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Abstract 

Due to the growing environmental awareness worldwide, containment provisions for CO2 

emissions in mobility systems and increasing performance requirements the demands on 

mechanical systems and their materials continuously rise. These high demands require the 

implementation of new technical approaches, for example of light-weight strategies in au-

tomotive powertrains, and directly raise questions about the suitability of the most promising 

technical solution. Two basic parameters, the surface hardness of the tooth flanks and the 

core fatigue strength of the tooth root, illustrate exemplarily increasing demands on material 

grades used for gear wheels in automotive powertrains. 

In addition to light-weight strategies, a reduction in friction and an increase of the fatigue 

lifetime are two other major development directions to strive the mentioned targets. It is 

clear that any kind of solution must show an equal application profile, preferably an im-

provement, compared to the state-of-the-art solutions. For tribological systems, the follow-

ing paths may offer lower friction and higher load carrying capabilities: 

1. Alternative base oils and additives (such as esters, polyglycols), 

2. Thin film coatings (e.g. DLC) and/or 

3. Novel steel metallurgies. 

In previous investigations on the slip-rolling resistance of thin film coatings (a-C, ta-C, 

Zr(C,N)) the substrates were mainly made of the bearing steels 100Cr6H and Cronidur 30. 

Applying contact pressures of up to P0max = 2.9 GPa (FN = 2,000 N), the samples were 

tested up to 10 million load cycles in endurance tests. The aim of the present work is to 

broaden the research by varying the input parameters. Newly developed engine oil mix-

tures, high performance thin film coatings and alternative steel solutions are intensively 

investigated in highly stressed slip-rolling contacts at lubricant temperatures of 120°C. Spe-

cifically, in using new steel metallurgies, i.e. the high toughness and high strength steels 

V300 and NC310YW (Aubert & Duval) as well as CSS-42L (Latrobe Specialty Steel Com-

pany), in combination with thin film coatings, even if they compete in the uncoated state, the 

Hertzian contact pressures could be increased up to P0max = 4.2 GPa (FN = 5,000 N) without 

any surface failures of coating or substrate. It was shown that selected thin film coatings 

can minimize the wear rates down to nearly ‘zero-wear’ in highly stressed contacts [Woy08] 

[Woy11]. In addition, the studies revealed not only the high potential in slip-rolling re-

sistance, but also a possible friction reduction down to 0.047 by use of uncoated steels with 

increased toughness. Compared to steels like 100Cr6H and Cronidur 30 this means a re-

duction in friction of approximately 40% under identical testing conditions. Different test 

series with newly developed base oil-additive formulations were investigated with specific 

emphasis on the frictional behavior of selected bio-no-tox EP/AW additives and friction 

modifiers. Additional influencing factors like the structural and surface conditions of the 

steels/coatings before and after the tests were analyzed by means of REM, EDX, XRD and 

TEM. 
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Nomenclature 
Symbols   

 [-] Ferrite 

p [GPa-1] Pressure-viscosity coefficient 

 [-] Austenite 

 [m] Total deformation/flattening  

 [-] Lattice expansion 

 [-] Corrective factor of asymmetry for calculation of Hertzian contact pressures  

 [mPa·s] Oil dynamic viscosity at operating temperatures 

 [°] XRD peak position 

 [-] Tallian parameter, lubricant film thickness to roughness ratio 

 [nm] Wave length of XRD CoK-radiation 

 [-] Friction Coefficient (equivalent to COF) 

 [-] Poisson’s ratio 

 [-] Corrective factor of asymmetry for calculation of Hertzian contact pressures  

 [g/cm³] Density 

max [GPa] Maximum shear stress 

 [MPa] Residual stress value 

F [N/mm²] Fatigue strength 

H [N/mm²] Pitting strength 

 [mm²/s] Oil kinematic viscosity at operating temperatures 

 [°] XRD rotation angle 

 [°] XRD tilt angle 

 [min-1] Rotation speed 

   

a [m] Semi major axis 

am [nm] Lattice parameter of tetragonal elementary cell 

b [m] Semi minor axis 

B [-] FWHM value of XRD diffraction peak 

cm [nm] Lattice parameter of tetragonal elementary cell 

COF [-] Coefficient of Friction (equivalent to ) 

Dhkl [nm] Grain size of cubic structures 

E [GPa] Young’s modulus 

FN [N] Normal force 

FR [N] Friction force 

FWHM [-] Full Width at Half Maximum 

k [-] Elliptical form parameter 

kV [mm³/Nm] Wear rate 

K [-] Scherrer constant, depending on shape of the crystal and the grain size 
distribution 

KIC [MPa·m1/2] Fracture toughness 

KV [J] Charpy toughness 

HTHS [mPa·s] High-Temperature High-Shear 
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L [m] Distance run under sliding 

m [-] Slope of the regression line of the functional relationship between lattice 
expansion  and residual stress value  

n [-] Number of load cycles 

P0max [GPa] Initial maximum Hertzian contact pressure 

P0mean [GPa] Initial average Hertzian contact pressure 

r [mm] Radius 

Ra [m] Arithmetical mean roughness 

Rm [MPa] Ultimate tensile strength 

Rms [m] Root mean square (equivalent to Rq) 

Rpk [m] Reduced peak height  

Rz [m] Average maximum height 

s [%] Slip-to-roll ratio 

t2 [s] XRD measurement step duration 

T [°C] Temperature 

v [m/s] Surface velocity 

V [m³] Volume 

Vdiff [m³] Sliding speed 

Wq [m²] Average worn surface in cross section 

z [m] Depth position of maximum shear stress 
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a-C Hydrogen free amorphous carbon 
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ta-C Tetrahedral hydrogen free amorphous carbon 
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AES Auger Electron Spectroscopy 
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EP/AW Extreme Pressure/Anti Wear (additives) 
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OEM Original Equipment Manufacturer 

PACVD Plasma Assisted Chemical Vapor Deposition 
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1 Introduction and aim of this work 

Today’s interest of automotive original equipment manufacturers (OEMs) is to increase 

power efficiency and reduce the fuel consumption as well as the environmental impact. 

They also strive to meet the CO2-targets set by various governments, but especially the 

European Union1. In 2009, the average passenger car in Europe emitted 146 grams CO2 

per kilometer. The new goals of 2015 and 2020 represent a cut of 11 percent and respec-

tively 35 percent from the 2009 CO2 emission level. Considering the CO2 emission of new 

vehicles in the European market it became visible that numerous alternative driving con-

cepts are already within the 2015 CO2 limit (see Figure 1-1) [Leo11]. In order to meet the 

target of 2020 there is still a need of optimization in driving concepts. Although in public, the 

internal combustion engine is seen as the focus of efficiency gains, the whole powertrain 

offers at least the same range for improvements. In order to achieve these goals, there are 

three major directions of development: 

 reduction in friction (carbon taxes), 

 light-weight design (carbon taxes) 

and 

 increase in lifetime (maintenance costs). 

 

 

Figure 1-1: CO2 emissions of selected engine technologies in the European Union over the kerb weight 
including the European CO2 targets for 2015 and 2020 [Leo11] 

 

The contributions of the powertrain to light-weight design are characterized by reduced 

component sizes and/or higher torques for the same component size (ISO-dimensions). 

                                                           
1 European regulation (EC) No 443/2009 sets a target of 130 g CO2/km from 2015 and 95 g CO2/km 
from 2020 onwards for new car fleets. [EU09] 
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Both aspects, reduced component size and higher torques, increase the Hertzian contact 

stresses, the PxV-values (pressure times velocity factors) and power density as well as the 

stresses in the material cores (volume). These high demands require implementations of 

light-weight strategies in powertrains, and directly raise questions about the suitability of the 

most promising technical solution. It is clear, that any kind of solution has to show an equal 

frictional profile, preferably a reduced friction compared to the state-of-the-art and at the 

same time at least an equal lifetime and/or fatigue life in side to keep maintenance costs at 

the same level or even below. For tribosystems, the following paths may offer lower friction 

and higher load carrying capabilities: 

I. thin film coatings (e.g. DLC)  

II. novel steel metallurgies 

and/or 

III. alternative base oils and additives (such as esters, polyglycols). 

The scheme shown in Figure 1-2 illustrates these development paths in more detail. 

Alternative lubricant formulations may reduce the coefficient of friction under 

mixed/boundary lubrication, enhance fatigue life and increase extreme pressure behaviour 

(anti-galling) of uncoated and thin-film-coated-steels. Being ‘chemicals’, these lubricants are 

subjected to many regulations in view of their environmental impact (REACH2, European 

Preparations Directives3). In consequence, the number of high performance additives avail-

able will be limited or restricted. Alternative base oils (esters, polyglycols) meet bio-no-tox 

criteria (low toxicity) and offer an attractive tribological profile. Although it is not imperative 

to respect these regulations at all times, keeping them in mind early in the product devel-

opment cycle is both a corporate responsibility and good business practice. This is in line 

with the current vision of business solutions based on the philosophy referred to as 

‘Zeronize’ [Toy07] [Ren02]. Zeronize symbolizes the efforts for the minimization of negative 

and adverse effects of energy conversion and mobility environment. 

                                                           
2 REACH – Regulation, Evaluation, Authorization and Restriction of Chemicals, European Commission 
Environment, EC/1907/2006 
3 EC/145/1999, amended by EC/8/2006, superseded by GHS “Global Harmonized System”, 
EC/1272/2008 
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Figure 1-2: Scheme of aspired goals and approaches of this work 

 

Recently, the load carrying capacity and slip-rolling resistance of some of the DLC, a-C and 

ta-C thin film coatings were significantly improved. Although thin film coatings have thus 

pushed the tribological barriers to new heights, they still do not comply with the quality de-

mands (batch-to-batch) in mass production and functional needs in highly solicited 

tribosystems. In view of this, there is still room for improvements. Additionally, two major 

issues have to be considered for using coatings on carbon steel substrates. Firstly, espe-

cially carbon containing coatings need to match the constitutional behavior of the carbon 

steels. Secondly, the annealing temperature of these steels is generally not high enough to 

sustain the higher deposition temperature and time required for improved adhesion of such 

thin films. 

Often, the influence is underestimated of the steel substrate on the adhesion of thin film 

coatings and the mechanical properties of the tribological system. Previous investigations 

conducted at BAM showed that by using nowadays common tempered steels, positive 

aspects of thin film coatings were ruined due to structural changes of the steel substrate 

during the coating process [Man10] [Man10-2] [Man10-3] [Woy10]. Due to a decrease in the  

hardness values of the steel substrate during deposition process, the metallurgy of steels 
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needs to be optimized to higher annealing temperatures (above 300°C). Novel, but already 

existing steel grades can withstand sufficiently high deposition temperature for a necessary 

adhesion (metallurgical diffusion bonding) of modern thin films [Sch11].  

This work presents the slip-rolling resistance (with a definite slip rate of 10%) of novel, high 

toughness steel grades with high annealing temperatures (V300, NC310YW and CSS-42L) 

in comparison to commonly used bearing steels 100Cr6H and Cronidur 30 in endurance 

tests. The second emphasis of the present work is to discuss the influence of high perfor-

mance thin film coatings (a-C, ta-C and Zr(C,N)) on the slip-rolling resistance as well as the 

load carrying capacity, wear resistance and possibility to reduce friction values in the 

tribological contact. Therefore, slip-rolling tests up to initial average contact pressures of 

P0mean = 2.62 GPa (FN = 5,000 N) were conducted with uncoated and coated steel pairings. 

Two lubricants, factory fill engine oil SAE4 0W-305 (High-Temperature High-Shear, 

HTHS = 2.98 mPa·s) and an alternative polybutylene glycol named PBG B20 

(HTHS = 3.75 mPa·s) were used. For comparison, the chosen test parameter applied  ex-

ceed the well-known and standardized stage above FZG 146 [Sei71-72] for gear applica-

tions based on uncoated steel construction lubricated with fully additivated oils. Microstruc-

tural characterizations are carried out on the novel, uncoated steel substrates used as well 

as on DLC/Zr(C,N)-coated test specimen. The influence of lubricants on the formation of 

tribo-reactive thin films on steel and coating surface is additionally investigated.   

 

                                                           
4 SAE International is an organization for engineering professionals in the aerospace, automotive, and 
commercial vehicle industries developing standards for the engineering of powered vehicles of all 
kinds, including cars, trucks, boats and aircrafts. 
5 SAE Standard J300 defines the limits for a classification of engine lubricating oils in rheological terms 
only. [SAE09] 
6 Standardized scuffing load test in order to determine the scuffing load capacity of gear components 
ends at a load stage of FZG 12 according DIN 51354 or ISO 14635-1:2000. Limits and possibilities of 
FZG-torque change devices are described by Seitzinger et al. in [Sei71-72]. 
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2 State of the art 

2.1 Bearing and gear steels for advanced applications 

2.1.1 Review on bearing materials 

Until the 1960’s, AISI 52100 (100Cr6) and some carburized steel grades, such as AISI 

4320 (Ni-Cr-Mo-alloy steel) and AISI 9310 (10NiCrMo13-5), were adequate for most bear-

ing applications. Materials, such as AISI 440, were applied in those cases where improved 

corrosion resistance was required. In 1957, Wilock and Booser reported that AISI 52100 is 

not useful for operating temperature above 177°C. Therefore, only small lots of bearings 

made from M-1 and M-10 tool steels. These steel grades retain their hardness satisfactorily 

up to an operating temperature approaching 538°C. Almost simultaneously AISI M-50 steel 

was used for the first aircraft engine bearings. [Zar90] 

The need for higher temperature capability led to the evaluation of numerous molybdenum 

and tungsten alloy tool steels as bearing materials. These steel grades offer excellent high-

temperature hardness resistance. Nonmetallic inclusions in such highly stressed steels, due 

to melting and casting processes in air environment, had a negative impact on the fatigue 

resistance. Therefore, techniques such as vacuum induction melting (VIM) and vacuum arc 

remelting were developed. The steel cleanliness and homogeneity are major factors that 

determine the rolling bearing fatigue life of the steel. Ordinary steel can be considered clean 

if its content of impurities, such as phosphorus, sulphur, silicon and aluminum, is very low. 

These impurities form in combination with oxygen non-metallic inclusions [Rad11]. Impuri-

ties in bearing steels have been extensively explored and a large number of investigations 

showed the positive aspects of clean steels. Figure 2-1 illustrates the effect of applying 

special melting and heat treatment processes on the lifetime in case of 100Cr6 steel.   

 

Figure 2-1: Increase in lifetime by use of optimized 100Cr6 in comparison to commonly melted and 
treated 100Cr6 [Woy10-2]   
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The existence of non-metallic inclusions acts as stress riser, able to initiate micro-cracks 

during the repeated contact stresses introduced by the rolling load in the shallow layer of 

the raceways. Eventually, these microcracks can break through the raceway surface and in 

time spalling may occur and lead to total bearing failure (cf. Figure 2-2) [NSK12]. 

 

Figure 2-2: The progressive stages of spalling forming in relation to non-metallic inclusions [NSK12] 

 

Surface-hardened or carburized steels, such as M50NiL, are used in many bearing applica-

tions because of their resistance to shock loads or cyclic bending stresses. On the contrary, 

the fracture toughness of through hardened steels is inadequate.  

According to Radu there are mainly two types of rolling bearing steels [Rad11]: 

 Trough-hardened steels, for which, after the final heat treatment, the hardness at-

tains high values of 58 – 64 HRC in the entire volume of the bearing element. 

 Case-hardened steels, for which a carburizing treatment increases the carbon con-

tent up to 0.65 – 1.10% only in a superficial layer of 15 – 25 mm thickness. Here a 

proper hardening and tempering treatment ensures the desired high hardness of 

58 – 64 HRC, while maintaining the rest of the material at a much lower hardness 

of 25 – 48 HRC to provide a better operating toughness. 

Over the years, the specific requirements of rolling bearings, i.e. rolling contact fatigue 

strength, resistance to contact deformation and wear, toughness, machinability and har-

denability, led to special grade steel commonly known as bearing steel [Har07].  

The aforementioned requirements are especially relevant in bearings of windmills. Bearing 

in windmills are used in severe conditions with numerous potential damage mechanism. 

Bore size diameters ranging from 1,500 mm for primary shaft to less than 100 mm for high 

speed shaft. Due to the wind gust some overloading can occur so that the nominal Hertzian 

contact pressure of 1.2 – 1.6 GPa may be exceeded. In this case, cleanliness and porosity 

are important to prevent sub-surface deep spalling. Aside from overloading, insufficient 

lubrication of bearings used in wind turbine gearboxes lead to micropittings or large spalling 

on the surface. To face these various damage mechanisms, steelmakers propose different 

metallurgical solutions, even offering through-hardened or case-hardened steels. In gear-

boxes, debris denting on bearing raceway can be limited with the use of through-hardened 

or case-hardened bearing steels with high levels of retained austenite. The soft phase of 

austenite accommodates plastic deformation during the denting of the surface and there-
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fore avoids crack formation. A special steel grade, developed by Ascometal and named 

EndurAsco PR® multiplies the fatigue lifetime by a factor of 2.5 – 3. This type of steels 

based on a classical 100Cr6 containing additionally silicon and manganese. [Fla09] 

Further information on bearing steels can be found within the review of Bhadeshia with the 

main emphasis on AISI 52100 (100Cr6) steel [Bha11].  

2.1.2 Review on gear materials 

The relative pitting fatigue lives of materials used in gear components is depends on a 

combination of operating conditions such as load, speed, lubrication system, temperature 

as well as production costs of the gears. For most applications, it becomes necessary to 

harden the gear teeth for improved strength properties and to case harden the gear tooth 

surface by case-carburizing or case-nitriding for longer pitting fatigue life, better scoring 

resistance and better wear resistance. Case carburized gears usually require grinding op-

erations after the hardening process, due to distortions during the heat treatment. Nitrided 

materials offer the advantage of much less distortion during the process and therefore can 

be used without additional finishing. In many cases, the gear surface fatigue strength and 

bending strength can be improved by shot peening. As in the case of the steel grades 

16MnCr5 (1.7131) and 18NiCrMo7-6 (1.6587), many gear steels have a limited operating 

temperature above which they begin to lose their hardness and strength. Resulting failures, 

such as bending failures, surface pitting failures or scoring can occur. Therefore advanced 

gear materials are necessary with higher tempering temperatures. [Zar90] 

Recent research programs have been conducted to develop new gear steel alloys and new 

steel processing techniques to improve the performance of mechanical components. Rela-

tively new alloys such as Ferrium 61, 64 or 69 utilize efficient nanoscale M2C carbides 

strengthening dispersions within a Ni-Co lath martensite matrix. This new class of gear steel 

alloys using carbide precipitate strengthening dispersions offer a number of key benefits in 

manufacturing, as well as performance, over alloys. Reduced manufacturing complexity and 

variability could be generated by use of low-distortion gas quenching and by eliminating 

liquid quenchant systems and steps. Additionally, gear set weight could be reduced and 

power density could be higher due to increased surface fatigue resistance. Aside from AISI 

9130 and Pyrowear 53, the aforementioned steels are used for example in helicopter gears. 

[Wri10] [Kra08]  

Carburizing is widely applied to gears for automobiles for the purpose of improving fatigue 

strength and wear resistance. In recent years, ‘stronger’ and ‘smaller’ have been mounting 

demands to improve the fuel economy and reduce the vehicle weight as well as to increase 

the output of engines. Abudaia reported of nickel-chromium-molybdenum low alloy steels 

such as SAE 4320 and SAE 8620 alloys that are widely applied for automotive gear steels. 

These alloys contain about 0.5 to 0.8% Cr and 0.2% Mo with nickel content about 1.8 % in 

the former and reduced to 0.55 % in the latter alloy. Both these steels are carburizing 

grades with a basic carbon content of 0.2 %. Higher levels of strength and toughness are 
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achieved by addition of silicon and vanadium to alloys of medium carbon content. It can be 

noted that the steels selected for gear manufacturing have changed significantly in recent 

years. For instance, EN36 was once widely used for large case carburised marine gears. 

The high nickel content (3.5%) produces a high level of hardenability. Experience showed 

that EN36 gave relatively little problems to manufacturers (for example it was reported to be 

resistant to grinding bums). On the other hand, nickel is an expensive chemical element 

and cost factors have led to the replacement of EN36 with alternative alloys in many appli-

cations. At the other end of the scale, SAE 8620 is lean in nickel, but its hardenability is 

adequate for the production of small gears. Consequently, SAE 8620 is favored by automo-

bile manufacturers for automotive gears. [Abu03] [Kan95]  

Recent researches were conducted on advanced gear alloys for ultra-high strength applica-

tions by the Boeing Company in order to increase the power density of gears in aircraft 

applications by 40 % while reducing the production costs by suitable high strength steels 

[She11]. The gear alloys were selected (Pyrowear 675 (Carpenter Technology Corpora-

tion), Aermet 100 (Carpenter Technology Corporation), Ferrium C61 and Ferrium C64 

(QuesTek Innovations, LLC)) after a preliminary evaluation of a larger material matrix that 

had also consisted of CCS-42L and LESCO53 (Timken, Latrobe Specialty Steel), 32CDV13 

and XD15NW (Aubert & Duval) ferrous alloys. Consistent with other research, it was recog-

nized that aside from greater bending and contact fatigue performances of the steels, in-

creased thermal stability compared with AISI 9310 crucial necessary for high demand appli-

cations. Shen at el. reported conditions of high temperatures initiated by “oil-out” or low 

lubricant situations.  

