] 

0.05 0.013 1.44 0.49 1.04 0.95 0.015 0.001 0.0006 0.0001 

 

 The material of 100CrMo7-3 - (sample C) steel 
was cut from the body after heat treatment hardening, 
the hardness after hardening is guaranteed at 59-63 

HRC. The chemical composition of the base material 
is given in Table 3.

Tab. 3 Chemical composition of steel sample C 

Element Ni Mo Cr Si Mn C P S O Ca 

Content 
[wt. %] 

0.18 0.23 1.65 0.24 0.64 0.94 0.012 0.010 0.0003 0.0002 

 
To verify the influence of the surface integrity qu-

ality and the related adhesion of the deposited layers, 
it was necessary to verify the roughness on the selec-
ted materials on the Mitutoyo Superftest SJ-410 v. Ac-
cording to the calculation in Table 4, after polishing, 

the average roughness of all samples was Ra ≤ 0.40 
μm. To avoid confusion, each of the samples was mar-
ked with a letter according to the corresponding base 
material and a sample sequence number.

Tab. 4 Measurement of roughness of prepared samples 

 Measure 1 Measure 2 Measure 3 Diameter 

Sample A 0.350 μm 0.417 μm 0.351 μm 0.373 μm 

Sample B 0.381 μm 0.403 μm 0.333 μm 0.372 μm 

Sample C 0.349 μm 0.343 μm 0.377 μm 0.356 μm 

 Structural analysis of the black layer  

The introduced work deals with the microscopic 
analysis of metallographically prepared selected metal 
materials structures, using a scanning electron micros-
cope (SEM) [20]. Using the SEM method, we assessed 
the morphology and topography of the analysed 

sample regions. In sample A, which was cemented 
prior to the experimental application of the surface 
treatment, we observed an unevenly distributed 
occurrence of pores in Fig. 4 of smaller size in the sur-
face and subsurface region of the blackened layer. The 
average pore size occurring in the blackened layer of 
this material was 0.44 μm. 

 

Fig. 4 Pore size measurements of the blackened layer of sample A 
 
The EDS energy-dispersive spectroscopy method 

provides a means of obtaining the exact chemical 
composition of the material from the analyzed areas 

by several types of chemical composition analyses. For 
the determination of chemical composition, the X-act 
Oxford Instruments EDX detector was chosen.  
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The chemical analysis carried out from the black layer 

area as well as the area of the starting material of 

sample A, we confirmed the presence of the predicted 

chemical elements see in Fig. 4. In the blackened layer 

area, the presence of iron oxides, which were the do-

minant component of the deposited layer, was confir-

med in Fig. 5. 

 

Fig. 5 Pore size measurements of the blackened layer of sample A  
 
Fig. 4 and Fig. 5 above show the oxides present in 

the layer whose average size was 112.06 nm. Their pre-

sence is due to the blackening technology as a natural 

part of the diffusion process and the ongoing reaction 

in the surface region of the material. From the result 

of the chemical spectrum analysis of the 1 area of the 

layer in Fig. 6, we found the presence of Fe in the  

representation of 91 wt.%, oxygen had a value of  

4.7 wt.%.  

In sample B, a higher frequency of microscopic po-

res of similar size was observed, which were evenly 

distributed throughout the observed area. Their 

average size was 0.77 μm in Fig. 7. Like the material 

of sample A, oxides were also observed in the surface 

area of sample B see in Fig. 8, their average size was 

181.58 nm. 

 

Fig. 6 Measurement of the relative size of oxides in the sur-
face structureof the blackened layer of sample A 

 

Fig. 7 Pore size measurements of the blackened layer of sample B 
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Fig. 8 Measurement of the relative size of oxides in the surface structure of the blackened layer of sample B 
 
In the chemical analysis of sample B, the oxygen 

values reached a higher mass amount than that of 
sample A. We assume that this is due to the carbon 
content diffused into the base material layer during the 
chemical-thermal treatment by cementation. At the 
end of the 19th century, it was found that an increase 
in hardness and resistance to wear of steel compo-
nents was possible due to the carbon diffusion deep 
into their surface layer [19,20]. There have also been a 
significant improvement in corrosion resistance and 
thermal resistance of many steels exposed to the di-
ffuse process [21,22]. Bearing is an important mecha-
nical functional component [23].The presence of the 
remaining chemical elements for sample B in 
Spectrum 5 (layer) confirmed to us the Fe content was 
78.7 wt.%, oxygen 16.7 wt.%. which is documented in 
Fig. 9.  

In the sample C-labelled material, a different 
structure of the surface region was observed. As can 
be seen in the above images, the occurring pores  
tended to cluster together. Their average size was  

0,48 μm. In Fig. 10 we can see the transverse grinding 
marks from the sample preparation process. The 
average oxide size in the sample layer C from the me-
asurement shown in Fig. 11 was 135.36 nm. 

 

Fig. 9 Chemical spectrum of selected area of sample B: black 
layer

 

Fig. 10 Pore size measurement views of the blackened layer of sample C 
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Fig. 11 Measurement of the relative size of oxides in the surface structure of the C   
 
When considering sample C, the oxygen values re-

ached a lower mass amount than sample B. We as-

sume that this is due to the presence of additional pas-

sivating alloying elements which would affect the 

oxide layer formation process. In sample C of Spectra 

3 from the layer region, the Fe content was 83.1 wt%, 

O was 13.1 wt%. The presence of the remaining che-

mical is recorded in Fig. 12.  

The evaluation of the black layer adhesion for all 

the materials investigated was performed using the 

SEM method in BE, BSE [20-22].  The SEM method 

determines us the nature of the topography and 

micromorphology of each surface in Fig. 13.  

Bearing is an important mechanical functional 

component [23]. We investigated the adhesion of the 

layer on the experimental materials in cross-sections 

for all samples of the selected materials see in Fig. 14, 

Fig. 15 where we identified uniformity and continuity 

of the deposited blackened layer for all layer materials. 

 

Fig. 12 Chemical spectrum of a selected region of sample C 

 

Fig. 13 Representation of the local non-uniformity of the ad-
hesion of the blackened layer of sample A in the cross-section 

 

Fig. 14 Cross-sectional representation of the small local non-
uniformity of the adhesion of the blackened layer of specimen B 
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Fig. 15 Sample C Showing minor local non-uniformity of ad-
hesion of the blackened layer of Sample C in cross-section 

 Evaluation of the layer resistance test and 
confirmation of the degree of blackening 

The test of the resistance of the black layer shall be 
carried out in accordance with the control standard 
DIN 50938, point 7.5. After preparation (degreasing) 
of the surface, a drop of 5 % oxalic acid solution was 
applied to the samples with a laboratory pipette. The 
standard solution was applied to the samples for 8 mi-
nutes and after wiping, a colour difference was obser-
ved on the surface of the sample. All the three experi-
mental samples showed adequate colour change, the 
visible black to brown-black target or pale grey rim vi-
sible on sample B is also permissible within the above-
mentioned prescription see in Fig. 16. 

 

Fig. 16 Test for confirmation of the degree of blackening on 
individual samples 

 
The test for confirmation of the degree of blacke-

ning of the layer was carried out in accordance with 
DIN 50938, paragraph 7.4. The surface of the samples 
was degreased, and a drop of a 20 % acetic acid solu-
tion was applied to the samples using a laboratory pi-
pette. The exposure time was according to the stan-
dard 20 minutes. As in the previous case of the expe-
riment, tolerable colour changes were observed on the 
surface of the samples, so that the degree of blacke-
ning (two-stage process) was confirmed by this test. 

 Results 

In our experiment, the suitability of depositing thin 
films on all-calcible materials that are low or encounter 
alloyed was confirmed. For cemented components, on 

the other hand, our research has shown deteriorated 
properties of the blackened layer, which were particu-
larly evident in the thickness of the resulting layer. 
This fact confirms the fact that the carbon already di-
ffused in the layer by the previous cementation influ-
ences the course of further reactions on the surface of 
the material. For this reason, in practice it does not 
make sense to use a combination of different surface 
treatments, or a combination of diffusion coatings and 
subsequent blackening. From the obtained results of 
the chemical and structural analysis of the experimen-
tal part, we can conclude that under optimal conditi-
ons of the blackening technology and proper selection 
of the base material, this method of surface treatment 
is effective with respect to the requirements of bearing 
functionality. 