A tungsten-containing Diamond-like carbon coating exhibiting high hardness, low friction, 

and good toughness was evaluated for application to spur gears by Krantz et al. in 2003. 

Fatigue testing was conducted at the NASA Glenn Research Center on both uncoated as 

well as coated spur gears. The results showed that the coating extended the surface fatigue 

lives of the gears by a factor of about 5 relative to the uncoated gears (cf. Figure 2-3). All 

gears were tested using 5-centistoke synthetic oil, a 10,000-rpm rotation speed, and 

Hertzian contact stress up to 1.9 GPa. Tests were run until either surface fatigue occurred 

or 300 million stress cycles were completed. Today, the mostly applied steels in gear com-

ponents are 16MnCr5 (1.7131) and 18CrNiMo7-6 (1.6587). 
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Figure 2-3: Weibull plot of fatigue test data for both uncoated and coated spur gears illustrates im-
proved fatigue lives of coated gear parts [Kra03] 

 

Latest developments in the field of bevel gears tend to apply Diamond-like carbon coatings 

on transmission gear components in order to reduce the frictional power loss and increase 

the power efficiency. H.E.F. groupe and PSA Peugeot Citroën was able to verify a frictional 

gain of 2.5 hp by applying DLC on bevel gears (see Figure 2-4) [Mau12]. As well as H.E.F. 

and PSA Peugeot the BMW Group applied a DLC on drivers with hypoid toothing. The 

complex geometry of such gear components made an adjustment and optimization of the 

coating process necessary. Especially in the area of mixed/ boundary lubrication at high 

torques such coatings reveal their high potential in increasing the efficiency by up to 1.5% 

[Sch11-2].    

 

Figure 2-4: DLC coated bevel gear components [Mau12]  
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2.2 Rolling contact fatigue (RCF) 
Rolling contact fatigue is generally induced by cyclic loading of surfaces in contact under 

combined rolling and sliding operations. The formation of surface cracks leading to a failure 

of the tribological system is very complex to describe. It is mostly induced by material prop-

erties, contact geometry, kinematics, load, lubrication properties, temperature, cyclic defor-

mation and surface topography. The interaction of all parameters determines which material 

can withstand rolling motion. RCF is encountered most often in rolling element bearings and 

gears, where high contact stresses due to concentrated, frequently changing loads during 

normal operating conditions occur [Gra10-2]. Nélias et al. reported two consecutive steps of 

rolling contact fatigue [Nel99]. In the first step, microcracks are initiated due to the local 

accumulation of dislocations within the contact bodies. Stress raisers at this stage are high 

local stresses and associated plastic deformation around subsurface inhomogenities or 

surface defects. The second step is the slow growth of microcracks until the fracture tough-

ness of the material is reached, also known as micro-pitting. A selection of influences occur-

ring during rolling contact fatigues are considered in the following sections. For example, 

the choice of lubricants, steel cleanness, alloy selection, surface finishing, geometry, design 

as well as the manufacturing techniques are enhancements to reduce failures of compo-

nents due to RCF and improve the life time [Gra10-2].  

2.2.1 Evolution of residual stresses in rolling contact mechanism 

Residual stresses in rolling bearings or gear components may be caused by manufacturing 

processes (grinding, polishing, shot peening) or during the operation. Böhmer considered 

the influence of residual stresses on the lifetime and operating performance [Böh10]. He 

reveals that a compression stress in the range of 10 to 20% of the Hertzian contact pres-

sure during operation reduces the equivalent stress in the most heavily stressed material 

area and helps to increase the lifetime. The residual stresses also have a positive effect on 

the rate of fatigue crack propagation. In many applications, residual stresses are specifically 

implemented in the structure of the material, for example in roller bearing ring through nitra-

tion, carburization or martensitic hardening. 

The evolution of the residual stresses caused by rolling stresses is shown in Figure 2-5 

(left). In the area of maximum shear stress, the strongest changes in the residual stress 

profile are shown (residual stress maximum). These changes influence the material behav-

ior and increases the life time in rolling contact [Sch88]. As well as the contact pressure, the 

slip rate has a decisive influence on the residual stress profile (cf. Figure 2-5 right). With 

high slip rates no compression stress maximum is formed such as at high contact pressures 

without slip (slip rates not exactly specified by Böhmer in [Böh10]). 
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Figure 2-5: Evolution of residual stresses by cyclic rolling stress (left) and influence of contact pressure 
as well as slip on the residual stress profile (right) [Böh10] 

  

Schlicht et al. as well investigated the role of residual stresses on the fatigue behavior of 

bearing steels [Sch88]. They assumed that compressive residual stresses influence the 

fatigue process during the first stage of fatigue process due to reducing the material stress-

ing and thereby retarding plastic deformations. At very high contact pressures, the effect of 

residual stresses on life time can be neglected. They also proved the effect of compressive 

residual stresses on structural changes of material. Rolling contact elements of nearly the 

same hardness were subjected to 108 load cycles in a roller test rig at a contact pressure of 

3.3 GPa. Plastic deformations in the structure are possible to illustrate and consider by the 

FWHM (Full Width at Half Maximum of X-ray diffraction peak), also known as Half-Value 

Breadth (HVB). A reduction of in the FWHM profile implies plastic deformations mostly in 

the area of maximum shear stress values (cf. Figure 2-6 left). Even a distinct difference in 

the residual stress profile between martensitic and bainitic structures can be measured after 

cyclic loading. 

  

Figure 2-6: Changes of residual stress and half-value breadth through cyclic stressing of martensitic 
and baintic structures [Sch88] (left) and residual stress profiles as function of number of cycles for a 
52100 steel (850 HV) at 3.2 GPa contact pressure [Bha12] (slip rates in both figures not specified by 
the authors) 

 

Additionally, in his study, Voskamp analyzed the magnitude of residual stresses at distinct 

number of load cycles in bearings [Vos96]. He carried out a test series with 52100 steel 
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deep groove bearing in tempered martensite state (850 HV) at a contact pressure of 

3.2 GPa. The plotted chart in Figure 2-6 (right) shows a compressive stress peak (tangen-

tial stress) at a depth between 0.1 and 0.5 mm and increasing stress values with increasing 

numbers of cycles. He showed additionally that the state of the residual stress mainly spans 

in two dimensions: normal and tangential to the surface whereas the latter suggested being 

the driving force for crack growth [Kan12].  

2.2.2 White Etching and Dark Etching Areas 

There is a well-known correlation between the amount of cyclic plastic deformation and 

structural failures in rolling elements under distinct contact pressure. The rolling contact 

failures are attended by different structural changes, such as: 

 microstructural changes 

 dark etching and white etching areas (DEA and WEA) 

 softening or hardening of the material 

 particle assisted nucleation of cracks and 

 cyclic crack growth [Bha90] 

Particularly etching effects such as dark etching and white etching areas can be observed 

under reflected light in many bearing failures after etched with nital or picral (cf. Figure 2-7). 

White etching areas are divided in  

 white etching bands (WEB),  

 white structure flaking (WSF) [Kot10],  

 white etching cracks (WEC),  

 white etching layer (WEL) or 

 butterflies  

and were firstly described as a kind of martensite [Sch73] and occur in many rolling applica-

tions (bearings, hard turned surfaces and rail contacts). Many theories for the formation of 

white etching structures have been advanced in the course of the time [Gra10] [Har05] 

[Sch88]. Although white structures reveal the same etching behavior, there exist distinct 

differences in the generation mechanism of different white etching types. 

 

Figure 2-7: Optical image of white etching areas through inner ring of a wind turbine main shaft roller 
bearing in the cross section below stressed raceway 
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Butterflies are characterized as small cracks with altered microstructure wings of 10 to 

250 µm length formed at a depth from affected surface up to 1.5 mm depending on the 

number of load cycles, temperature and contact pressure [Lun10] [Eva12]. Early explana-

tions of the formation of butterflies are given for example by Schlicht et al. [Sch88]. Non-

metallic inclusions in the material generate shear and tensile stresses in the surrounding 

material areas. By overstressing the material through cyclic stressing the elastic energy is 

concentrated in the area of non-metallic inclusions and is transformed into energy which is 

necessary for crack generation. Due to the cyclic stressing the crack generates in direction 

of the main shear stress. The hydrostatic pressure ensures that the originated crack surfac-

es are pressed against each other and deformed plastically. Consequently, the area is 

heated to austenitizing temperature and carbides dissolve. By self-quenching a martensitic 

highly deformed rehardening zone is generated.  

Grabulov analyzed in his PhD thesis the early formation of butterflies and found a con-

trasting picture on the formation of butterflies to early works of Schlicht [Gra10] [Gra10-2]. 

Due to shear damage and repeated diffusion bonding/debonding during the stress cycling 

this interaction is occurred. As consequence of the continued fatigue exposure, the butterfly 

crack migrates sidewise from the inclusion/matrix interface out into the unaffected steel 

matrix. The driving force for this effect is a gradual material transfer across the formed but-

terfly wing and the undamaged matrix. It was a ‘Three-Stage Embryonic Butterfly Formation 

Process’, shown schematically in Figure 2-8, developed in the investigation of Grabulov, 

whereas white structures formed due to low-temperature recrystallization process. This 

process occurs as a result of crystal point defects stabilization by the presence of carbon in 

solid solution. Concerning the microstructure, Grabulov showed by TEM only ultra-fine 

ferrite grains in bcc structure (diameter 10 to 50 nm) without any temper carbides. Further 

examinations by means of EBSD revealed a grain refinement in the martensite matrix in the 

vicinity of carbides as a very complex structure of butterfly wing area (cf. [Gra10]). The 

measured micro hardness of steel matrix and WEA using nano-indention techniques and 

was found as significant higher hardness than the steel matrix, up to 1100 HV whereas the 

matrix offers a hardness of 800 HV (SAE 52100). 
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Figure 2-8: Schematic development of early stage butterflies influenced by spherical Al2O3 inclusion in 
SAE 52100 steel [Gra10-2] 

 

Furthermore Evans [Eva12] and Kotzalas et al. [Kot10] described in their review on white 

structure flaking in turbine gearbox bearings the formation of butterflies and white etching 

cracks caused by microstructurally changed white etching areas. Evans releases that but-

terflies and WECs are leading to WSF failure in typical SAE 52100 martensitic through 

hardened steel turbine bearing steel raceways as it is visible in Figure 2-9. The hardness of 

WEAs is typically 30 – 50% higher than the matrix [Eva12]. Concerning the structural com-

position, Kotzalas reveals that white etching areas can be identified as ferrite accompanied 

in many cases by black-striped microstructures of a pseudo-pearlite phase with the precipi-

tation of cementite.  
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Figure 2-9: Schematic diagrams of Evans theory butterflies and WECs causing WSF failures in SAE 
52100 bearing raceways [Eva12] 

 

Considering the evaluation on white etching appearances in cyclic stressed steel materials, 

it became evident that by using a steel grade with fine grained microstructures and reduced 

amounts of inclusions (i.e. Al2O3) failures initiated by WEAs can be avoided. Looking at the 

statements and conclusions of the different investigations in literature on white etching 

structures it becomes clearly visible that many uncertain statements about the microstruc-

tural quality exist.  

The second type of RCF related microstructural changes besides white etching structures 

are dark etching areas referred as dark etching areas (DEA). DEAs occur after a high num-

ber of cyclic revolutions in ball bearing inner rings. Swahn and co-workers reported a dark 

zone in the region of highest shear stress under the raceway of ball bearings between 107 

and 108 load cycles [Swa76]. Dark etched regions extended in a transverse section of the 

inner ring from 0.1 mm under the contact surface to a depth of 0.5 mm. In addition to the 

number of revolutions, the evolution of DEAs is strongly dependent on the load level i.e. on 

the Hertzian contact pressure and the slip ratio [Öst80] [Sch88]. 

As mentioned before, the formation of DEAs is caused after reaching a minimum number of 

cycles (106) at maximum contact pressures above 3.3 GPa [Swa76]. From the darkness of 

the structure after polishing and etching and its position a conclusion can be drawn about 

the magnitude of the stress. The formation process of dark etching areas is described by 
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Swahn as slip movement of dislocations along certain crystallographic planes and is char-

acterized as a decay of the martensitic structure [Swa76]. In their investigations, Österlund 

[Öst80] and Böhmer [Böh99] deal with the structural changes and decay of martensite 

through cyclic reloading. Österlund summarized his work with the conclusion of a dark etch-

ing phase mixture in SAE 52100. He found a varying volume of a ferritic phase in the form 

of discs (thickness ~1µm, width ~1µm) intermixed with “residual” martensite. Using 

Cronidur 30, Böhmer et al. explained the dark etched regions as a retained austenite-

martensite-transformation whereas the content of retained austenite decreases in the dark 

areas. Swahn as well analyzed the structure of DEAs by means of TEM and proved the 

areas as a mixture of ferrite and finely dispersed residual martensite. In addition, the latter 

of the structure contains very few cementite particles. A typical appearance of DEAs is 

shown in Figure 2-10. In contrast to WEAs, Muro et al. showed that the hardness of struc-

tural changed dark regions decreases [Mur70]. 

 

Figure 2-10: Optical micrograph of a dark etching area (within the image labeled as dark etching region 
DER) in cross section of a groove ball bearing after 2.4 · 108 load cycles under contact pressures of 2.6 
GPa [Gra10-2] 

 

As shown above, the Fe-C-system is obviously an active material system containing nu-

merous phase and microstructural transformations. Due to this fact a quantification of a 

“stable” material system became necessary, which appears invariant with regard to rolling 

contact stresses and environmental influences.  

2.3 Fe-C-Si system 
Iron-silicon alloys (up to 6.5 wt.-% silicon) are widely used as soft magnetic materials for 

electrical devises especially for transformers and motors because of their enhanced electri-

cal properties. By increasing the amounts of silicon, dissolved in the steel matrix, the elec-

trical resistance and magnetic properties can be improved. Therefore, silicon steels with up 

to 6.5 wt.-% silicon have been developed in order to reduce eddy current and hysteresis 
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losses at higher frequencies and zero magnetorestriction [Lia10] [Yan02]. The conventional 

rolling of thin sheets of this alloy faces the producers with enormous problems because of 

an extreme brittleness with increasing silicon amounts. Wittig et al. explained the reduced 

ductility of 4.5 to 6.4 wt.-% silicon alloys by solid solution hardening of silicon in the iron 

lattice. The reduction in dislocation cross-slip at higher silicon levels resulting in planar slip 

mainly on 112 planes and increased chemical order that produces superlattice dislocation 

formation. Reducing the degree of chemical ordering and hence the formation of DO3
7  

superlattice structures by rapid solidification of iron-silicon cast alloys increased ductility by 

easier dislocation slip could be maintained [Wit08]. The assessment of the Fe-C-Si system 

is important for such aforementioned steelmaking processes and cast iron foundry. Numer-

ous investigations on the Fe-C-Si system have been carried out with uncertain results, 

missing information and knowledge which is still limited [Lac91]. With his investigations, 

Kubaschewski proposed an experimental phase diagram of binary Fe-Si phases [Kub82] 

shown in Figure 2-11. A closer look at the Fe-Si phase diagram reveals nine stable and 

metastable binary phases. 

 

Figure 2-11: Experimental binary Fe-Si phase diagram [Kub82] 

 

                                                           
7 -Fe3Si phase of Fe-Si system described more in detail in Table 2-1 
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An overview about the binary phases of the Fe-Si system is given in Table 2-1. At low sili-

con contents, two phases of disordered solid solutions exist. In -FeSi (up to 3.8 at.-% Si 

between 912 °C and 1394°C) the iron atoms are ordered as face-centered cubic system 

whereas the silicon atoms hold interstitial positions at the octahedron spaces. This phase is 

comparable with the austenitic phase in the Fe-C system. The -FeSi is completely sur-

rounded by -FeSi (A2) of body-centered cubic structure. -FeSi (A2) correlates to the 

ferritic phase in Fe-C. The following phases of FeSi with increasing content of silicon are -

Fe3Si (DO3) and -FeSi (B2) modifications [Lac91]. The modifications of the DO3 and B2 

were considered by Warlimont, showing that the elementary cells differ in the lattice param-

eters a0 and a´0 and composition of the sublattices [War68]. Phases at silicon contents 

above 32 at.-%, starting with Fe2Si form with DO3 and -FeSi an eutectic. Further research 

on the Fe-Si system was performed by Rix [Rix01]. 

Table 2-1: Phase description of binary Fe-Si system 

Phase 
name 

Formula
Space 
group 

System 
Lattice con-
stants [Å] 

PDF number Ref. 

Fersilicite -FeSi Fm3m fcc   [Msi08] [Rix01] 

Fersilicite -FeSi 
(A2) 

Im3m bcc   [Msi08] [Rix01] 
[Lac91]  

Gupeiite, 
Suessite 

-Fe3Si 
(DO3) 

Fm3m bcc a = 5.653 
65-0994, 65-
0237, 65-0146

[Msi08] [Wit08] 
[Rix01] [Lac91] 
[Kud77] [War68] 

Fersilicite -FeSi 
(B2) 

Pm3m bcc   
[Msi08] [Wit08] 
[Rix01] [Lac91] 
[Kud77] [War68] 

Hapkeite -Fe2Si P3m1 hcp 
a = 4.052 
c = 5.086 

83-1259, 26-
1141 

[Msi08] [Rix01] 
[Kud77] 

Xifengite -Fe5Si3 P63/mcm hcp 
a = 6.7416 
c = 4.7079 

89-2047 [Msi08] [Rix01] 
[Kud77] 

Fersilicite -FeSi P213 cubic a = 4.489 
89-7376, 89-
2677, 65-1835, 
38-1397 

[Msi08] [Rix01] 

Ferdisilicite -FeSi2 Cmca orthorhombic
a = 9.986 
b = 7.791 
c = 7.833 

71-0642 [Msi08] [Rix01] 

Ferdisilicite -FeSi2 P4/mmm tetragonal 
a = 2.684 
c = 5.128 

89-2024, 73-
1843, 65-2795, 
35-0822 

[Msi08] [Rix01] 

 

Furthermore, several complex carbide formations of iron and silicon (silico carbides) exist in 

the ternary system such as metastable Fe3SiC, Fe4SiC, Fe5SiC, Fe6SiC, Fe8Si2C and 

Fe9SiC2. The composition of these ternary compounds strongly depends on the heat treat-

ment of silicon, iron and steels. The complete description of all silico carbides and silicides 

are presented by Materials Science and International Team (MSIT®) in [Msi08]. 
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2.3.1 Effect of silicon alloying in martensitic and bainitic steels 

In principle, silicon is used as deoxidizer in the steel making process. In literature, the func-

tion of silicon in martensitic and bainitic steels is only briefly touched, leading to a still re-

stricted point of view on the effects of silicon during steel transformations. In the following, a 

short literature review will be given on the effects of silicon alloying. 

In Fe-Si-C system a silicon atom generally substitutes into an iron site, because the atomic 

radius of silicon (1.18 Å) is nearly similar to that of iron (1.24 Å) whereas the atomic radius 

of carbon is much smaller (0.71 Å) [Jan08]. 

Kardonskii reported the effect of silicon on the decomposition of the solid solution in 

maraging steels with different concentrations of molybdenum and silicon. It was shown by 

this investigation that silicon has a strengthening effect of approximately 10 times greater 

than that of cobalt in Fe-Ni-Mo alloys. It can be suggested that the addition of 0.1 % silicon 

is equivalent to 1 % cobalt. The second effect determined by measuring the lattice con-

stants is that silicon effectively reduces the solubility of molybdenum in the ferrite phase. 

The values of the lattice constants after aging two alloys at 675°C for one hour were smaller 

for the silicon containing alloy. Furthermore, a hardening effect of increasing silicon con-

tents in 10 % molybdenum containing alloy can be assumed [Kar70]. 

Aside from the use in electrical devices, silicon alloying is also of interest in the production 

of bearing steels. As alloying element its beneficial effect on tensile strength property and 

hardenability is well known [Kim10]. Kim et al. also concluded silicon as effective alloying 

element to increase the rolling contact fatigue life time. Due to the prevention of forming 

silica-based oxide inclusions in steel alloys, the occurrence of rolling contact fatigues i.e. 

WEAs and DEAs can be reduced [Gle10]. Larger concentration of silicon in SAE 52100 

(0.85 wt.-%) has the advantage of reducing the chromium content whilst maintaining the 

hardness [Bha12]. 

For silicon containing steels, the formation of bainitic phases is of large interest along with 

some special characteristics. The formation of cementite is suppressed by silicon. In order 

to get a completely transformed bainitic structure, the formation of carbides is required. An 

incomplete transformation in silicon steels leads to high contents of retained austenite. As 

silicon is insoluble in cementite a diffusion process of silicon away from the cementite nu-

cleus is necessary. Due to higher silicon contents around a cementite nucleus, the activity 

of carbon raises very strongly and carbon inflow is reduced, so that the nucleus is not able 

to continue growing [Bha79] [Lün91]. 

Aside from Bhadeshia and Lünenbürger, Sandvik precipitates in his research on the bainite 

reaction in Fe-Si-C alloys two clearly distinguishable stages of the decomposition of austen-

ite into bainite [San82] [San82-2]. Because of the retardation of carbide precipitation, the 

decomposition takes place in a primary and secondary stage by use of silicon steels (2.0 – 

2.4 wt.-% silicon) with large amounts of retained austenite. The primary stage is character-
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ized by the formation of essentially carbide free bainitic ferrite in very short time, whereas 

the austenite phases become strongly enriched with carbon. In this stage the substructural 

ferrite units, appear to have a plate shaped morphology formed at temperatures of 320°C 

and 380°C. According to examinations of Sandvik by optical micrographs, the structure of 

the silicon steel is upper bainite formed at 380°C and lower bainite at transformation tem-

perature of 320°C. The differences between upper and lower bainite are considered in 

[Bha01] [Bha90] [Bha90-2]. A main feature of the bainitic ferrite is the considerably higher 

density of dislocations compared to austenite. It was also observed that in crystallographic 

orientation, displaced twins are different from the orientation of other ferrite plates. This 

strongly indicates that the bainitic ferrite is formed by shear transformation. Such a mecha-

nism would be similar to that of certain martensitic structures. In these cases martensite 

plates are able to cross other pre-existing plates. The secondary stage of austentite de-

composition takes place at very slow rates in comparison to the primary stage. It is estab-

lished that the secondary stage is initiated by the formation of carbides partially of new type 

carbides [Bha79]. Sandvik observed a close relation of the lattice parameters of upper 

bainitic carbides formed during the second stage to those of cementite and -carbide 

(Fe5C2) [San82-2].  

 Primary stage: displacive transformation of primary bainitic ferrite [San82] 

 Secondary stage: diffusion controlled transformation of secondary bainitic ferrite 

[San82-2] 

As mentioned before, the influence of silicon on the bainite formation is widely discussed in 

literature. Chang et al. pointed out different perceptions of the retarding silicon effect on the 

tempering process [Cha84]. One opinion is that silicon diffuses into the ε-carbide phase 

during the first stage of tempering and stabilizes it against transition to cementite. Other 

investigations could not establish any significant effect of silicon on the formation and stabil-

ity of ε-carbides. In order to consider the effect of silicon, Chang et al. used a pure silicon 

alloy steel (1.4 wt.-% Si) and analyzed the silicon concentrations in segregated zones by 

means of time-of-flight and imaging atom probe (IAP). The analysis showed that silicon 

atoms form silicon-enriched zones at the interface between ferrite and cementite phases. 

Other significant results were the solubility of silicon in cementite as well as the diffusion in 

ferrite is very slow in comparison to carbon diffusion. Concluding the results of Chang et al., 

the silicon enriched ferritic areas apparently interact as kinetic barriers to the further growth 

of carbides. At the same time, this barrier prevents the silicon transfer from cementite to 

ferrite, so that the first formed cementite still contains appreciable quantities of silicon. Be-

side Chang et al., the research of Delagnes et al. dealt as well with the influence of silicon 

in a 5% Cr tempered martensitic steel [Del05]. It was shown that silicon reduces the flux of 

carbon which is required for the formation and growth of cementite. This effect increases 

the strength of the steel alloy due to the interstitial solid solution of carbon in the martensitic 

lattice. 
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The addition of 1.22 and respectively 1.76 wt.-% of silicon to two newly developed high-

strength carbide-free bainitic steels is reported by Sharma [Sha11]. Due to the addition of 

silicon, the precipitation of carbides is suppressed. Impressive results (the combination of 

strength of 1557 MPa and toughness of 236 MPa·m-1/2) were obtained for intermediate 

temperature of transformation due to the optimization in the fraction of bainite and retained 

austenite. 

Moreover, silicon plays an important role in special high strength and high elasticity steel 

grades named TRIP-steels. The TRIP-effect (transformation induced plasticity) is character-

ized by the transformation of retained austenite contained in the steel matrix (10 – 14%) 

into deformation induced martensite during plastic deformation. The characteristics of TRIP-

steels depend on the retained austenite volume and its stability. Silicon as alloying element 

(0.5 – 1.5 wt.-%) in TRIP-steels positively affects the solid solution hardening [Röt05] and 

retards the formation of cementite and carbides [Wan09] [Sta08].   

With respect to the literature found, a unified image of the effect of silicon in bainitic and 

martensitic steels is not given. Especially, the arrangement of silicon in the lattice structure 

of steels or in the form of silicides could not be found in literature.  

2.4 Slip-rolling friction 
By definition, sliding or slip-rolling occurs when two bodies in contact have different driving 

speeds. In this case, the speed vectors are not equal in direction or value. For a car tire, the 

actual forward movement of the wheel does not correspond to the wheel circumference. As 

described by Manier [Man10] two different equations exist to express the slip-to-roll ratio. In 

order to calculate the slip ratio, the signs of the speed values need to be always positive in 

order to fulfill the basic definition of rolling (cf. equation 2.1). If the sign of the second rolling 

body (counterbody) is negative, it has the same motion of the main body and the resulting 

speed vector has an opposite direction at the contact point. However, the slip is so high that 

it does not meet the fundamentals of rolling and sliding occurs.  

%100
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vv
s         (2.1)  

In industrial as well as laboratory applications, such as roller bearings, rolling friction plays a 

major role. Friction is defined as resistance to sliding, rolling or flowing motion of an object 

due to its contact with another counterbody. In case of pure rolling, the slip velocities are 

very small, normally < 1%. During rolling friction, both interacting bodies will undergo de-

formations due to their respective elastic characteristics. In consideration of a wheel rolling 

on a flat surface, the wheel flattens out in the contact point (according to the Hertzian con-

tact theory, see paragraph 2.5) while a small trench is formed on the surface. Furthermore, 

with an appropriately high normal force, the wheel forms a sort of plowing motion resulting 

in increased deformation in front of the wheel. A small ratio of slip has occurred due to the 
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deformation of the wheel and surface. The overall friction results in a force at the center of 

the wheel parallel to the surface of contact represented by equation 2.2: 

NR FF  
       (2.2) 

Speed as well as slip, lubrication, adhesion effects and roughness values of the bodies 

influence the rolling friction too. Indeed, the formation of the bead due to rolling friction can 

lead to rolling contact fatigue, as described in paragraph 2.2. A coating could reduce the 

formation of the bead with respect to the higher hardness of the coating compared to an 

uncoated surface [Man10]. The deformation of the surface is reduced and an improvement 

of lifetime can be noted. To some extent, the coatings should possess a distinct ability to 

withstand elastic deformation during the formation of the bead. Otherwise, the coating has 

no protecting character for the contact surface.        

2.5 Contact configuration (Hertzian contact) 
In 1881, the German physicist Heinrich Hertz was the first to describe analytically the rea-

sons of deformation of two elastic bodies with curved geometry in static calculation [Her81], 

known as Hertzian contact pressures. The result of his considerations remains nowadays 

the only problem in contact mechanics which can be analytically resolved. With help of the 

Hertzian equations, body combinations like ball-ball, ball-plane and cylinder-cylinder as well 

as elliptic contacts can be calculated. Nowadays, many scientific investigations on contact 

mechanics and material behavior under contact stresses do not distinguish between maxi-

mum and average Hertzian contact pressure. Nowadays, this distinction according the 

Hertzian theory is absolutely necessary. 

In order to enable the transfer of loads between two different bodies put together in relative 

motion, one or both of the parts are curved to create a defined contact. This optimization 

entails smaller contact surfaces as plane-to-plane geometry and consequently increases 

stresses in the contact area (mostly concentrated locally). Depending on the shape of sam-

ples, the contact geometry can be circular, linear or elliptical. By means of the equations of 

Hertz, geometric parameters of the contact and the contact pressures can be determined. 

The length of the semi major axis a and semi minor axes b forming the elliptical contact 

surface can be calculated by using the following equations [Man10]: 
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with E1, E2 the Young’s modulus,1 and 2 referring the two contacting bodies  

 1, 2 the Poisson’s ratio, 1 and 2 referring the two contacting bodies  

   the corrective factors describing the deviation from ball-on-ball geometry 

 k the contact parameters and FN the normal force 

The length of the semi major a and minor axis b allows calculating the maximum and aver-

age Hertzian contact pressures according to the equations: 
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Shigley et al. evaluated the maximum shear stress, max, and principle stresses, σx, σy and 

σz, as a function of maximum pressure, Pmax, beneath the surface contact point in a static 

case of two contacting spheres (Figure 2-12 left) and two cylinders (Figure 2-12 right) 

[Shi03]. 

  

Figure 2-12: Magnitude of stress components below the surface as function of maximum pressure for 
contacting spheres (left) and cylinders (right) with  = 0.3 in static case [Man10] [Shi03] 

 

The maximum shear stress at a certain depth position as well as the maximum deflection 

can be calculated in two ways. Model 1 uses the contact parameters k1 to k5 which can be 

found from the charts in Figure 2-13. The coefficients k1, k2 and k3 are plotted against the k0 

coefficient defined in [Sta93]. The remaining coefficients k4 and k5 are shown in Figure 2-13 

as chart against the k2/k1 ratio.  
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Figure 2-13: Determination of the contact coefficients k1, k2, k3, k4 and k5 [Sta93] 

 

The maximum shear stress and depth position, depending on the maximum contact pres-

sure, is given by the following equations: 

maxmax4max 3.0 PPk        (2.8) 

at a depth position of 

bkz  5
 with b the semi minor axis of the contact ellipse (2.9) 

The method of linear regression by the least squares, developed by Hamrock and Dowson 

[Ham81], has been applied to derive simplified expressions for the given contact problem. 

The formula developed, is applicable to any contact and eliminates the need to use numeri-

cal methods or charts such as shown in Figure 2-13. However, using the method of 

Hamrock and Dowson, an assessment of value and depth position of the shear stress is not 

possible. Using the shear stress hypothesis of Henri Tresca (1864), the depth position of 

the maximum shear stress can be calculated with (see Table 2-2): 

bz  78.0
       

(2.10) 
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Table 2-2: Maximal, mean contact pressure and maximum shear stress with its depth position following 
the Hertz theory for elliptical contact used in twin disc testing machines (see paragraph 0) [Man10] 

Rx1 = Rx2 = Ry1 = 21 mm E=208 GPa   Dubbel Tresca  

Ry2 =    = 0.3   z = 0.59 · b z = 0.78 · b  

Pmean (GPa) FN (N) Pmax (GPa) b (mm)  max (GPa) z (µm) z (µm)  (µm) 

1.00 287 1.50 0.239 0.45 -141 -186 6.1 

1.25 561 1.88 0.298 0.56 -176 -232 9.6 

1.50 970 2.25 0.358 0.68 -211 -279 13.8 

1.75 1540 2.63 0.418 0.79 -247 -326 18.8 

2.00 2300 3.00 0.477 0.90 -281 -372 24.5 

2.25 3274 3.38 0.537 1.01 -317 -419 31.0 

2.50 4492 3.75 0.597 1.13 -352 -465 38.1 

     

Considering the influence of friction on shear stress it is clearly visible in Figure 2-14 that 

with an increasing coefficient of friction the maximum of the shear stress curve moves to-

wards the surface of the stressed body. Thereby, an additional stress peak is formed at the 

surface. [Wut86] 

 

Figure 2-14: Development of the maximum shear stress depending on the coefficient of friction [Wut86] 

2.6 Lubrication 
Lubricants used in mechanical application have several important tasks [Sch10-2]: 

 Transmission of forces due to hydrodynamic thin films and physical or chemical 

induced reaction films 

 Dispersing and deterging of fluid or solid contaminations 

 Removing of chips and cooling effects when used as cooling lubricant in metal-

working 

 Corrosion protection 

 Reducing wear 

 Evacuation of heat  
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In most mechanical systems (transport, energy production, manufacturing), lubricants are 

used to reduce friction and wear between moving parts. Lubricants are composed of base 

oils and additions named additives or active substances. Despite continuous improvements 

of base oils the relevance of high performing additive packages increases due to increasing 

demands. Thereby, the interaction of a large number of different additives contained in the 

oils and the lubricated surfaces plays an important role. The additive package will nearly 

always contain antiwear additives, metal-containing detergents (e.g. salicylates, sulpho-

nates), and ashless dispersants. In each of these classes of additives, the formulator may 

use a mixture of two or more components to achieve the desired performance profile. Sup-

plementary additives such as antioxidants or friction modifiers may also be present. [Pir02] 

The main focus of this paragraph lies on the interaction of lubricant additives with metal 

surfaces and the formation of tribo-reactive thin films. Further information about the compo-

sition of lubricants and the mode of action of selected additives can be found for example in 

[Rud09] or [Man07]. 

2.6.1 Lubrication regimes 

The thickness of fluid films in tribological lubricated contacts determines the lubrication 

regime or rather the type of lubrication. Commonly accepted are three basic lubrication 

regimes illustrated in Figure 2-15. The distinction is based on different domains of the 

Stribeck curve, describing the evolution of the coefficient of friction over the ratio  of lubri-

cant film thickness to roughness ratio. The  ratio is often simply known as Tallian parame-

ter. 

 Hydrodynamic lubrication valid for  > 3 – two surfaces are completely separated 

by a fluid film 

 Mixed/boundary lubrication valid for 1 < < 3 – two surfaces are partly separated 

or partly in contact 

 Boundary lubrication valid for  < 1 – two surfaces are mostly in contact with each 

other even though a fluid is present  

In some cases a fourth lubrication regime, called elastohydrodynamic lubrication, is men-

tioned. In elastohydrodynamic contacts two surfaces are separated by a very thin fluid film. 

A historical review of the Stribeck curve and the role of Adolf Martens are given by Woydt 

and Wäsche in [Woy10-2]. 
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Figure 2-15: Characterization of friction regimes according to the Stribeck curve [Czi03] 

 

Furthermore the surface topography or even surface texture, which refers to the arrange-

ment or orientation of roughness, affects the lubricant film thickness. In case of EHD 

(elastohydrodynamic) or fully fluid contacts, the surface topography plays no decisive role 

due to the total separation of the facing surfaces. The surface texture has no influence as 

the  ratio is high. However, as the facing surfaces are getting closer, the roughness values 

may play a role as the lubricant has a certain relaxation constant. The lubricant will not flow 

in the same way, if the texture is oriented in motion direction, or if it is transversal. [Man10]   

2.6.2 Tribological interaction of lubricant additives with metal surfaces 

Certain additives have the characteristic to form tribofilms on metallic as well as DLC-

coated surfaces due to the absorption of distinct additive molecules on the surface. Physi-

cal interactions of additives and surfaces based on van der Waals, ionic, metallic and cova-

lent bonds are described by Schulz et al. in [Sch10-2]. 

In general, control of the friction values in automotive engine systems in general is one of 

the most important problems the industry is facing. A decrease of the durability of mechani-

cal systems and a significant increase in fuel consumption in automotive applications is 

caused by high friction values of rubbing surfaces. In order to address this problem, molyb-

denum dithiocarbamate (MoDTC) has been widely used as additive in engine oils. MoDTC 

additives are generally seen as cause for to the molybdenum disulfide (MoS2) tribofilm 

formation due to tribochemical reaction. Onodera et al. studied the formation of LI-MoDTC 

(linkage isomer of MoDTC8) induced tribofilms on nascent iron surfaces [Ono10]. The study 

found an absorption structure of LI-MoDTC molecule forming chemical bonds between S-

Mo-atoms in LI-MoDTC molecule and Fe-atoms. Furthermore, three different charges are 

assigned to three types of S-atoms, those that are bonded to one Mo atom, those bonded 

to two Mo atoms and those bonded to Mo and C atoms in the molecule (see Figure 2-16). 

                                                           
8 Linkage isomerism is the existence of co-ordination compounds that have the same composition 
differing with the connectivity of the metal to a ligand. 
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The initial state of MoS2 tribofilm formation can be observed by Mo-O bond dissociation 

which was induced by both catalytic and friction effects. 

 

Figure 2-16: Dynamic behavior of LI-MoDTC molecule on nascent Fe(001) surface [Ono10] 

 

Numerous researches dealt with zinc dialkyldithiophosphate (ZDDP) as one of the most 

common additives forming tribo-reactive films. There are several theories on the antiwear 

mechanisms of the ZDDP tribofilm summarized by Morina et al. in [Mor07]:  

 Formation of a softer than substrate tribofilm which reduces the number of asperi-

ties in contact exceeding the shakedown limit 

 Reduction of three-body abrasive wear by the decomposition of the iron oxide par-

ticles, by the ZDDP tribofilm debris reentering the contact 

and  

 Formation of a phosphate glass structure which in contact conditions will behave 

as a viscous lubricant 

Figure 2-17 gives the schematic model of the evolution of the ZDDP/MoDTC tribofilm with 

time, deduced from the chemical analyses of the tribofilm. The tests of Morina et al. [Mor07] 

were conducted in a reciprocating pin-on-plate tribometer (pin and plate made of 

AISI 52100) in the boundary lubrication regime. Loads of 50 N and 188 N were used which 

give initial maximum Hertzian pressures of 410 and 640 MPa, respectively. Furthermore, 

the tests were undertaken at sliding speeds of 0.02 m/s and 0.1 m/s whereas 

polyalphaolefin (PAO) lubricant with distinct additions of ZDDP and MoDTC additives was 

heated up to 100°C. MoS2 was formed following the formation of a ZDDP and N-containing 
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film during the induction time. The interaction between ZDDP and MoDTC additives in fric-

tion performance is also likely to be an interaction between the tribofilms formed from ZDDP 

and MoDTC in the contact area. An initial study on the effect of ZDDP tribofilm on friction 

reduction from the MoDTC lubricant, done by applying a ‘changing lubricants’ procedure, 

clearly showed that if a tribofilm formed from a ZDDP-containing lubricant was further 

rubbed in a MoDTC-containing lubricant, the induction time prior to friction drop is signifi-

cantly reduced, giving useful information about the interaction between ZDDP and MoDTC 

in low friction tribofilm formations [Mor04]. Another review of ZDDP focusing on its chemical 

characterization, film formation mechanisms, properties and structures is given by Nicholls 

et al. in [Nic05]. Nicholls et al. summarized several possible existing mechanisms for the 

formation of ZDDP antiwear films: thermal degradation, surface absorption, oxidation by 

hydroperoxide, radical reactions, hydrolysis and chemical reaction with FeO and oxygen in 

air or a combination of the above.  

 

Figure 2-17: Schematic model and formation processes of the ZDDP/MoDTC tribofilm during the induc-
tion phase and at the end of the test. I – formation of N-containing species and ZDDP tribofilm resulting 
in wear reduction. II – adsorption of Mo oxide beside formation of species from process I. III – adsorp-
tion of MoS2 and Mo oxide aside from ZDDP tribofilm [Mor07] 

 

Another group of additives having the possibility to form tribofilms on metal surfaces are 

functionalized thiadiazoles. They have been widely studied for their application as bioactive 

compounds, surface-active and metal chelating agents9, cross-linkers for polymers, and 

                                                           
9 Chelators function in bulk of the lubricant by trapping metal ions to form an inactive or much less-
active complex. [Rud09] 
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components of cathode material battery systems. This broad class of compounds also finds 

application as additives improving tribological properties such as the wear resistance of 

steel surfaces and corrosion inhibition. The formation of a protective film at the steel inter-

face mainly involves thermal additive decomposition under high loads. In most cases, how-

ever, the underlying chemical mechanism of tribofilm formation is not exactly understood.  