Structural analysis of the black layer was performed 
using the SEM method of SE mode, and we evaluated 
the micromorphology and topography of the analyzed 
areas, focusing on the detailed microstructural charac-
teristics of the material. In sample A, which was ce-
mented, we observed an unevenly distributed 
occurrence of pores in he surface and subsurface re-
gion of the blackened layer. In sample B, a more 
frequent occurrence of microscopic pores of similar 
size was observed, which were uniformly distributed 
throughout the observed area. In the material labelled 
C, significant heterogeneity in the structure of the sur-
face area was observed. The occurring pores tended to 
cluster; their distribution was non-uniform with an 
average size of 0.48 μm. After the analysis of the blac-
kened layer, we evaluated the adhesion properties. We 
identified uniformity and continuity of the layer for all 
the coated materials investigated; the adhesion prope-
rties for all materials were in accordance with the 
prescribed specification for this method of treating 
functional surfaces. 

Chemical analysis was performed on all three ex-
perimental materials in the layer region. The evalu-
ation of the chemical composition confirmed the fact 
that in the case of the already cemented surface of the 
material, it is not possible to apply another, additional 
surface treatment method, since the presence of di-
ffused carbon prevents further absorption of other 
chemical elements. In the chemical analysis of the 
blackened layer on the all-calcible materials, a higher 
occurrence of oxides was confirmed, thus confirming 
the higher blackening effect and efficiency of these 
materials. 

A porosity and copper sulphate layer follow-up test 
were carried out and evaluated according to ISO 
11408. No visible red dots were observed on the com-
pared samples by this test, thus confirming satisfactory 
porosity of the layer. For the blackening process, it 
was necessary to perform a test of the layer resistance 
in accordance with DIN  50938, paragraph 7.5. Accor-
ding to the colour contrast, we visually evaluated that  
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all three experimental samples showed an adequate 
colour change.   

 Conclusion 

In general, surface treatment refers to any process 
that alters the physical or chemical properties of the 
surface of a material in order to increase the quality 
parameters. In addition to improving the appearance, 
mechanical and technological properties of the sur-
face, the main role of coatings is to improve the re-
sistance of the material to moisture and associated 
corrosion.  As wind turbines are exposed to environ-
mental influences, various surface treatments find 
their justification here. Unlike other surface tre-
atments where a coating is applied to the steel surface, 
black oxide coating (blackening/bronzing) is the result 
of a chemical reaction between the ferrous metal and 
oxidizing salts. This means that where additional sur-
face treatments are added to the metal surface and di-
mensions are increased, causing a reduction in g-tole-
rance during production, the black oxide coating has a 
negligible effect on the dimensional tolerances of the 
parts. This is of great benefit where tolerances are very 
important, such as threaded bolts, bearing housings, 
threaded holes or simply just internal machine com-
ponents. They contribute to the improvement of the 
functional properties of the bodies and rings in mutual 
movement, act as a barrier against chemical damage 
and wear, which ultimately increases the service life of 
the bearings used in the main shaft of wind turbines. 
The surface layers must meet the prescribed parame-
ters to achieve the highest possible quality, main-
tenance-free, safe, energy-efficient and, above all, en-
vironmentally friendly. The choice of metal material 
for this type of treatment is very important, since the 
properties of the layer depend on the base material on 
which the black was applied.  

The experiment confirmed the suitability of apply-
ing thin layers to solid materials that are low or me-
dium alloyed. In the case of cemented components, 
the research showed us the deteriorated properties of 
the black layer, which were mainly reflected in the thic-
kness of the resulting layer. This fact confirms that 
carbon, which is already diffused in the layer by previ-
ous cementation, dampens the course of further re-
actions on the surface of the material. For this reason, 
it makes no sense to use combinations of different sur-
face treatments, or combinations of diffusion surface 
treatments. From the achieved results of chemical and 
structural analysis, we can conclude that under optimal 
conditions of blackening technology and with the 
correct selection of the base material, this method of 
surface treatment is effective with respect to the requi-
rements of bearing functionality. From the given re-
sults of the experimental part of the thesis, we can 
confirm that surface treatments have their importance 

in protection against wear in operating conditions. 
From an economic point of view, the aforementioned 
surface treatment method is advantageous, as it is 
time-, material- and technologically undemanding for 
a company engaged in the production and processing 
of bearing steels. 
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