This is also true for thiadiazole derivatives. Functionalized thiadiazoles, such as 

2,5-dimercapto-1,3,4-thiadiazole (DMcT), 2-mercapto-5-methyl-1,3,4-thiadiazole (McMT), 

and their derivatives, may serve as models to elucidate the surface chemistry of this class 

of compounds. Hipler et al. showed a remarkable high reactivity of thiadiazole molecules 

even on inert gold substrate. Therefore, this class of additives is used successfully as 

tribofilm forming additives. [Hip03] 

Recent investigations of inorganic and organic nanoparticles used as oil additives showed 

an improvement in the tribological properties and displayed good friction-reducing and anti-

wear characteristics. Especially inorganic mineral nanoparticles, described as Serpentine 

group, possess good as antioxidant, environmentally friendly, anti-wear properties and high 

thermal stabilities [Zha12]. The serpentine group describes a group of common rock-

forming hydrous magnesium iron phyllosilicate ((Mg,Fe)6Si4O10(OH)8) minerals. They may 

contain minor amounts of other elements including chromium, manganese, cobalt and nick-

el. In the work of Zhao et al. serpentine/La(OH)3 composite particles were synthesized, 

containing micro-serpentine coated by La(OH)3 nanoparticles. A tribofilm was observed 

containing O, Si and Fe elements formed on the surface of the rubbing pair (MHK-500 Ring-

block wear testing machine with GCr15 steel ball). The results suggested that the tribofilm 

was formed due to an ion exchange reaction between iron atoms and Mg2+ of the serpen-

tine, the lanthanum acted as catalyst during the reaction. [Zha12] 

2.7 High performance thin film coatings 

2.7.1 Vapor deposition 

Since materials like carbon are applied by vapor deposition in extremely thin, hard and wear 

resistant layers, they offer numerous new options for use in innovative and tribological rele-

vant applications. The used vapor can be generated on one hand by a chemical reaction of 

different process gases and on the other hand by a physical reaction. These two major 

deposition techniques for thin film coatings are: 

 Chemical Vapor Deposition (CVD) 

 and Physical Vapor Deposition (PVD). 

By condensation of the vapor on a substrate, thin films in the range of only a few nanome-

ters and up to 40 µm (i.e. diamond thin films) can be created [VDI05]. The main distinguish-

ing feature of both deposition techniques is the origin of the material. In case of a PVD 

process the material comes mainly from a solid state target whereas in a CVD process, the 

material is a product of the reaction between different gases. This gas reaction and its acti-
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vation require higher temperature conditions (up to 800°C) as well as a similarly high sub-

strate temperature for a proper deposition. The high temperature during a CVD process 

makes the application of many Fe-based materials such as steels extremely difficult. A 

special CVD coating process with lower process temperature is for example plasma-

enhanced chemical vapor deposition (PECVD). It can be used to deposit coatings from 

amorphous to polycrystalline and further on to single crystal types. This procedure is often 

utilized to produce hydrogenated amorphous Carbon coatings (a-C:H). Through plasma 

decomposition of the process gases Acetylene (C2H4), Methane (CH4) or other hydrocarbon 

gases, carbon atoms or ions are generated and form the coating by condensation on the 

sample surface the coating. Dopants such as Silicon, Nitrogen or Oxygen can be involved 

by appropriate process gases. [Kol04] [Sch10] [Ste05] 

PVD coatings are generally deposited under high vacuum conditions (up to 1.33E-7 Pa, 

mostly 1.33E-3 Pa) with an inert background gas for example Argon [Sch10]. In the course 

of the years many different PVD techniques have been developed, a selection of them are:  

 Cathodic arc deposition (Arc-PVD) used for metallic, ceramic and composite films 

(i.e. TiN, CrN, ZrN, Zr(C,N), TiAlSiN) by vaporizing material from a cathode target 

with an electric arc. [Man10] 

 Ion plating or ion assisted deposition (IAD) is an atomistic vacuum coating process 

in which the surface of a substrate is sputter-cleaned and maintained clean until 

the deposition film material covers the surface. During deposition, the surface is 

bombarded periodically or continuously by atomic-sized energetic particles to af-

fect the nucleation, growth and properties of the coating. [Mat00] 

 Pulsed laser deposition (PLD) is a coating process in which a high-power laser 

beam is focused periodically inside a vacuum onto a target material causing an in-

stantaneous evaporation and ionization of the surface atoms and forming dense 

plasma inside the plume of the evaporated material. [Lac05] 

 Vacuum evaporation is a PVD process where material from a thermal vaporization 

source reaches the substrate without collision with gas molecules in the space be-

tween source and substrate. Typically, it takes place in a gas pressure range of 

1.33E-3 to 1.33E-7 Pa. The vaporization sources are resistively heated by high-

energy electron beams focused and rastered over the surface of the source mate-

rial. [Kol04] 

A decisive advantage of the PVD techniques compared to pure CVD techniques is the 

lower process temperature. Usually, the deposition temperature varies between 50°C and 

500°C (cf. Table 2-3). 
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Table 2-3: Typical characteristics of some coating processes (gaseous state)[Hol09] 

 

2.7.2 Temperature influence on formation and growth of thin film coatings 

In all existing structure-governing phenomena of growing thin films, described in [Tho00], 

temperature and pressure of the process gas are parameters with strong influence on the 

microstructure of PVD coatings. As one of the first, Movchan and Demchishin discussed the 

temperature influence on the structure and properties of nickel, titanium, tungsten, alumi-

num oxide and zirconium oxide in 1969 [Mov69]. Figure 2-18 shows the structural zones as 

function of the substrate temperature and melting point of coating material. The model of 

Movchan and Dechimshin is divided into 3 zones. In zone 1 the condensate has a charac-

teristic domed structure. With increasing temperature the diameter of the domes increases. 

Zone 2 reveals a smooth matt coating surface. Whereas the surface of zone 3 is bright with 

a polyhedral structure. Thorton expanded the structure zone model by the parameter of 

argon pressure to describe the microstructure of PVD coatings in 1974 [Tho74]. Within this 

diagram (cf. Figure 2-18) it was shown that the greater the energy input to a growing thin 

film, e.g. by means of increased substrate temperature, the greater will be the densification, 

and the lower will be the porosity [Hol09]. Amorphous coatings such as DLC are commonly 

deposited at temperatures around 200°C (even below room temperature). The aim of all 

coating developments was to comply with the annealing temperature of commonly used 

steels. Thus, the deposition temperature was reduced in order to maintain the heat treat-

ment properties of the steels. This prohibits the formation of a metallurgical diffusion layer 

resulting in a strong bonding of the coating to the substrate surface. This strategy required 

metallic bond layers.  
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Figure 2-18: Schematic representation of structure zone models of Movchan and Demchishin (left) 
[Mov69] and Thorton (right) [Tho74] with the influence of temperature and argon pressure on the mi-
crostructure of metal coatings.T (K) is the substrate temperature and Tm (K) represents the melting 
point of the coating material. 

2.7.3 Low friction carbon-based coatings 

Since the middle of the 1980s diamond and especially diamond-like carbon-based (DLC) 

coatings have rapidly become interesting for a number of researchers. Today, DLC coatings 

and their variations can be counted to the most intensively researched tribological coatings. 

The commercial interest in carbon based coatings is grounded on the unique material prop-

erties and the great potential in tribological applications. Of particular interest are properties 

such as high mechanical strength, chemical inertness, low friction values and excellent 

wear resistance as well as high hardness. By listing the main properties of carbon based 

coatings it quickly becomes evident that this coating type is inevitable for low friction con-

tacts. [Hol09] 

According to the VDI guideline 2840 [VDI05], DLC coatings can be divided into the following 

main categories: 

 a-C: hydrogen-free amorphous carbon coating 

 ta-C: tetrahedral hydrogen-free amorphous carbon coating 

 a-C:H: hydrogenated amorphous carbon coating 

 ta-C:H: tetrahedral hydrogenated amorphous carbon coating 

 a-C:Me: metal-containing hydrogen-free amorphous carbon coating (Me = W, Ti…) 

 a-C:H:Me: metal-containing hydrogenated amorphous carbon coating (Me = W, 

Ti…) 

 a-C:H:X: modified hydrogenated amorphous carbon coating (X = Si, O, N…) 

The most important structural parameters to distinguish the different DLC coating types are 

the ratio of sp³/sp² bonded carbon, the hydrogen content, the chemistry and microstructure 

in the coating. Further details about influences and measurements of sp³/sp² ratio and their 

characterization are considered for instance by Holmberg et al. [Hol09] and Ferrari [Fer08]. 

As in every tribological system, the coefficient of friction and low friction properties depend 

on the contact system. That is why the friction values for example in sliding and rolling con-
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tacts can strongly vary with regard to the material pairs used. Typical friction coefficients for 

DLC coatings of various structures and produced by different coating methods are in the 

range of 0.05 to 0.2 [Hol09]. The mechanism to produce low friction shear planes for DLCs 

differs from soft metals (Pb, Ag) and lamellar solids such as MoS2, with its extremely low 

shear strength between the atomic layers [Erd04]. The explanation of the low friction for 

DLC surfaces due to a shear process of the weakly bonded shear planes between the con-

tact interfaces is supported by extensive research and is widely accepted. Mechanisms 

such as this are very relevant, if both contact partners are DLC covered and no debris ac-

cumulation or transfer film build-up occurs. Not only DLC-DLC contact combinations are 

widely used also a combination of DLC and uncoated steel are common. Due to a rubbing 

process, the uncoated surface will be covered by a carbon rich mixed oxidized and metal-

containing transfer layer. 

Aside from the non-lubricated application of DLC coatings and the resulting low friction 

properties, many DLC material combinations are used in combination with different lubri-

cants. The most ambivalent considered research could be found in the field of lubricated 

DLC material combinations generating extreme low friction coefficients. The so-called 

superlubricity refers to sliding between two contacting surfaces whereas the friction literally 

vanishes [Erd07]. Kano [Kan06] and Barros et al. [Bar07] discovered with their investigation 

on a ta-C coated system in a pin-on-disc test rig (700 MPa, 30 rpm, 60min and 80°C) ul-

tralow friction values in the superlubricity range. For these test series, they applied the 

coating to a polished carburized steel disc, whereas hardened and polished bearing steel 

pins (AISI 52100) were used as counterbody. They obtained ultra-low friction properties in 

the range of 0.02 by this ta-C/steel combination lubricated with a poly-alpha-olefin (PAO) 

based oil containing 1% glycerol mono-oleate (GMO).      

2.7.4 Zr-based coatings 

There is a growing interest in studying other coating systems as an alternative to carbon-

based coatings. Zirconium as source material for hard and wear resistant coatings can take 

different forms of thin films. The best-known tribological relevant examples are: 

 Zirconium carbide (ZrC) 

 Zirconium nitride (ZrN) 

 Zirconium carbonitride (Zr(C,N)) 

Zirconium carbide is a material with excellent thermal, chemical, electronic and mechanical 

properties, which could be used to form thin film coatings for tribological applications. Many 

reports described the deposition of ZrC films by PVD and CVD based techniques [Car07]. 

The main problems in obtaining high quality ZrC films are the high melting point of 3,445°C, 

low sputtering or evaporation rates and an affinity for oxygen [Woo06]. Gold et al. investi-

gated the fatigue life of PVD-coated cylindrical roller bearings (NU 206) in a roller bearing 

fatigue test rig (RLP) lubricated with ester 32 cSt at a load of 16 kN. Aside from coating 

systems such as tungsten carbide/carbon (WC/C), CrAlN and a-C:H the tests included an 
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evaluation of wear resistance and fatigue life of ZrC coatings. The amorphous carbon- and 

hydrogen containing coating presented a graded layer construct (Zr-bonding layer – Zr-

interlayer – C-top layer). In comparison to other coating systems the ZrC coatings showed a 

benefit in the wear resistance of rolling elements after 400 h of test duration [Gol07]. Further 

information on differently graded ZrC coatings are given by Bobzin et al. in [Mur10]. Manier 

et al. showed that graded ZrCg thin films exhibit also an adequate slip-rolling resistance 

[Man10-3]. 

Zirconium nitride coatings can be achieved by employing deposition techniques such as 

reactive ion beam sputtering or vacuum arc deposition. Thus, two types of coatings can be 

created, a stable ZrN coating and metastable Zr3N4 or ZrN2 phases. Fields of application for 

these wear resistant coatings are cutting tools and machine elements in combination with 

titanium nitride (TiN) coatings [Zhi97]. Thom et al. investigated the wear resistance of PVD 

coated thin films on 440C stainless steel substrate in a rolling contact fatigue (RCF) test at 

two Hertzian contact pressures of 4.0 and 5.4 GPa, respectively [Tho93]. They reported an 

increased RCF life of ZrN by increasing the coating thickness up to 1.00 µm at 5.4 GPa. 

Manier et al. showed the positive aspects of Zr(C,N)10 coatings, like low coefficients of fric-

tion, in highly stressed rolling contacts as alternative solution to DLC and ta-C coatings 

[Man10-2]. Considering specific process parameters, a coating structure with nanolayers 

below 5 nm could offer a slip-rolling resistance up to 10 million of load cycles in a 2Disc-test 

rig at average Hertzian contact pressures of 1.94 GPa. Furthermore, Zr(C,N) coatings can 

offer a reduction in friction of 20% in mixed/boundary lubrication in comparison to uncoated 

steel/steel contacts [Man10]. For this reason Zr(C,N) coating is selected for further 

tribological test at higher load regimes. 

                                                           
10 ZrC doped with approximately 13 wt.-% nitrogen [Man10] 
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3 Experimental details 

3.1 Characterization of testing materials 
In previous investigations [Woy09] [Man10] [Man10-3]on the slip-rolling resistance of thin 

film coatings, the substrates were mainly made of the well-known bearing steels 100Cr6H 

(OVAKO PBQ, tow-times remelted) and Cronidur 30 (X30CrMoN151). Cronidur 30 is a 

pressure-nitrided cold working steel with martensitic structure. Due to use of a PESR-

process (Pressure Electroslag Remelting) in combination with sophisticated rolling technol-

ogy, extreme high cleanliness and a homogeneous structure with high durability values can 

be achieved at a maximum hardness of 60 HRC. Better corrosion and wear resistance can 

be achieved by partially replacing carbon with nitrogen. Another positive aspect of this steel 

grade is its high temper resistance up to 500°C. [Ene12] 

As mentioned in [Man10], the use of high quality substrate materials, i.e. without segrega-

tion or porosity, impurities and defects due to production process, for applications in highly 

loaded contacts is necessary to ensure the highest possible life time. With regard to a pos-

sible coating procedure of the substrates, the selected steel has to withstand temperatures 

up to 300°C without decreasing its hardness or changing its structural constitution. For that 

reason, Cronidur 30 with a temperature stability of up to 500°C and another three steel 

grades were chosen. The use of three alternative steels aside from 100Cr6H and Cronidur 

30 is motivated by a third reason, the influence of the mechanical properties toughness and 

high strength. In order to realize light-weight design strategies, especially in gear compo-

nents, it is essential to use steels with high toughness and fatigue strength properties. Fig-

ure 3-1 illustrates two basic parameters, stated in DIN 3990 part 5, describing the increas-

ing demands on material grades used for gear wheels: 

a. surface hardness of the tooth flank and 

b. core fatigue strength of the tooth root. 

 

Figure 3-1: New demands on light-weight gear components derived from DIN 3990-5 (1987). 
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Hence, it is a major task to find a material solution which forms a good compromise be-

tween hardness in the tooth contact and ductility as well as basic strength of the tooth base. 

In consideration of the increased demands on substrate properties (mechanical properties, 

temperature resistance and excellent quality), two high toughness steels and an aerospace 

steel of ultra-high toughness were selected for tribological investigations. 

In their product spectrum, Aubert & Duval (France) have available steels with special me-

chanical properties and chemical composition. For the reason of high toughness, values a 

through hardening steel V300 and a steel for special applications NC310YW were selected. 

Both steel grades are not considered in literature concerning the tribological behavior. Typi-

cal applications for the grade V300 are springs and torsion bars for heavy workloads. 

NC310YW is designed for various heavily stressed mechanical parts such as gears, trans-

mission shafts and torsion bars [Aub10]. Due to the relatively high tempering temperature, it 

is possible to deposit PVD coatings without any negative impact on the steel characteristics 

(see 3.1.2). 

Developed by Latrobe Specialty Steel Company (USA) [Lat95], the third steel grade 

CSS-42L (AMS 5932) is a case carburizable stainless steel alloy, which is capable of 

achieving very high surface hardness levels and maintaining high hardness at operating 

temperature up to 427°C. Combining high fracture toughness, hot hardness, metal-to-metal 

wear resistance and corrosion resistance, while retaining ductility and strength this steel is 

suited for the use in bearing applications, cams, shafts, gears and bolts. Due to a double 

vacuum melting process VIM-VAR (Vacuum Induction Melting-Vacuum Arc Remelting) an 

optimum of control, reproducibility of chemistry, microcleanliness and fatigue resistance can 

be provided. Tomasello et al. reported a superior ball bearing life time and good wear prop-

erties [Tom02]. They recommended the carburized CSS-42L an excellent candidate for 

severe bearing and gear applications. The life time was tested using 207-sized angular 

contact ball bearings at maximum contact pressures of 2.758 GPa (rotating inner ring at 

5400 rpm). As synthetic lubricant MIL-L-7808H was used at an inlet temperature of 71.1°C. 

The results were compared to that of  52100 and M-50 steels and showed that none of the 

CSS-42L inner races failed and exceeded even the predicted 65% confidence limit (Weibull 

slope of 1.5) for commonly used aerospace bearing alloys. Furthermore, Bhadeshia 

[Bha12] and Ragen et al. [Rag02] reported very good fracture toughness values. CSS-42L 

in general belongs to precipitation-hardenable steel alloys. Thus, the formation of Fe-Fe3C 

carbides during the heat treatment is suppressed. Additionally the case carburization leads 

to increased hardness values and possibly avoids the formation of white etching structures 

(cf. paragraph 2.2.2). However, unfavorable effects are the high costs for the material pro-

curement and further the very complex heat treatment. The mechanical properties of CSS-

42L as well as 100Cr6H, Cronidur 30, V300 and NC310YW are summarized in Table 3-1. 

The mechanical properties of 100Cr6 as well as 20MnCr5 (1.7147) are determined and 

considered in detail in the course of a collaborative research center (SFB 570) [SFB09]. 
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Table 3-1: Mechanical properties and tempering temperatures of steel grades used 

Material 100Cr6H 
(AISI 52100) 

Cronidur 30 
(AMS 5898) 

V300 
(1.8062) 

NC310YW 
(40SiNiCrMo10)

CSS-42L 
(AMS 5932) 

Density ρ [g/cm³] 7.8 7.67 7.8 7.66 7.93 

Young’s Modulus  
E [GPa] 

210 213 198 202 211 

Strain [%] n.d.a. < 5 10 9 < 18 

Hardness [HRC]  ~ 63 ~ 60 ~ 51 ~ 57 ~ 63 

Fracture Toughness
KIC [MPa*m1/2] 

16.5 21 80 52 > 120 

Charpy Toughness 
KV [J] 

n.d.a. n.d.a. 10 30 n.d.a. 

Ultimate Strength  
Rm [MPa] 

~ 2300  
(for 61 HRC) 

~ 2300 ~ 1600 ~ 2150 ~ 1840 

Maximum Service 
Temperature [°C] 

150 475 410 300 552 

  n.d.a. – no data available yet 

3.1.1 Chemical analysis 

In case of V300, NC310YW and CSS-42L, the composition of the steels is measured by 

Optical Emission Spectroscopy (OES). These values are compared with the standard and 

supplier specification and presented in Table 3-2. It is clearly visible from the chemical 

analysis that CSS-42L refers to cobalt-base alloys with 12 wt.-%. The special feature of 

V300 and NC310YW is the high silicon content up to 2.3 wt.-%. As mentioned above, 

Cronidur 30 contains 0.2 wt.-% of nitrogen as alloying element for a better corrosion and 

wear resistance.  

Table 3-2: Chemical composition of the steel grades (wt.-%) 
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3.1.2 Heat treatment 

All of the different materials were firstly machined from a steel rod to give them their basic 

form. After machining, the raw material a special customized heat treatment for each mate-

rial was carried out (cf. Figure 3-2). The course of heat treatment for CSS-42L is exemplari-

ly described above with an effective case hardening depth of 0.94 mm at 595 HV.  

 Hydrogen activation pre-oxided at 954°C for 30 minutes 

 Vacuum carburization at 915°C to target an effective case depth of 0.889 – 

1.016 mm 

 Vacuum stress relief annealing at 593°C for four hours and nitrogen cooling to 

160°C 

 Vacuum austenitization at 1121°C for 30 minutes followed by a 20 bar nitrogen 

quenching 

 Two times deep freezing to -196°C followed by a tempering treatment at 552°C for 

five hours respectively 

For the other steel materials no carburization treatment has been applied. A subzero cool-

ing during the heat treatment to -75°C – -90°C is the main common feature of 100Cr6H, 

Cronidur 30 and NC310YW in order to remove the unwanted retained austenite.  

Table 3-1 shows the hardness values reached after the heat treatment. The heat treatment 

of Cronidur 30 is listed by Manier in [Man10]. 

 

Figure 3-2: Schematic heat treatment curve of the 100Cr6H, Cronidur 30, V300, NC310YW and 
CSS-42L materials 

 

After being heat treated, the blanks have been finally finish-grinded to their final dimension 

(spherical and cylindrical). The spherical discs were grinded with machining scores along 

the circumference and the cylindrical discs were super polished on their outer surface. The 
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effect of superfinshed steel surfaces, i.e. gear teeth, is considered in literature as very posi-

tive to increase the load carrying capacity [Kra00]. The roughness values after machining 

are represented in Table 3-3. In previous investigations, the polished surfaces of the ma-

chined steel batches were protected by a multifunctional spray (Technolit WL-50). As some 

unfavorable effects of the spray on the coating processes have been detected, this treat-

ment of the steel samples is no longer applied. The only preventive action is the storage of 

the substrates in desiccators to prevent them from any water condensation and corrosion.   

Table 3-3: Typical roughness values of polished, cylindrical and grinded, spherical steel samples 

Material 100Cr6H 
(AISI 52100) 

Cronidur 30 
(AMS 5898) 

V300 
(1.8062) 

NC310YW 
(40SiNiCrMo10)

CSS-42L 
(AMS 5932) 

Ra cyl. [µm] 0.0038 0.0034 0.0048 0.0047 0.0114 

Rz cyl. [µm] 0.0267 0.0256 0.0314 0.0325 0.0763 

Rpk cyl. [µm] 0.0074 0.0066 0.0079 0.0070 0.0114 

Ra sph. [µm] 0.346 0.300 0.170 0.276 0.157 

Rz sph. [µm] 2.458 2.080 1.300 1.953 1.289 

Rpk sph. [µm] 0.380 0.288 0.213 0.325 0.149 

3.1.3 Structure and hardness 

The structural quality of steels was examined after receiving the samples from the heat 

treatment. The cross sectional structures of the samples were polished and etched followed 

by a light microscopy investigation and determination of micro-hardness (HV 0.2) depth 

profiles from the surface (in case of CSS-42L HV 0.5). 

Analyzing the sectional structure of 100Cr6H (Figure 3-3 a) and Cronidur 30 (Figure 3-3 c) 

in both steels a martensitic structure can be found. Due to the forming process during steel 

production unresolved carbides appearing partially line shaped, see white arrows Figure 

3-3 b.    

 

Figure 3-3: Microstructures of (a) 100Cr6H (etchant: Nital), (b) carbide structure 100Cr6H (etchant: 
sulfurous acid) and (c) Cronidur 30 (etched by Energietechnik Essen, scale: a), c) 50 µm and b) 100 
µm)  

 

The structural composition of V300 and NC310YW is specified by the supplier as entirely 

martensitic and can be confirmed by the first microscopy investigation Figure 3-4. In the 

course of this work the structures of both steels grades will be examined more detailed. The 

average hardness of V300 is determined with values of 530 HV 0.2 and for NC310YW of 
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631 HV 0.2. Following the metallographic characterization the content of retained austenite 

was quantified by means of X-ray diffraction (XRD). In case of V300, the analysis showed 

amounts below detection limit (~2.5 vol.-%). NC310YW reveals an residual austenite of 

content of ~5.2 vol.-%. 

 

Figure 3-4: Structural composition of (a) V300 and (b) NC310YW (etchant: Nital, scale: 50 µm) 

 

The microstructure of CSS-42L is typical for carburized and heat treated steels. Three dis-

tinct regions can be observed in the microstructure. Hetzner and van Geertruyden [Het08] 

investigated the crystallography and metallography of different carbides in high alloy steels 

including CSS-42L as well. By etching the first region, Figure 3-5 a, a tempered martensitic 

structure with a large volume fraction of carbides becomes visible. The etchant (HNO3) did 

not affect the carbide structure which appears as white microconstituents. Hetzner identified 

these carbides as Me23C6 by means of electron backscatter diffraction (EBSD). The transi-

tion zone between the carburized case and core, Figure 3-5 b, entirely consists of austenite 

(bright areas). The core area is found to be almost completely martensitic with containing 

partial austenitic areas (Figure 3-5 c). Considering the hardness of CSS-42L, a typical 

depth profile is shown in Figure 3-6. Starting with approximately 790 HV 0.5 in a carburized 

zone, the transition zone offers a hardness value of 320 HV and in the core zone a value of 

550 HV can be found. Thus, measured hardness is in the field of given supplier data. The 

content of retained austenite is specified with ~3.2 vol.-% in carburized area (Figure 3-5 a).   

 

Figure 3-5: Microstructure of CSS-42L: a) Me23C6 carbides including martensitic case, b) transition 
zone below carburized case and c) core (etchant: HNO3 and Marble, scale: a), c) 50 µm and b) 500 
µm) 
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Figure 3-6: Hardness depth profiles (HV 0.2) of steels used 

3.2 Investigated coating systems 
Two main types of coating systems were investigated in the present study. The Zr(C,N)11 

coatings were all deposited at Tekniker Technological Center (Eibar, Spain) in an industrial 

coating installation by Cathodic Arc Plasma Deposition (Arc-PVD). This method contains 

two deposition techniques, the arc evaporation and the plasma ion platting. During the 

coating process the steel substrates act as anode and the pre-cleaned and de-oxidized 

single Zr-target as cathode. After activation of the arc on the whole surface of the cathode, 

the evaporation of the targets starts. The evaporated material migrates through the plasma 

of argon and is ionisated. Using N2 and C2H2 as reaction gases the Zr reacts to the coating 

material ZrN and Zr(C,N). By applying a negative polarization to the substrate, called bias, 

the ionized material is finally deposited on the substrate. Recent investigations according to 

the slip-rolling resistance of Zr(C,N) coatings revealed a considerably better resistance of a 

process controlled nanolayer (pcnl) coating. In order to achieve this type of coating a num-

ber of process optimizations and investigations were analyzed. Using a single Zr-target in 

combination with a continuously rotating planetary system, where the substrates are 

mounted, results the coating properties desired. Figure 3-7 clearly shows the different coat-

ing structures of a slip-rolling resistant process controlled nanolayer structure (left) and a 

structure with poor slip-rolling resistance.  

In order to characterize the composition of the coating EDX, WDX as well as Auger electron 

spectroscopy (AES) depth profile analysis were performed. The results of the quantitative 

analysis of this coating type aside from zirconium (~48.1 % atomic concentrations) are 

nitrogen (~47.08 %), carbon (~4.82 %) and oxygen. 
                                                           
11 A complete characterization of their properties including their deposition parameters can be found in 
[Man10] 



Experimental details 

43 
 

 

Figure 3-7: TEM analysis of the interface between steel substrate and Zr(C,N)-coating: pcnl structure 
(left) and conventionally deposited structure (right) [Man10] (scale: 50 nm) 

 

The DLC coatings applied were developed and deposited at the BMW Group (Munich), 

consisting of different adhesion layers and a functional layer. A SIMS measurement of a 

BMW coating (shown in Figure 3-8) reveals different chemical compositions and the struc-

tural positions of the layers. Starting with a chromium-based adhesive layer and an W-C:H 

interlayer the functional layer is a hydrogenated amorphous carbon coating doped in some 

configurations with nitrogen or silicon (a-C:H, a-C:H:-N, a-C:H-Si). Further information con-

cerning the deposition process and coating properties can be found in [Mar10]. Doping the 

coatings with non-metallic elements such as nitrogen and silicon influences special proper-

ties of the coatings, for example the surface energy. Heat resistance, translucency, color 

and ultraviolet resistance are examples for manipulating mechanical and chemical proper-

ties with dopants [VDI05]. 

 

Figure 3-8: SIMS measurement of a used a-C:H type DLC coating (BMW 4) performed at Fraunhofer 
IST Braunschweig 

Coating 

Substrate Substrate

Coating 
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During the development process of the coatings, some process parameters, i.e. the inter-

layer and film thickness, were modified by BMW in order to get the best coating in practice. 

That is why several coatings from this supplier can be found. AFM topographic studies of 

the coatings BMW 4 and BMW 4 revealed distinct differences in the surface conditions (see 

Figure 3-9). Both coatings showed bumpy surfaces. In case of BMW 4 the surface structure 

appears incomplete compared to the DLC-typical structure of BMW 11. More particularly, it 

seems that the coating process and hence the layer growth was interrupted. Furthermore, 

scratches on the substrate surface due to the mechanical finishing process are easily rec-

ognizable despite an applied coating (cf. Figure 3-9 BMW 4 AFM image 2D 9 x 9 µm).    

 

 

Figure 3-9: Structural characterization of coatings BMW 4, BMW 11 and KYB Type A by atomic force 
microscopy 

 

There is a specific interest in pure carbon coatings, especially ta-C, for sliding components, 

especially for automotive application on engine and gear components, because of its poten-

tial to very low friction and even superlubricity [Kan06] [Mat08]. For this reason coatings of 
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a-C and ta-C type are chosen in order to compare this film types with BMW and Tekniker 

coatings mentioned before. The deposition of Fraunhofer IWS (Dresden) ta-C and a-C 

coatings was carried out by a vacuum-arc evaporation using a pulsed arc discharge from a 

graphite cathode. Eight batches V1-V8 were prepared. The types V1, V4, V5, V6 and V8 

can be classified as ta-C, whereas V2, V3 and V7 belong to the category a-C according to 

the VDI guideline 2840 [VDI05]. The versions V1-V3 were deposited by mechanically trig-

gered pulsed arc and the types V4-V8 by laser-controlled pulsed arc. For this purpose the 

laser-arc system LAM400 developed by Fraunhofer IWS was used. The slip-rolling resis-

tances of the previous ta-C and a-C-types in comparison to V1 (designated as G3) are 

described in [Woy10]. Prior to deposition, Chromium-ion etching was performed by using a 

metal dc-arc source. For the types V5 to V8 an additional hollow-cathode Argon-ion etching 

was performed before metal ion etching. Ion etching was followed by deposition of a thin 

(30 – 50 nm thick) Cr interlayer using the same dc-arc source and deposition of the carbon 

layer by pulsed (laser) arc. The maximum temperature during the deposition process was 

about 150°C due to plasma heating. The temperature during carbon deposition amounted 

to about 120°C. The differences of coating types were obtained by different ion energies 

varying the substrate potential and/or the Ar-gas pressure during deposition.  

Japanese company KYB Corp. provides two types of coatings: Type A classified as a-C:H 

typically used for motor cycle shock absorbers. The same applies for the second KYB thin 

film, Type B, which belongs to the chromium doped a-C:H coatings. Specified by the manu-

facturer a higher slip-rolling resistance even at high Hertzian contact pressures can be 

expected from KYB Type B. Coating Type A is designed for technical applications with low 

contact pressures. 

Table 3-4 summarizes the thin film properties measured, the coating type and the deposi-

tion process of the industrial coating systems tested in this work. 

Table 3-4: Properties of the different DLC and Zr(C,N) coating systems tested 

Supplier Coating name Coating 
type 

Coating 
thickness 

[µm] 

Adhesion 
layer 

Process 
type 

Hardness 
[GPa] 

Young’s 
Modulus 

[GPa] 

IWS V(1-8) ta-C/a-C 2.0 - 3.0 Cr PVD 19 - 63 125 - 606 

BMW BMW (4, 11) a-C:H 1.0 - 5.6 
Cr/CrN/W-

C:H 
PECVD 12 - 25 135 - 214 

Tekniker K(1-10) Zr(C,N) ~ 3.0   Arc-PVD ~ 26 ~ 340 

KYB 
Type A a-C:H 1.0 Cr-C PVD 13 139 

Type B a-C:H:Cr 2.0 Cr-C PVD 23 186 
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3.3 Twin disc testing machines 
All tribological slip-rolling investigations were carried out on an Amsler-type machine and on 

an Optimol 2Disc tribometer, which was designed in 2008. Originally developed for simula-

tion processes of wheel-rail contact researches, twin disc testing machines offer an optimal 

basis for experiments in combination with the selected surface roughness to operate in the 

mixed boundary lubrication regime. Nowadays, new twin disc machines can be used for the 

characterization of tribological systems with slipping, sliding and rolling motion. Modeling 

the working conditions and contact configuration of gear teeth in contact and ball bearings, 

these testing machines are widely spread. 

3.3.1 Amsler tribometer (A135) 

In the Amsler tribometer two discs with the same diameter roll against each other on their 

cylindrical surface. Using a single electrical motor and several coupling shafts, which en-

sure the mixed boundary lubrication regime at the start, the rotation speed is fixed at 

390 rpm. To enable a continuous slip of 10%, the second disc, applied as counter body, is 

driven at a speed of 354 rpm. The exact sample configuration in this tribometer is shown in 

Figure 3-10.  

  

Figure 3-10: Sample arrangement in the Amsler type tribometer 

 

The geometry of the discs with an outer diameter of 42 mm generates a contact configura-

tion of the ball-cylinder type. In the present experiments of this work, the top, ball-shaped 

counter discs were mainly uncoated and only pre-polished or grinded. The lower, cylindrical 

discs were used in coated state as well as uncoated with a super polished surface. A nor-

mal force is applied by means of a spring, leading to a normal force up to 2,000 N (initial 

average Hertzian contact pressure P0mean = 1.94 GPa) in the contact point (see Table 3-5). 

The stiffness of the spring with 14,650 N/m and lever action of the counterbody holder 

presses the disc against each other. By controlling the compression of the spring the nor-

mal force can be adjusted in steps of 50 N. For comparison, an average contact pressure of 

1.25 GPa corresponds to a maximum Hertzian contact pressure of P0max = 1.875 GPa, 

which is equivalent to load stage 12 in the FZG test rig. According to the international 

standard ISO 14635-1, this load stage is the most demanding test procedure for gear com-

ponents. 
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In order to create experimental conditions as close as possible to real applications, the bath 

temperature of the oil is set at 120°C. For security reason the temperature is controlled by a 

second thermal sensor couple with a programmable relay, taking down the temperature, if it 

exceeds 140 °C. The lower cylindrical disc dips into the heated oil reservoir and drags the 

lubricant into the contact due to the rotation.  

During the tests the friction torque can be measured by the axial torque of the lower shaft 

rotating with 390 rpm with use of a pendulum as well as a planetary gearing coupled with 

the mentioned axis. The coefficient of friction (COF) can be evaluated with the following 

equation: 

μ = M/(FN · r)       (3.1) 

In this equation M is the friction torque in Nm, FN the applied normal force in N and r the 

radius of the driven sample in m. The deflection of the pendulum is translated into a transla-

tion movement for the measurement of the corresponding torque scale. A Linear Variable 

Differential Transformer (LVDT) permits the transduction of this movement into an electrical 

signal and records directly the COF. [Man10] 

Table 3-5: Experimental conditions 

Conditions Parameter 
Dimensions of the discs Diameter: 42 mm; Width: 10 mm 

Contact Grinded/ polished curved disc (radius of curvature: 21 mm) against 
uncoated/ coated super polished cylindrical disc 

Substrate 100Cr6H, Cronidur 30, V300, NC310YW, CSS-42L 

Type of motion Rolling with a fixed slip rate of 10% 

Initial average Hertzian 
pressure P0mean 

1.5 – 2.62 GPa (FN = 930 – 5,000 N) 

Rotation at speed 390 – 354 rpm 

Sliding speed Vdiff 0.08 m/s 

Load cycles ntot Up to 107 or rupture (damaged surface area of >1 mm²) 

Effective sliding distance Up to 132 km 

Ambient temperature 120 °C oil bath temperature 

Lubricants BMW FF SAE 0W-30 ‘VP1’, Polybutylene Glycol ‘B20’ 

 

3.3.2 Optimol 2Disc tribometer 

The experimental setup in the newly designed Optimol 2Disc tribometer generates similar to 

Amsler type tribometer a ball-cylinder contact mechanism using the same test samples. 

Designed for very high normal forces up to 5,000 N for testing the behavior of thin film coat-

ings and their substrates under extreme conditions, this tribometer applies average contact 

pressures up to 2.62 GPa. Table 3-6 summarizes the normal forces with the corresponding 

Hertzian contact pressures (P0mean, P0max) and total deformation values of both samples. 
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Table 3-6: Hertzian contact pressures for the sample geometries tested 

Normal force [N] 930 2,000 4,400 5,000 
P0mean [GPa] 1.5 1.94 2.5 2.62 

P0max [GPa] 2.25 2.91 3.75 3.92 

Total deformation/ flat-
tening [µm] 

13.4 21.2 37.8 41.2 

 

The test rig is powered by two electric motors, which rotate independently of each other. 

Thus, the slip rate of the two discs as well as rotation speed is freely adjustable driven by 

an integrated computer control unit. In order to ensure the comparability and consistency of 

the test results obtained on both test machines, the experimental conditions (rpm, slip rate, 

lubrication, temperature) are always kept identical, with the exception of the Hertzian con-

tact pressure. As shown in the test arrangement (c.f. Figure 3-11), the samples are posi-

tioned on the same vertical level, whereas the load application is induced by an electrical 

servomotor. This servomotor compresses a spring fixed between motor and axle of the 

cylindrical disc. It thereby adjusts the previously set normal force. 

  

Figure 3-11: Configuration of the test samples on an Optimol 2Disc tribometer 

 

The test software is designed to measure the friction force as well as wear rates of both 

samples and plot it in situ. In contrast to the Amsler type tribometer the test sample do not 

dip into the oil reservoir. The oil is fed by a gear type pump within a circular flow into the 

contact point of both samples. 

3.3.3 Lubricant properties 

In previous BAM studies i.e. [Man10], unadditivated paraffin oil ISO VG 46 was taken as 

lubricant for the tribological tests at room temperature to avoid the influences of EP/AW 

(Extreme Pressure/Anti Wear) and FM (Friction Modifier) additives. With regard to the poor 

stability at a temperature up to 120°C, paraffinic oil was replaced by fully formulated factory 

fill engine oil SAE 0W-30 (ACEA A3/B412, HTHS = 2.98 mPa·s) used at the BMW Group 

                                                           
12 ACEA A3/B3 oils are designed for general usage use in a wide range of gasoline and light duty 
diesel engines. ACEA A3/B3 oils are typically used in older vehicles as they do not provide the mini-
mum performance demanded by the latest OEM specifications. [Lub12] 
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(Table 3-7). In selecting this oil, tests can by carried out at more representative conditions 

of today’s lubricated engine or power train components. 

Containing more additives as paraffinic oil, it is one part of the following investigations to 

analyze and understand the interactions between different types of surfaces and the lubri-

cants. In order to meet the emerging or already existing regulations concerning the envi-

ronmental impact of lubricants, a fully hydrocarbon soluble polybutylene glycol (PBG)13 

named B20 was used as second in some respects as reference oil. However, one of the 

future targets for PBG B20 as ash, metal- and polymer-free lubricant is to fulfill the require-

ments of the ACEA C414 specification.    

Table 3-7: Viscosimetric properties of engine oil SAE 0W-30 VP1 and Polybutylene Glycol B20 [Sch06] 

 
BMW FF SAE 0W-30 

‘VP1’ 
Polybutylene Glycol 

‘B20’ 
Viscosity Index 168 133 

Pour Point [°C] -57 -37 

100°C [mPa·s] 8.04  

150°C [mPa·s] 3.34  

 40°C [mm²/s] 57 66.12 

100°C [mm²/s] 10.2 9.91 

150°C [mm²/s] 4.42 5.43 

HTHS [mPa·s] 2.98 3.61 

p80°C [GPa-1] 14.17  

p150°C [GPa-1] 11.9  
 

3.3.4 Failure criterion, test abort criterion 

The failure criterion of thin film coated steel substrates has led to many discussions in the 

recent literature. Liu et al. proposed the total removal of the coating inside the wear track as 

failure criterion in a ball-on-flat test rig [Liu07]. Protecting the substrate material against 

wear as long as possible, a damaged coating cannot fulfill its task, if the damaged surface 

is bigger than the contact area. Therefore a new failure criterion was established. A dam-

aged area of 1 mm², corresponding to the size of the Hertzian contact ellipse at an average 

contact pressure of 1.5 GPa, was chosen as criterion to stop the test. In case of slip-rolling 

tests with uncoated systems, the same criterion was used after the occurrence of pitting on 

the surface. The development of the COF and the wear volume cannot be as easily as-

sessed as this 1 mm² criterion for a critical damage. Previous tests have shown that the rise 

in the COF is not necessarily caused by a failure of the coating. However, an increase in 

roughness values lead to an increased coefficient of friction. It might occur that a certain 

coating is damaged in several locations leading to a total damaged area larger than 1 mm² 

                                                           
13 precise description of PBG: polybutylenglycol monobutylenether 
14

 ACEA C4 oils are high performance lubricants with lower sulphated ash, phosphorus and sulphur 
contents. They are designed for use in high performance gasoline and light duty diesel engines where 
advanced aftertreatment systems such as Diesel Particulate Filters (DPFs) and Three Way Catalysts 
(TWC) are used. [Lub12-2]  
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but examined individually, this damages are smaller than 1 mm². Such systems would still 

count as resistant to slip-rolling, as long as none of the single damages exceeds the criteri-

on. [Spa04] 

Generally, the slip-rolling tests were run until 10 million load cycles, if the coating or the 

substrate did not fail (Table 3-5). Increasing the number of cycles from 1 million up to 10 

million the duration of the endurance tests corresponds to 18 days at 390 rpm, running non-

stop. The vast metallurgical development and numerous practical experiences of recent 

years have forced to increase the number of load cycles as well as to increase the contact 

pressure. With 430 hours at 120°C, it also includes a kind of oxidation aging for the engine 

oil. 
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4 Experimental results 

4.1 Slip-rolling tests 
Using 100Cr6H and Cronidur 30 as substrate materials for slip-rolling tests of various thin 

film coatings, an impressive number of results are collected in recent investigations [Man10] 

[Man10-3] [Spa04]. As it has already been stated in Table 3-1 and Table 3-4 the number of 

steel substrates and coating variations induces many possible combinations for slip-rolling 

tests. Therefore, the tests of slip-rolling resistance, frictional behavior and wear rates are 

divided for reasons of clarity into three major parts: 

 Slip-rolling reference tests of uncoated, self-mated steel pairings und standard 

testing conditions (Table 3-5) with increasing Hertzian contact pressures  

 Slip-rolling tests of coated vs. uncoated samples under standard test conditions 

with increasing Hertzian contact pressures  

 Slip-rolling tests of DLC coated vs. DLC coated samples under standard test con-

ditions at a Hertzian contact pressure of P0mean = 1.5 GPa 

The tests should reveal which system used in the three mentioned parts above shows the 

best test results with respect to slip-rolling resistance, coefficient of friction and wear rates. 

The question of whether or not the application of an expensive and in quality assurance 

hard to handle thin film coating is of advantage will be considered more clearly in compari-

son to the reference test with uncoated steel pairings.  

4.1.1 Slip-rolling reference tests of uncoated steels 

First of all, reference tests were necessary to investigate a possible positive or negative 

effect of applying a coating on a cylindrical disc. Therefore, the samples were all tested 

under the aforementioned conditions without any coating and self-mated. Starting with a 

Hertzian contact pressure P0mean = 1.5 GPa, further tests were carried out in four load stag-

es up to 2.62 GPa. Following the tests, optical microscopy images were taken of the wear 

track generated under the applied Hertzian contact pressure. In order to consider the per-

formance of different coating types and uncoated steels, the evaluated wear rates and 

coefficients of friction at the beginning and at the end of tests, respectively are used as 

tribological assessment. Figure 4-1 recapitulates the morphologies of the wear tracks on the 

cylindrical test sample and on its respective spherical counter body at four different load 

stages. In case of steels 102Cr615, 100Cr6H and NC310YW the tests at 2.62 GPa contact 

pressure were not conducted due to failures on the steel surface at a lower load stage. All 

pictures are engendered after the upper testing limit of 10 million load cycles or in the oc-

currence of the failure criterion (damaged area > 1 mm²).  

                                                           
15 lower quality steel 102Cr6 (1.00 wt.-% carbon, 1.5 wt.-% chromium) used for comparison purposes 
to the high quality steel grade 100Cr6H 
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Figure 4-1: Optical light microscopy photographs of the typical wear tracks of rolling steel/steel contacts 
displaying their morphology at different load stages, P0mean = 1.5, 1.94, 2.5 and 2.62 GPa (scale: 500 
µm respectively 1000 µm for all pictures) 

 

 Test results at P0mean = 1.5 GPa (FN = 930 N) 

Applying a normal force of 930 N in the first load stage of slip-rolling tests it is obvious on 

the light microscopy pictures that the cylindrical test sample as well as the spherical counter 

body were relatively undamaged. Microcracks, scuffing and pitting phenomena have not 

been established by optical microscopy. Apparently, the motor oil VP1 used avoids such 

failures due to its additive packages protecting the two surfaces in contact. Under identical 

testing conditions Manier found microcracks in the scale of about 20 to 100 µm on the 

superolished Cronidur 30 surface [Man10]. This appearance could not be confirmed in the 

new test series of this work. All material pairings achieved the maximum number of load 

cycles (10 million cycles).  

The quantification of the volumetric wear rates of the steel samples were taken into account 

following the test as tribological criterion. Four profiles on each sample were taken by tactile 

profilometry perpendicular to the sliding direction spaced, at an angle of 90° (cf. Figure 4-2). 

The measured average worn surface Wq permits the calculation of the volumetric wear rate 

kV by following equation: 
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In this equation, V represents the worn material volume, FN the applied normal force and L 

the distance run under sliding. Due to the low depth of the track, the wear volume V is equal 

to the planimetric wear surface Wq multiplied by the circumference of the sample. 

 

Figure 4-2: Evaluation of the planimetric wear surface Wq by tactile profilometry 

 

As in all cases, the steel sample surfaces were relatively undamaged after the tests, wear 

can only be found within the wear track. The results of the calculated volumetric wear of all 

uncoated test pairings conducted at P0mean = 1.5 GPa (up to 2.62 GPa) are illustrated in 

Figure 4-3. Clearly visible is that the wear rates of the counter bodies are nearly in the same 

range. Considering the worn surface of the superfinished, cylindrical test samples, the case 

carburized CSS-42L exhibits a very low wear rate with 1.81 · 10-10 mm³/Nm. At lower con-

tact pressure it became obviously that the cylindrical discs revealed lower wear rates in 

comparison to the spherical counterbodies. Increasing the load on the test samples the 

wear rates of the spherical discs becoming closer to the values of the cylindrical discs.   
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Figure 4-3: Comparison of wear rates of different uncoated steel pairings following the tests in BMW FF 
SAE 0W-30 VP1 at T = 120°C 

 

Thus, it appears that the carburized edge layer apparently produces a wear protection at 

low contact pressures. Analyzing the wear tracks by scanning electron microscopy (Zeiss 

Gemini Supra 40, BAM 6.8) it was underlined that no obvious failures on the surface of the 

high toughness steels can be detected (Figure 4-4). At higher magnification, only the steel 

NC310YW showed some uncritical microcracks transversally to the rolling direction in the 

scale of 4 to 10 µm. Due to the rolling stress, several microcracks along the included car-

bides of CSS-42L became visible on the surface (see Figure 4-4 c) 

 

Figure 4-4: SEM images of the wear tracks of the steels a) V300, b) NC310YW and c) CSS-42L 
stressed at 1.5 GPa (scale: a) 3 µm, b) and c) 2 µm) 

 

Figure 4-5 presents the coefficients of friction at test beginning and end. A first glance 

shows only one striking difference between the different materials. Whereas the coefficients 

of friction at test end of the commonly used steels 100Cr6H (102Cr6) and Cronidur 30 as 



Experimental results 

55 
 

well as the alternative steels NC310YW and CSS-42L are ranged between 0.06 and 0.083 

the high toughness steel V300 revealed a very low friction coefficient of 0.047. In order to 

exclude any measurement errors or other influences resulting in low friction coefficients, a 

repeating test under same conditions was conducted with similar test result. The coefficient 

of friction in the repeating test could be reduced to 0.041 over the test duration of 10 million 

cycles.  

 

Figure 4-5: Summary of the coefficients of friction at the beginning and at the end of the test of uncoat-
ed steels 

 

 Test results at P0mean = 1.94 GPa (FN = 2,000 N) 

In order to show the benefit of the novel high toughness alloys, it was necessary that the 

slip-rolling tests were carried out under more stringent conditions. For this reason the un-

coated steel samples were tested at a much higher Hertzian contact pressure of 

P0mean = 1.94 GPa (leading to P0max = 2.94 GPa) conditions. 

After 10 million load cycles the affected steel surfaces showed nearly the same appearance 

as after the tests at P0mean = 1.5 GPa in the optical micrographs. An increased Hertzian 

contact pressure finally led to larger track width after the tests (~1,300 µm to ~1,600 µm). 

Considering the results of the wear analysis an unexpected result associated with the steel 

100Cr6H occurred. By means of tactile profilometry a wear rate < 1.0 · 10-10 mm³/Nm on the 

cylindrical test sample could be detected. Wear rates on such a scale are below the detec-

tion limit of the profilometer used. Even the lower quality bearing steel 102Cr6 offered a 
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good wear behavior. The advantage of low wear rates of CSS-42L at higher contact pres-

sures could not be confirmed.  

After 10 million cycles, SEM investigations of the uncoated CSS-42L test sample revealed 

small, marginal cracks (~2 µm) along the chromium carbides inside the matrix (white arrows 

in Figure 4-6). The carbides were detected by means of SEM/EDX-elemental mapping 

(Bruker AXS XFlash® 5010 detector). V300 and NC310YW show similar surface patterns 

with singular micro-cracks on the scale of 4 µm. 

 

Figure 4-6: a) EDX Chromium mapping of CSS-42L and b) wear track of CSS-42L after 10 million load 
cycles at P0mean = 1.94 GPa with detected microcracks along the chromium carbides (scale: a) 4 µm 
and b) 1 µm) 

 

Considering the coefficients of friction during the tests at P0mean = 1.94 GPa, the friction 

values remained in the same order of magnitude as under P0mean = 1.5 GPa. Whereas with 

a value of 0.059 V300 revealed the lowest COFEnd in comparison to the other tested steels. 

Furthermore, at this load stage the friction values of all steels were not as widely spread as 

in the tests at 1.5 GPa. 

 Test results at P0mean = 2.5 GPa (FN = 4,400 N) 

A further, new stage in testing steels without any protecting thin film coatings for highly 

advanced applications was reached by increasing the average contact pressure up to 

2.5 GPa. 

Very recently, in the tests at 2.5 GPa, the steel NC310YW reached its limit of performance. 

After 1.26 · 106 cycles macro-pitting and a total fatigue steel surfaces occurred, whereas the 

nearly similar steel grade V300 reached the endurance test end without structural failures. 

From the mechanical properties of both steels the failure of V300 with lower yield strength 

properties might be expected. The bearing steels 102Cr6 and 100Cr6H could finalize the 

test at 10 million load cycles. However, the microscopic investigations of both worn surfaces 

exhibited an amount of small cracks transversally to the rolling direction (cf. Figure 4-7).  
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Figure 4-7: Magnifications of the affected surfaces of a) NC310YW, b) 102Cr6 and c) 100Cr6H (scale: 
200 µm) 

 

The alloys Cronidur 30, V300 and CSS-42L resisted this load level with some plastic defor-

mation along the wear track.  

In case of 100Cr6H at 2.5 GPa, the illustration of the wear rates in Figure 4-3 reveals like-

wise a very good wear profile as at 1.94 GPa (cylindrical 100Cr6H sample 

~1.08 · 10-10 mm³/Nm). The high wear rates of NC310YW are the result of the complete 

disruption of both contacting surfaces. Considering these results the alternative steels of-

fered no benefit compared with the commonly used steels. 

With higher demands on the steel surfaces the friction coefficient are approximately in the 

same range of 0.078 at the end of the tests. The coefficients of friction of V300 at the be-

ginning and at the end exhibited no significant differences as in case of the other steels.        

 Test results at P0mean = 2.62 GPa (FN = 5,000 N) 

At the load stage of 2.62 GPa, only three couples uncoated steels were tested. In Figure 

4-1 it is shown that V300 did not reach the 107 load cycles (test abort at 2.18 · 106 cycles). 

Remarkable results showed Cronidur 30 and CSS-42L by reaching 107 cycles without fail-

ures on the surface. Surface investigation by means of optical microscopy of the cylindrical 

and spherical disc showed some plastic deformations along the wear track and microcracks 

transverse to sliding direction on 25 µm scale. 

Even the results of the wear calculation offered an unexpected result in case of 

Cronidur 30. The wear rate of the spherical counterbody was below the detection limit. 

As in all other test series, it is evident that V300 is the alloy with lowest coefficient of friction 

at the end of the test. 

4.1.2 Slip-rolling resistance of coated systems 

In recent investigations [Man10] [Man10-2] [Man10-3] coatings of different types and sup-

pliers were tested under slip-rolling conditions to evaluate their slip-rolling resistance and 

improve the coating characteristics during stress conditions (rolling, sliding). In order to 

guarantee the best adhesion layer possible, the coatings were deposited on the aforemen-

tioned super-polished test sample surfaces. Over the course of different developing strate-

gies the slip-rolling resistance of the majority of thin film coatings could be improved from 

primarily several thousand up to several millions of load cycles. 
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In order to compare the results obtained of different coating, the diagrams in Figure 4-10 to 

Figure 4-15 present the slip-rolling performance of the coatings and their different batches. 

The logarithmic y-axis mentions the number of cycles until failure or official test end. The 

different colors of the bars plotted represent the cycles reached until failure at distinct load 

stages performed with BMW FF SAE 0W-30 VP1 at T = 120°C. The grey boxes, at the top 

and bottom of the diagram, symbolize the kind of the steel counterbody and the kind of the 

substrate.   

 Fraunhofer IWS a-C and ta-C coatings 

Two types of coatings were supplied by Fraunhofer IWS. Versions V1, V4 to V6 and V8 can 

be classified as ta-C, whereas V2, V3 and V7 belong to the category a-C according to the 

VDI guideline 2840 [VDI05]. The deposition process of Fraunhofer coatings has been re-

fined in recent years. Starting with pulsed arc deposition, the coatings V1-V3 were devel-

oped. The second step in deposition methods is the use of pulsed laser arc deposition for 

coatings V4-V7. In 2011 a new filter laser arc process was introduced to deposit coating 

type V8 with smooth roughness values of the coating compared to coating versions V1-V7. 

Figure 4-8 presents the slip-rolling resistance and the coefficients of friction of these coat-

ings lubricated with factory fill engine oil SAE 0W-30 VP1 at 120°C. 

Initial, former slip-rolling tests of these coatings at room temperature showed a good slip-

rolling resistance in unadditivated paraffinic oil [Woy10]. However, the slip-rolling resistance 

was significantly reduced by increasing the oil temperature to 120°C. Following develop-

ments deposited on Cronidur 30 shown in Figure 4-8 with the variants V2 to V8 did not fully 

met the expectations of 10 million cycles, but passed in some cases one million cycles at 

120°C oil temperature in VP1. Comparing the slip-rolling results of coating V2 deposited on 

two different steel substrates (100Cr6H, Cronidur 30), it seems that the steel substrate 

influences the rolling resistance. The failure of the coatings appeared as partially total flak-

ing-off of the thin films (see Figure 4-9). Due to the poor slip-rolling resistance of recently 

developed IWS coatings, a deposition of the alternative steel grades was relinquished.  
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Figure 4-8: Results of Fraunhofer IWS Dresden a-C and ta-C thin film coating under slip-rolling condi-
tions 

 

 

Figure 4-9: Defects of Fraunhofer IWS coatings at P0mean = 1.5 GPa in VP1 a) ta-C V5, b) ta-C V6 and 
c) a-C V7 (scale: a) 1000 µm, b) and c) 500 µm) 

 

It has been shown that IWS a-C and ta-C films have a degree of potential as slip-rolling 

resistant coatings at mean Hertzian pressures up to 1.5 GPa and 120°C. There is no clear 

correlation between the mechanical properties of the coating types and lifetime, because 

both super hard and stiff ta-C (V6: Youngs Modulus 606 GPa, hardness 63 GPa) and a soft 

a-C coating (V3: Youngs Modulus 204 GPa, hardness 19 GPa) obtained the highest cycle 

numbers. Very low friction values below 0.029 were obtained in a state-of-the-art engine oil 

VP1 with the hardest ta-C coating combined with a low wear rate of 6.6 · 10-10 mm³/Nm 

after running-in. The relatively high roughnesses after deposition generated significant 

running-in wear and represent a weakness for these types of a-C and ta-C thin films. 
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 BMW Group a-C:H coatings 

An overview of the slip-rolling resistance of two in-house developed BMW a-C:H DLC coat-

ings is given in Figure 4-10.  

 

 

Figure 4-10: Slip-rolling resistance auf BMW a-C:H coatings BMW 4 and BMW 11 with corresponding 
coefficients of friction (BMW Group, Munich) 

 

In this figure the slip-rolling resistance and characteristic tribological criterions of two select-

ed BMW coatings, BMW 4 and BMW 11, are compared. Clearly visible is the excellent slip-

rolling resistance of coatings BMW 4 and BMW 11 at lower contact pressures of 1.5 GPa. 

The positive test behavior under the standard testing conditions allowed an increase of the 

initial average Hertzian contact pressure up to 2.5 GPa (FN = 4,400 N) respectively 2.62 

GPa (FN = 5,000 N) lubed by the standard engine oil VP1 at 120°C. In using high toughness 

steel grades as substrate materials, the slip rolling resistance of BMW 4 could be increased 

and even the highest load could be applied without destroying the coating or its 

counterbody. The topographical pictures of the coated surfaces after slip-rolling tests at 

2.5 GPa, showing are summed up in Figure 4-11. Only in case of BMW 11 on V300 a mar-

ginal plastic deformation is visible of the substrate, 
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Figure 4-11: Wear tracks of BMW 4 and BMW 11 coatings after tests at P0mean = 2.5 GPa: a) BMW 4 on 
CSS-42L, b) BMW 11 on V300 and c) BMW 11 on CSS-42L (scale: 500 µm) 

 

Wear calculations of the coatings after the tests did not show a unified picture. BMW 11 on 

NC310YW tested at 1.94 GPa offered wear rates close to and below the resolution limit of 

the tactile profilometry. In contrast to this excellent result, the identical coating from the 

same deposition batch on CSS-42L showed much higher wear rates. It can be concluded 

that the uncoated CSS-42L counterbody appears to have a lower wear resistance towards 

a DLC coating than in case of V300 and NC310YW counterbodies, despite its higher hard-

ness. In order to visualize the low wear of the BMW coatings AFM (Atomic Force Micro-

scope) images within the wear track and beside the wear track were taken (see Figure 

4-12). 

 

Figure 4-12: AFM images of the unaffected BMW 11 coating surface (left) and the coating surface after 
slip-rolling test at P0mean = 1.5 GPa in BMW FF SAE 0W-30 VP1 at 120°C (right) 

 

The roughness analysis of the AFM images taken showed a medium change in the rough-

ness values. The unaffected surface had an initial roughness of Ra = 0.02 µm and 

Rz = 0.025 µm, whereas the roughness after the test could be evaluated with Ra = 0.013 µm 

and Rz = 0.015 µm. Furthermore the images revealed that the coating structure after the 

test is completely intact, this means that cracks could not be identified. BMW 11 on 

NC310YW also showed a very low coefficient of friction with 0.033 at the end of the tests, 

which is worth mentioning. However, the coatings of BMW Group showed remarkable re-

sults in slip-rolling tests, but no tribological advantages of BMW 4 compared with BMW 11 

can be found.   
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 Fundación Tekniker Zr(C,N) coatings 

The tribological performances of the different Zr(C,N) batches are well considered and 

examined by Manier [Man10]. It was shown that by applying a process controlled nano-

layered Zr(C,N) coating the slip-rolling resistance can be improved up to 107 load cycles. 

Figure 4-13 illuminates the slip-rolling resistance of all Zr(C,N) batches which have been 

produced since 2006, whereas coating batch K(1) and K(10) are processed as controlled 

nano-layers. The tribological consideration of Zr(C,N) coated high toughness steels (batch 

K(10)) was part of this work. 

 

 

Figure 4-13: Diagram summarizing the slip-rolling resistance obtained with Zr(C,N) coatings of different 
batches deposited by Fundación Tekniker, Spain (test results of K(1) to K(9) determined by Manier 
[Man10]) 

 

With the knowledge of producing a slip-rolling resistant alternative coating to diamond-like 

carbons, Zr(C,N) was also applied on high toughness steel grades to show which maximum 

loads this coating can withstand. As is to be expected Zr(C,N) deposited on V300, 

NC310YW and CSS-42L as well as on Cronidur 30 reached the test end unscathed. Even 

up to P0mean of 2.5 GPa, Zr(C,N) on CSS-42L is slip-rolling resistant without showing any 

failures on the surface (cf. Figure 4-14). The failure of Zr(C,N) on V300 occurred via the 

initial failure of the uncoated counterbody. A flake of approximately 2,500 x 2,500 µm broke 

out of the surface due to cyclic deformation and damaged the coating surface until the test 

was interrupted. Considering the failure mechanism of NC310YW vs. Zr(C,N) both surfaces 

revealed completely destroyed surfaces by plastic deformation, cracks and pitting along the 

whole wear track.  
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Figure 4-14: Sections of stressed and partial flaked Zr(C,N) wear tracks after a) 1.11 mio. cycles 
(V300), b) 4.98 mio. cycles (NC310YW) and c) 10 mio. cycles (CSS-42L) tested at P0mean = 2.5 GPa 
and T = 120°C (scale: 500 µm) 

 

Comparing the coefficient of friction it becomes visible that the values at end of the tests do 

not vary significantly in the respective load stages. The implementation of Zr(C,N) allows a 

reduction of friction down to 0.06 at the test end (P0mean = 1.94 GPa). 

 KYB Corp. a-C:H coatings 

KYB Corp. provided two types of coatings: a-C:H (Type A) and a-C:H:Cr (Type B) [Tam12]. 

Figure 4-15 shows a distinct difference between both coating types, A and B, in the slip-

rolling resistance as well as in the coefficient of friction values at test end. Tests with coat-

ing Type B could not reach the final slip-rolling criterion of 107 load cycles at 

P0mean = 1.5 GPa. Remarkable results in slip-rolling resistance and wear behavior were 

obtained by using coating Type A.  

 

 

Figure 4-15: Slip-rolling resistance of a-C:H and a-C:H:Me coatings provided by KYB Co., Japan 
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Comparing the roughness values of KYB coatings with the coatings of the BMW group, 

BMW 4 and BMW 11, it became clearly visible that the KYB coatings are much smoother 

(cf. Table 4-1).  

Table 4-1: Roughness values of coatings KYB Type A, KYB Type B, BMW 4 and BMW 11 measured 

 KYB Type A KYB Type B BMW 4 BMW 11 
Ra [µm] 0.01 0.01 0.023 0.015 

Rz [µm] 0.06 0.29 0.169 0.116 

Rpk [µm] 0.01 0.04 0.038 0.03 
 

Similar to BMW 4 and 11, the coating Type A can withstand the high contact pressure of 

P0mean = 2.5 GPa without showing any visible worn surface. Even in the light microscopic 

analysis the wear track is not quite clear to define (see Figure 4-16). Furthermore, indication 

for the slightly worn surface is the very low wear rate. In contrast to BMW provided coat-

ings, the wear rates of the associating uncoated counterbody offered also wear rates close 

to the detection limit. 

 

Figure 4-16: Optical micropgraphs of the stressed under P0mean = 1.5 GPa KYB coatings a) type A after 
10 mio. load cycles and b) type B after 3.32 mio. load cycles (scale: 500 µm) 

4.1.3 Tribological behavior of self-mated DLC coatings 

Within the context of corporation with the BMW Group, the frictional behavior was investi-

gated of self-mated DLC coatings in slip-rolling tests. For this purpose, the DLC coating was 

not only applied to the cylindrical test sample, but also to the previously polished spherical 

counterbody. In order to ensure a sufficient adhesion of the DLC the counterbody was pol-

ished after grinding. This polishing step led to a surface roughness values of approximately 

Rz = 0.034, Ra = 0.005 and Rpk = 0.008. Hence, the surface conditions were the same for 

coating deposition of the cylindrical and spherical disc. For the selection of coatings to be 

tested against another DLC film, the decision was made to use the reliable BMW 4 coating 

for the spherical disc. Two recently developed and in their composition very similar coatings 

BMW 13 and BMW 14 were used in the test series at 1.5 GPa average Hertzian contact 

pressure. All coating pairing reached the predetermined limit of 10 million load cycles (cf. 

Figure 4-17).  
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After the tests, the wear rate was found to be below the detection limit of 

< 1.0 · 10-10 mm³/Nm in case of all stressed discs. Figure 4-18 depicts the worst test result 

of the pairing BMW 4 vs. BMW 13 (a and b) and the best of BMW 4 vs. BMW 11 (c and d). 

The width and location of the wear track were not possible to define of the BMW 4 coated 

spherical body running with BMW 11 (see Figure 4-18 c). Exemplarily comparing the wear 

tracks of both spherical BMW 4 counterbodies the BMW 4 interacting with BMW 13 re-

vealed small spallings along its circumference inside the wear track (Figure 4-18 a) where-

as the interaction with BMW 11 led to an as good as new surface. 

 

 

 

Figure 4-17: Slip-rolling test results of different BMW DLC coating against BMW 4 at P0mean = 1.5 GPa 
and 120°C 
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Figure 4-18: Images of the wear tracks by optical micrographs: a) BMW 4 counterbody of b) BMW 13 
test sample, c) BMW 4 counterbody of d) BMW 11 test sample after 10 million load cycles at 
P0mean = 1.5 GPa (scale: 500 µm) 

 

Regarding the frictional behavior of DLC vs. DLC, it can be deduced from the coefficients of 

friction at the beginning and at the end of the tests that the coatings did not show a running-

in behavior as do steel pairings. Due to this fact the difference between both values is mar-

ginal (compare individual COF’s in Figure 4-17).  

4.2 Surface analysis at test end 
Surface analyses as well as structural characterizations of the different steels and thin film 

coatings were performed on the most promising test samples or test samples which dis-

played conspicuities after the experiments.    

4.2.1 SEM/ EDX observations 

In the course of the SEM surface analyses of the test samples after tribological testing the 

chemical composition of the wear track was defined by means of EDX spectroscopy. A 

chemical characterization is important in considering the interaction of the coated or respec-

tively uncoated steel surface with the engine oil used. Due to the huge amount of different 

additives and their various interacting processes with the surfaces to be protected, EDX 

was chosen as relatively easy and fast to handle method. A Thermo Fisher Scientific NSS 

302 X-ray spectrometer equipped with a Si(Li) detector was used to conduct the investiga-

tions. 



Experimental results 

67 
 

In Figure 4-19, the wear tracks of the cylindrical test samples (V300, NC310YW and 

CSS-42L) are illustrated after tribological tests at 1.5 GPa in VP1. All wear tracks revealed 

more or less fine stripes orientated in the rolling direction (brighter areas), which was identi-

fied as adhesive wear. These stretched areas are probably generated by the surfaces in 

contact submitted to sliding due to the different rotation speeds. A failure could not be ob-

served which appearance is accompanied by massive RCF. The mentioned findings of 

noticeable areas inside the wear tracks were further analyzed by EDX spectroscopy. Stimu-

lating the surface atoms with an acceleration voltage of 15 kV (CSS-42L: 10 kV) the spectra 

shown in Figure 4-19 were generated. Comparing the two spectra received of V300, no 

distinct difference in the chemical composition of the wear track surface can be determined. 

Characteristic elements of oils containing SAP (sulphur, ash and phosphor) such as phos-

phor and oxygen can be detected aside from a typical detergent element, calcium. Even the 

examination of NC310YW revealed the elements carbon, calcium, molybdenum, magnesi-

um and small amounts of sodium contained in lubricants such as the VP1 used. Clearly 

visible is the higher peak of silicon in NC310YW due to its higher proportion in the chemical 

composition. High contents of vanadium, molybdenum, carbon and chromium can be found 

in the area of carbide structures in CSS-42L, whereas the matrix of this steel alloy predomi-

nantly revealed cobalt and iron as main components. An interaction between elements 

contained in the lubricant and the carbide structures cannot be found (compare Figure 4-19 

CSS-42L Point 1 and Point 2). 

The interaction of lubricant and steel surface became more visible by increasing the normal 

force and thus the contact pressure. During the test at P0mean = 2.5 GPa the formation of a 

tribo-chemical film on the metal surface can be identified. The formation of tribo-chemical or 

tribo-reactive film on steel surfaces as well as on DLC-coatings is considered in literature 

many times. Overbased calcium sulfonate (CaSO4)
16 or carbonate (CaCO3) play an im-

portant role in their function as detergents in lubricants. This type of additives is basically 

built up as colloidal dispersions of metal hydroxides, carbonates or borates which are stabi-

lized by metallic soaps such as phenates, salicylates or sulfonates [Ciz04].  

                                                           
16 also known as OCABS: overbased calcium alkyl benzene sulfonates 
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Figure 4-19: SEM pictures of V300, NC310YW and CSS-42L wear tracks and corresponding local EDX 
spectra of noticeable areas tested in VP1 at 1.5 GPa and 120°C after 10 million load cycles (scale: 
5 µm and 25 µm) 

4.2.2 Chemical analysis of detected tribo-reactive layers (EDX-element 
mapping) 

The results of the first EDX analysis and the detection of the white appearing reaction layer 

require a more detailed inspection. Different tests at higher contact pressures showed that 

the formation of this layer starts during the running in process of the test samples, between 

100,000 and 200,000 load cycles. Of interest was not only the uncoated steel surface, but 

also the interaction of the lubricant with the DLC (BMW 11) and Zr(C,N) (batch K(10)), 

which are frequently described as chemical inert. Therefore, two tests with coated V300 

samples against uncoated counterbodies were carried out for 600,000 load cycles at 

P0mean = 2.5 GPa and 120°C in VP1. Simultaneous investigations of load affected (field of 

white layer) and unaffected areas on the sample surface were conducted by superimposing 

SEM images with EDX mappings (Bruker AXS XFlash® 5010 detector), concise presenta-
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tion in Figure 4-20. It is also clearly visible that the machining grooves on the counterbody 

surface were leveled within the wear track due to the tribological contact. 

 

Figure 4-20: White appearing tribo-reactive layer on V300 counterbody (left) and SEM observation of 
the stressed wear track and unaffected outlying area tested at P0mean = 2.5 GPa and 120°C in 
VP1(scale: 40 µm) 

 

Comparing SEM observations of the wear track and beside the wear track it became clearly 

visible that the surface inside the wear track of the uncoated sample is smoothened com-

pared to the unloaded state. In the case of the DLC coated V300 sample (BMW 11), a wear 

track could be determined only at higher magnification due to the high wear resistance and 

nearly no smoothing effect. With EDX, it could be established that the BMW 11 surface 

exhibits small concentrations of calcium, molybdenum, oxygen, sulphur and zinc (cf. Figure 

4-21). A distinction in the element concentrations between wear track and the unaffected 

area could not be proved. The analysis of the white layer found on uncoated steel 

counterbodies showed amounts of calcium, molybdenum, oxygen, phosphorus, sulphur and 

fluorine. The observation of calcium, oxygen and sulphur in similar areas suggests that the 

layer is indeed formed by overbased calcium sulfonate detergents. Remarkably, a carbon 

transfer layer of the BMW a-C:H coating onto the steel surface could not be detected, 

whereas iron could be found as transfer on the coating surface. One of the emerging con-

clusions is that the DLC surface did not show any wear during the testing time of 600,000 

load cycles. All elements with the exception of carbon, iron and oxygen are chemical ele-

ments which can only originate from used additive packages in the oil. Furthermore, de-

pendency of the formation of such layers on the contact pressure can be noted. Summariz-

ing the observed results in can be concluded that additive elements independently interact   

from the contact pressure with the DLC coated surface. In contrast, it seems that an activa-

tion parameter such as the contact pressure is needed to support the interaction of additive 

elements contained and steel surface. 
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Figure 4-21: SEM images of BMW 11 coated V300 (left) and uncoated V300 (right) tested in VP1 oil at 
2.5 GPa (600,000 load cycles) and 120°C superimposed with EDX mappings (scale: 40 µm) 

 

A slightly different picture of element mapping shows the combination of Zr(C,N) and un-

coated V300 after the test under identical conditions (Figure 4-22). For all elements detect-

ed on the Zr(C,N)-surface a distinct difference in concentrations is visible between wear 

track and outside the wear track. Especially oxygen and molybdenum illustrated the lower 

chemical inertness of Zr(C,N) in comparison to the BMW DLC coating. As already observed 

by Manier [Man10], small droplets (white arrows in Figure 4-22) on the Zr(C,N)-surface can 

be recognized, which cannot be found again inside the wear track. Other interesting fea-

tures are small holes in the coating of up to 4 µm scale. An in literature often claimed func-

tion as oil reservoir for emergency running in case of a lubrication supply breakdown cannot 

be confirmed due to the absence of oil residues in the holes. The analysis of the uncoated 

V300 surface after the test offered a variety of different chemical elements which remained 

as thin layer. In contrast to the aforementioned observation of BMW 11 and its uncoated 

counterbody a residue of zinc in addition to calcium and molybdenum traces were detecta-

ble. Widely used Zn-based additives in engine oils are zinc dialkyldithiophosphates (ZDDP, 

ZnDTP) which can form wear protective layer (zinc polyphosphates) even on DLC’s 

[Mar01]. 
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Figure 4-22: SEM images of Zr(C,N) coated V300 (left) and uncoated V300 (right) tested in VP1 oil at 
2.5 GPa (600,000 load cycles) and 120°C superimposed with EDX mappings (scale: 40 µm) 

4.2.3 Further considerations on the chemical structure (XPS and AES) 

By means of EDX measurement systems, individual chemical elements can be detected. 

However, chemical compounds which were accumulated onto the steel or coating surface 

due to tribo-chemical reactions cannot be identified by this measuring method. 

XPS (X-ray photoelectron spectroscopy) and AES (Auger electron spectroscopy) analysis 

of the surface provide a better significance to characterize thin reactive layers. By using 

XPS, two tested samples were examined, i.e. uncoated V300 and BMW 11 coated V300. 

The pairing was tested at an average Hertzian contact pressure P0mean = 2.5 GPa for 10 

million load cycles in up to 120°C heated oil VP1. The number of detected electrons, stimu-

lated by non monochromatic Al and Mg K radiation, were plotted against the binding ener-

gy of the electrons detected. The resulting characteristic peaks correspond to the electron 

configuration of the electrons within the atoms and can be assigned to their atomic or mo-

lecular orbitals (1s, 2s, 2p, 3s, etc.). The amount of elements within the irradiated area is 

directly linked to the number of detected electrons in each peak (counts per second). XPS 

is frequently applied as surface characterization because of its low penetration depth (1 to 

10 nm). Therefore, this analysis method is predestinated to observe reactive tribofilms and 
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allows monitoring the chemical composition. Two pre-evaluated XPS spectra of the affected 

BMW 11 and V300 surface are displayed in Figure 4-23 and Figure 4-24. 

 

Figure 4-23: XPS spectrum of BMW 11 inside the wear track after 10 million load cycles at 
P0mean = 2.5 GPa and 120°C in VP1 

 

The wide scan survey spectrum for all elements of BMW 11 wear track delivers comparable 

results with the analysis by use of EDX mapping. Large XPS oxygen 1s (18.0 at.-%) and 

sodium 1s peaks (1.0 at.-%) could be indexed by XPS whereas the element mapping did 

not show any presence of oxygen and sodium on the DLC-surface. Additionally, apprecia-

ble amounts of calcium and phosphorus could be detected indicating the formation of a 

fragmentary Ca-based tribofilm. Evaluating particularly the calcium 2p peak with regard to 

their tribological relevance and the white appearance five compounds could be indentified 

[NIST]: 

 CaCO3 (Calcium carbonate) 

 CaSO4 (Calcium sulfate) 

 Ca2P2O7 (Calcium pyrophosphate) 

 CaSiO3 (Wollastonite) 

 CaF2 (Calcium fluoride) 

 CaO (Calcium oxide) 

Effectively, the investigations on the formation of Ca-based tribofilms in literature are very 

restricted. Due to the very low detected ratios of fluorine and silicon CaF2 and CaSiO3 may 

be excluded from the list of possible compounds formed. Calcium pyrophosphate (Ca2P2O7) 

is classified to the group of “white solid lubricants” and is mostly used as tribological addi-

tion to composite materials on the basis of iron [Wäs89] [Dah06]. According to high resolu-
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tion XPS recording of calcium area the presence of calcium pyrophosphate might be con-

ceivable, but literature did not report such tribofilm formation from engine oil. Yu et al. inves-

tigated the wear behavior and a possible tribofilm formation of silane-based antiwear addi-

tives [Yu11]. In most cases overbased calcium detergents are added to engine oils such as 

the VP1 used. Past investigations of Wan showed indeed the formation of CaCO3 layer 

[Wan02]. The most likely scenario of the tribofilm formation is the interaction of the steel 

surface with overbased sulfonate structures. Kubo et al. proposed a model of boundary film 

formation on DLC and steel surfaces by calcium sulfonates [Kub07]. 

1st step: Formation of Fe and CaO-containing film on the steel surface by 

tribochemical reaction of iron oxide with calcium carbonate. Transfer of 

the film onto the DLC surface simultaneously. 

2nd step: Accumulation of CaCO3 and decreasing iron content. 

3rd step: Reaction of calcium carbonate in the additive forms the boundary film 

composed of CaO and CaCO3.  

Moreover, signs of sodium residuals on the uncoated V300 steel surface and DLC surface 

are detectable (approximately 1.0 at.-% on V300 surface, see Figure 4-23 and Figure 4-24). 

The most known and widely applied ZDDP additives forming for example protective zinc 

(poly)phosphate layers cannot be found on the bright steel surface as well as on the 

BMW 11 DLC surface.  

Observations inside the wear track by AES (PHI-700 ULVAC-PHI), shown in Figure 4-25, 

were performed to confirm the analysis results of EDX and XPS measurements. This exam-

ination of 10 x 10 µm areas included four surfaces to analyze. BMW 11 and Zr(C,N) as 

coated test samples run under the aforementioned conditions (cf. paragraph 4.2.2) against 

uncoated V300 samples. Chemical elements such as carbon, oxygen, sulphur and calcium 

could be found as well as small amount of sodium especially on the blank steel surfaces. As 

already stated by XPS analysis, AES spectroscopy supports once more the thesis of a Ca-

based tribofilm. The assumption that a DLC coating offers a wider chemical inertness was 

also confirmed.  
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Figure 4-24: XPS spectrum of uncoated V300 inside the wear track after 10 million load cycles at 
P0mean = 2.5 GPa and 120°C in VP1 

 

 

Figure 4-25: AES spectra of the pairings BMW 11/V300 and Zr(C,N)/V300 taken inside the wear track 
after tests in VP1 at 120°C and P0mean = 2.5 GPa (600,000 load cycles) 



Experimental results 

75 
 

4.3 Structural XRD results 
The structural compositions as well as residual stress depth profiles were examined using 

XRD measurements methods. In-depth dissolved XRD analysis of the residual stress pro-

files were conducted in accordance to the sin²-method. This analysis method is based on 

the determination of phase-specific planes in the atomic lattice for different sample tilt angle 

. Due to the functional interrelationship , = (sin2), it is possible to evaluate the residu-

al stress values  respectively (11 + 22) by linear regression as slope of the regression 

line from equation 4.2 and 4.3.  

)(,22
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CoK-radiation (= 0.17890070 nm) on the 211-peak of ferrite was used in combination 

with K–filter in the symmetric -2-mode. On the primary side a 2mm²-round collimator 

was applied. Furthermore, on the secondary side, a vertical Soller slit as well as a scintilla-

tion detector were used. For quantification of residual stresses taking place parallel to the 

surface, the angular range of 97.5° to 102° was passed trough in 0.1° steps (measurement 

duration 5 s per step). Hereby, the tilt angles  were ±63.435°, ±50.768°, ±39.232°, 26.565° 

and 0°. The residual stresses were specified for rotation angle  of 180° (axial direction 

transversally to the wear track) and 270° (circumferential direction along the wear track). In 

order to generate a depth profile after each residual stress measurement material of ap-

proximately 100 µm from the surface was electrolytically removed. 

In this way the steels V300, NC310YW and CSS-42L were measured and calculated at the 

initial state of the materials, after slip-rolling tests at P0mean = 1.94 GPa and 2.5 GPa and 10 

million load cycles (NC310YW at 2.5 GPa analyzed after failure and 1.26 million load cy-

cles). 

4.3.1 X-ray diffraction profile of V300, NC310YW and CSS-42L 

As previously mentioned, the structures of V300, NC310YW and CSS-42L were examined 

with XRD. The corresponding CoK-2-diagrams using the Bragg-Brentano configuration 

are displayed in Figure 4-26. The peak positions detected were compared with diffractions 

data stored in a data base included within the measuring arrangement. The diffraction re-

sults of V300 correspond to the XRD retained austenite measurements whereas only 2.5 % 

retained austenite could be found. The overview diffractogram of V300 revealed the typical 

ferritic peak position with the pre-dominant ferrite peak (110). In a different connection syn-

chrotron beamline (MAXIM) measurements at DESY of (200) ferrite peak will be discussed 

later in this context (paragraph 4.4.3). Considering the measurement results of NC310YW, 

it can be found that aside from ferritic structures also a detectable amount of austenite 
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exists. The aforementioned XRD analysis resulted in a 5.2% content of retained austenite. 

The evaluation of the measurement result concerning NC310YW revealed a diffraction 

profile of a cubic compound Fe Cr0.29 Ni0.16 C0.06 which is similar to retained austenite 

on microstructure. In literature, insignificant amounts of M23C6 carbides were found in the 

structure of CSS-42L [Het08]. A very good correlation of the data base peak profile and the 

measured profile of Cr23C6 carbides could be found by this analysis. Effectively, all spectra 

did not show any inexplicable 2-peaks. Since Scherrer discovered the relationship be-

tween the widths of X-ray diffraction peaks and the crystallite size in 1918, the grain sizes of 

cubic structures can be evaluated by the following equation [Sch18]: 

hkl
hkl B
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D
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


                 (4.4) 

 

Figure 4-26: X-ray diffraction spectrum of a) V300, b) NC310YW and c) CSS-42L with CoK-radiation 

 

Knowing the values of the wave length of CoK, the FWHM value B of the diffraction peak 

and the peak position it is possible to determine the grain size D of fine structures (not 

applicable to grains larger than 100 nm). The factor K, called Scherrer constant, depends 
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on how the width is determined, the shape of the crystal and the size distribution. For cubic 

symmetry a K-factor of 0.94 is commonly used. A broader X-ray peak indicates small crys-

tallite sizes. Applying the Scherrer equation (4.4), the evaluated average grain sizes for 

V300 are between 4 nm at (110)-peak and 7 nm at (200)-peak and for NC310YW in the 

range of 3 nm at (110)-peak to 5 nm at (200)-peak. The grain sizes of CSS-42L lie approx-

imately between 3 nm at (110)-peak and 8 nm at (200)-peak. 

4.3.2 Residual stresses in manufacturing state 

As mentioned in paragraph 2.2.1, residual stresses can be caused by manufacturing pro-

cesses as well as during the operating process. In order to clarify the stress conditions of 

the three alternative steels, a residual stress depth profile was taken. The stress profiles in 

the manufacturing state were observed immediately after polishing as the last step of ma-

chining. The resulting depth profiles of the XRD measurements are presented in Figure 

4-27 (V300, NC310YW and CSS-42L). 

It can be assumed that all detected profiles of untested steels offered compressive residual 

stresses up to 1,100 MPa (CSS-42L) due to the machining processes after heat treatment 

in axial and circumference measurement direction. The compressive stress values of 

CSS-42L are the highest compared to V300 and NC310YW. The analysis of this sample did 

not show the appearance of internal tensile stresses up to a measurement depth of 900 µm. 

With a case depth of approximately 1,000 µm, the residual stress profiles were restricted to 

the area affected by the case carburization process. At a depth of ~150 µm, in case of V300 

and NC310YW, compressive residual stresses pass over to tensile residual stresses. Ac-

cording to the investigations of Schlicht et al. [Sch88], the residual stress course of V300 is 

consistent with a recorded residual stress course of bainitic steel whereas NC310YW is 

sufficient conform with martensitic structures (compare Figure 2-6 left and Figure 4-27). 
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Figure 4-27: Hardness and residual stress depth profiles and corresponding FWHM values at  = 0° 
and ± 63.435° measured with sin²-method in the initial unstressed state of V300, NC310YW and 
CSS-42L 
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Each diffraction peak has characteristic dimensions which can be used to derive physical 

properties, i.e. crystallite size and microstrain (residual stresses type III17). The FWHM is 

the width of the diffraction peak at half height of the net intensity [Spi09]. It is often ob-

served that residual stresses and the FWHM values are correlated in the case of plastically 

deformed and also in mechanically surface treated metals [Hau97]. Furthermore, by means 

of the observed peak profile and thus also by the FWHM values, the contribution of different 

factors can be discussed. The following selection shows a list of factors contributing to the 

observed X-ray diffraction peak profile: [Gen12] [Spe12] 

 Instrumental peak profile 

 Plastic deformation (Plastic deformation ↑  Diffraction peak width ↓) 

 Crystallite size (Crystallite size ↓  Diffraction peak width ↑) 

 Microstrain (Microstrain ↑  Diffraction peak width ↑) 

• Non-uniform lattice distortion 

• Faulting 

• Dislocations (Dislocation density ↑  Diffraction peak width ↑) 

• Antiphase domain boundaries 

• Grain surface relaxation 

 Solid solution inhomogenity     ↑: increase 

 Temperature factors      ↓: decrease 

Pešička et al. showed in an investigation on the evolution of dislocation density during heat 

treatment and creep of martensitic ferritic steels that with a high dislocation density a 

broadening of the XRD peak occurred whereas a decrease in dislocation density caused a 

sharpening effect of the peaks [Peš03].   

Therefore, the FWHM profiles were fitted at tilt angles of  = 0° and ±63.435° are addition-

ally given in Figure 4-27. With regard to the correlation of residual stresses and FWHM the 

FWHM values plotted of V300 and NC310YW show an expected, typical curve characteris-

tic. In areas of increased residual stresses, the FWHM values are decreased. Looking at 

the FWHM curves of CSS-42L, distinct differences between both measurement directions 

can be observed. A possible influence of the Cr23C6-carbides detected on the results should 

be noted in this consideration. 

4.3.3 Residual stresses after tribological tests at P0mean = 1.94 GPa 

The residual stress profiles of V300, NC310YW and CSS-42L were examined under the 

same analytical conditions as in the initial state of the steel samples. Previous tribological 

tests were conducted at Hertzian contact pressures of P0mean = 1.94 GPa for 10 million load 

cycles in VP1 at 120°C. All samples observed show compressive residual stress which are 

commonly reported for steels in rolling contacts (see Figure 4-28). As in case of the initial 

state, the maximum of residual stresses is situated directly under the surface varying be-

                                                           
17 Type III stresses exist inside a grain as result of crystal imperfections within the grain  
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tween -300 MPa (V300) up to -1,000 MPa (NC310YW and CSS-42L). All steels tend to 

display lower residual stresses in the circumference as in the axial measurement direction. 

A further maximum of compressive strain can be observed in the area of depth position of 

maximum shear stress max. This approximate depth position is illustrated within the dia-

grams by a red vertical bar (-362 µm at P0mean = 1.94 GPa). This is particularly evident con-

sidering the profile of V300 in Figure 4-28. 

On the contrary, CSS-42L did not reveal a typical residual stress curve after testing the 

sample in rolling contact. The second maximum was considerably shifted towards the bulk 

material between 800 and 900 µm from the surface. The origin of this displacement seems 

to be the case carburized zone with higher hardness (800 HV) values in comparison to the 

core area and the other investigated materials. Due to the protective effect of the carburized 

layer against rolling contact fatigue, the course of the residual stress in CSS-42L can be 

discussed. The FWHM profiles at both tilt angles of CSS-42L were obtained as more equal 

than in the initial state analysis.  

Concerning the FWHM values after rolling stress in comparison to the manufacturing state, 

no clear trend to higher FWHM values appeared. This means, the effects of increasing 

dislocation density, microstrain or decreasing crystallite did not contribute to a broadening 

of the peak profiles after cyclic loading with Hertzian contact pressures of 1.94 GPa. 
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Figure 4-28: Hardness and residual stress depth profiles and corresponding FWHM values at  = 0° 
and ± 63.435° measured with sin²-method in the initial unstressed state of V300, NC310YW and 
CSS-42L after tribological tests at P0mean = 1.94 GPa 
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4.3.4 Residual stresses after tribological tests at P0mean = 2.5 GPa 

Since the severest tribological tests at this time for uncoated steel samples are performed 

for 10 million load cycles at 120°C and P0mean = 2.5 GPa, the steel samples were also in-

vestigated concerning their residual stresses. In case of the steel NC310YW the demands 

were not bearable for the material so that the surface showed a strongly destroyed surface 

after relatively short testing time. The test was aborted after 1.26 million load cycles. Never-

theless, the sample failed was investigated by means of XRD as well as the other two 

steels reaching 10 million load cycles without failure occurrences. 

Figure 4-29 demonstrates that the residual stress curves of V300 and NC310YW are clearly 

shaped in the area of highest shear stress values. Concerning the sample of V300 a mild 

increase could be detected of compressive residual stresses to -600 MPa. With increasing 

depth these compressive stresses pass into tensile residual stresses (at 1,000 µm). Due to 

the failure of NC310YW, very strong compressive residual stresses could be found. In case 

of V300, a change became clear of the FWHM as well as NC310YW at both tilt angles at 

 = 0°. This modification is caused by plastic deformations of the steel structures, which 

lead to a reduction of FWHM values. However, plastic deformations in V300 matrix can be 

comprehended only in partial areas of this steel. 

The residual stress and FWHM curves of CSS-42L are hard to interpret just as in the initial 

state and after testing at 1.94 GPa (cf. Figure 4-29). Offering a FWHM after the test at 1.94 

GPa of approximately 1.1 only a small change of FWHM after testing at the higher load 

stage of 2.5 GPa could be observed in case of steel V300.  

Comparing this result with the NC310YW diffraction peak widths (~ 1.8 at 1.94 GPa) it can 

be assumed that the influences of higher microstrains within the NC310YW grains could 

cause the different material behaviors under load conditions. Furthermore in their initial 

states, it is clearly visible that the steel NC310YW shows a broader diffraction peak than 

V300 (see Figure 4-27). Therefore it is evident that NC310YW reveals a higher dislocation 

density before tribological testing which negatively impact the slip-rolling resistance at high 

loads. The formation of a maximum of compressive residual stresses at 465 µm could be 

observed as well as an apparently fundamental influence of existing carbides on the X-ray 

diffraction results.      
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Figure 4-29: Hardness and residual stress depth profiles and corresponding FWHM values at  = 0° 
and ± 63.435° measured with sin²-method in the initial unstressed state of V300 (left) and NC310YW 
(right, failure at 1.26 million load cycles)  after tribological tests at P0mean =  2.5 GPa 
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4.4 Structural analysis of cross sections after tests 
Observations along the cross section were undertaken on mainly uncoated V300 and 

NC310YW steel samples by use of different techniques of microscopy. The aim of this 

analysis was to identify reasons for the good slip-rolling resistance of V300 and the failure 

of NC310YW despite the fact that both steels are nearly of similar chemical composition. 

Parts of this structural analysis especially in the manufacturing state were already men-

tioned in paragraph 3.1.3. The attention is now focused on structural changes due to slip-

rolling.     

4.4.1 Microscopic overview of steel structures and hardness 

With optical microscopic images of the steel structures, no conspicuousness could be ob-

served after the heat treatment. Due to literature reports of structural changes during rolling 

conditions, such as white etching and dark etching phenomena, the steel were investigated 

with regard to the structures of stressed areas and hardness depth profiles in cross section. 

Samples were examined after tribological tests at P0mean = 1.94 GPa and 2.5 GPa. 

By etching the cross sections of V300 and NC310YW with Nital before the microscopic 

examination, bright and dark looking areas became visible directly underneath the wear 

track. Within the microscopic images these areas and the bright and dark etching phenom-

ena could be revealed, see Figure 4-30. These areas are stretched semicircular underneath 

the wear track with a broadening which is comparable to the wear track width. Extending 

from the surface into a depth of 490 µm (V300) respectively 400 µm (NC310YW), the posi-

tion of the maximum shear stress was also included. Even with higher optical magnifica-

tions, the structural constitution cannot be resolved exactly.    

 

Figure 4-30: Optical micrograph taken from a) V300 and b) NC310YW cross sections after slip-rolling 
tests at P0mean = 1.94 GPa (scale: 500 µm) 
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An indication on structural changes can be found by considering the hardness depth pro-

files through the areas of interest in comparison to the values of an unstressed sample 

(considered in Figure 4-31). Anyway, the hardness profile of V300 after 10 million load 

cycles confirms that up to a depth of 550 µm an increase of the hardness values can be 

registered. The maximum of 610 HV is well above the average value of 520 HV in the initial 

state. Reasonable for this hardness increase within the stressed area can be a dislocation 

hardening of the material. Due to plastical deformation of ductile metals, the material be-

comes harder and stronger. The dislocation or strain hardening phenomenon can be ex-

plained on the basis of dislocation strain field interactions. Within a deformed metal, the 

dislocation density increases with the grade of deformation or cold work, due to dislocation 

multiplication or the formation of new dislocations. As result of increasing dislocation densi-

ty, the resistance to dislocation motion becomes more pronounced. [Cal07] 

In the case of NC310YW, which from the outset has higher hardness values, an increase of 

approximately 20 HV can be detected. Thereby, it can be concluded that the strain harden-

ing effect is not so distinct in this steel grade. The hardness depth profile of CSS-42L of-

fered no significant difference of the values measured after test at 1.94 GPa compared to 

its initial state between 700 and 800 HV. 

 

Figure 4-31: Comparison of hardness depth profiles of unstressed and under 1.94 GPa tested V300 
(left) and NC310YW (right) test samples 

 

In the light of the stringent test conditions at Hertzian contact pressures of 2.5 GPa, the 

aforementioned hardening effect was observed in both steels, V300 and NC310YW. There-

fore, not only the hardness depth profiles but also the Hardness values parallel to the sur-

face were plotted in Figure 4-32. The measurement of the parallel profile was performed 

from left to right in a depth of 250 µm. V300 presented a particularly marked hardness 

curve in area stressed by contact pressure. This shaping correlates with the wear track 

width of 2,300 µm. With regard to the sample of NC310YW it is to be noted that the 

tribological test was interrupted after 1.26 million load cycles. By the failure of this sample, 

the strain hardening effect is not so clearly visible but by means of the depth profiles identi-
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fiable. However, the hardness decrease of CSS-42L in the depth course can be attributed 

to the transition of the carburized core into the martensitic case structure. 

 

 

Figure 4-32: Hardness profiles of V300, NC310YW and CSS-42L measured in the depth profiles and 
parallel to the surface directly underneath the wear track after testing at 2.5 GPa (scale: 500 µm) 

  

Using optical microscopy, structural characterizations of the strain hardened sections could 

be conducted only to a limited extend. Fine structural constituents especially cementite, 

silicides or bainitic microstructures are more precise and easier detectable by scanning 

electron microscopic methods. 

4.4.2 Further structural investigations (SEM, FIB/ TEM) 

Further SEM/EDX and FIB/TEM investigations present a structural comparison of the two 

steels V300 and NC310YW as well as a comparison of stressed and unstressed bulk mate-

rial of both materials. The different strain hardening behaviors (confer paragraph 4.4.1) of 

V300 and NC310YW suggest that a specific difference exists. 

In the first structural overview of the unstressed material both samples displayed a mainly 

martensitic structure, more precisely of lath martensite (cf. Figure 4-33). Lath martensite is 
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typical for low-carbon steels (C < 0.4 wt.-%) and is composed of bundles of parallel ar-

ranged lathlike martensite crystals. The length dimension of these laths reaches up to a few 

µm whereas the width lies between 0.1 and 0.5 µm [Läp06]. In Figure 4-33 d the former 

austenite grain boundaries are well recognizable (orange arrows). Comparing the structures 

of both steel grades, NC310YW revealed a finer microstructure. Moreover, the dark areas in 

the V300 matrix, along former grain boundaries, were firstly indicated as ferrite (-Fe). Due 

to these ferritic grains, the microstructure of V300 the average grain size is larger and 

above all less uniform as in case of NC310YW.  

 

Figure 4-33: SEM overview in cross section taken from unstressed V300, images a) and b), and 
NC310YW, images c) and d), microstructures (scale: a) 3 µm, b),c) 1 µm and d) 300 nm) 

 

According to the researches of Callister [Cal07] and the technical steel research of Zajac et 

al. [Zaj05], the ferritic grains showed a great similarity to bainitic microstructures. The effect 

of silicon contents in steels on bainite formation was previously reported in paragraph 0. 

Now, it is important to classify these structures either as martensite/ferrite or bainite. A 

review of all morphologies identified as bainitic structures is given in Table 4-2. The expo-

sure of obviously small differences in microstructure and phase mixtures is possible to 

resolve by modern analysis methods. In literature five morphologies of bainite had been 

recognized: granular bainite, upper bainite, degenerated upper bainite, lower lath-bainite 

and lower plate-like bainite. With regard to [Oht90], bainite is classified and divided into the 

morphology of ferrite and the type as well as distribution of second phase. Nowadays, the 

production of high-strength steels is performed by quenching processes, moderate cooling 
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and normalizing which lead to a steel microstructure composed of various kinds of trans-

formation products such as martensite, ferrite and even bainite [Oht90].      

Table 4-2: Schematic representation of different bainite morphologies according [Zaj05], [Miy11], 
[Miy11-2] and [Tak12]  

Classification Shape Morphology 
Precipitation site of 

Fe3C 
Bainite structure 

Granular 
Bainite (GB) 

granular

Irregular ferrite 
with martensite 
Second phase 
can be pearlite or 
bainite 

No precipitation  

 

Upper Bainite 
(UB) 

lath 
Lath-like ferrite 
with cementite on 
lath boundaries 

Precipitation at the 
grain interface   

 

Degenerated 
Upper Bainite 
(DUB) 

lath 

Lath-like ferrite 
wit martensite on 
lath boundaries. 
Second phase 
can be pearlite or 
bainite 

No precipitation 

 

Lower Lath 
Bainite (LLB) lath 

Lath-like ferrite 
with cementite 
inside the ferrite 
laths 

Precipitation inside 
the laths  

 

Lower Plate-
like Bainite 
(LPB) 

plate 

Plate-like ferrite 
with cementite 
inside the ferrite 
plates 

Precipitation inside 
the grains 

 

Lath Marten-
site (ML) 

lath 
Tempered lath 
martensite 

Precipitation inside 
the laths 
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Thus, the identification of these fine microstructures becomes very difficult. Läpple as well 

voices the opinion of nearly equal martensite and lower bainite appearances. Typical for 

lower bainite is the precipitation of long shaped Fe3C crystals within the ferrite plates under 

distinct angles of 50° up to 60° to the main axis of ferrite. In contrast, upper bainite is com-

posed of bainitic ferrite arranged side by side in bundles. Between ferrite plates long 

shaped Fe3C carbides are precipitated. [Läp06] 

If the structures found by SEM observations inside the microstructure of V300 and 

NC310YW are of bainitic origin (Lower Plate-like Bainite), Fe3C carbides as well as higher 

carbon contents will be verifiable. Therefore local EDX spectra of selected ferritic plates 

were taken and analyzed in view of the contained carbon. The measurement points are 

illustrated in Figure 4-34 b. Figure 4-34 demonstrates the comparison of bainitic structure 

given by Callister [Cal07] and V300 microstructure. An arrangement of Fe3C in 50° up to 

60° angles to the ferritic matrix is indistinguishable in the image of Callister (Figure 4-34 a).    

 

Figure 4-34: a) Transmission electron micrograph of bainitic structure (combination of cementite and 
ferrite)  according Callister [Cal07] and b) SEM image of V300 microstructure with EDX measurment 
positions Pt1 to Pt5 (scale: a) 1 µm and b) 200 nm) 

 

The percentage of carbon mass on the total Fe3C mass is data 6.69 % due to literature 

[Läp06]. The results of EDX analysis showed in Table 4-3 revealed more or less equally 

distributed carbon contents.  

Table 4-3: Carbon content of analyzing points Pt1 - Pt5 in V300 microstructure by EDX (wt-%) 

 Pt1 Pt2 Pt3 Pt4 Pt5 
Carbon  content [wt-%] 1.26 1.09 1.83 1.48 1.56 

 

Therefore, it can be concluded that the individually measured points represent no carbide 

structures. However, due to the higher silicon contents, the precipitation of iron carbides is 

partially prevented [Bha79] and as a result Fe3C structures are of very small sizes. Even in 

the case of NC310YW, higher carbon contents of distinct areas could not be detected.   
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SEM investigations of microstructure areas stressed in slip-rolling tests at P0mean = 2.5 GPa 

offered an obvious change in the microstructure. Big ferritic plates found previously in the 

initial state in V300 matrix are not traceable due to slip-rolling influences. Furthermore, with 

the increase of hardness in stressed area, a microstructure refinement is associated with 

the slip-rolling influence (compare Figure 4-33 and Figure 4-35). On the other hand 

NC310YW offered a reinforcement of microstructure refinement. Figure 4-35 b shows the 

directly stressed and cracked area including a crack parallel to the surface in a depth posi-

tion of approximately 12 µm. The structure above the crack is comparable to a cold worked 

microstructure with a preferential rolling direction.  

 
Figure 4-35: SEM images underneath the wear track after tribological tests at 2.5 GPa of a) V300 and 
b) NC310YW (scale: 1 µm) 

 

Clearer information about the structural composition of both steels will come from FIB/TEM 

analysis. These further analysis started by using Focused Ion Beam (FIB) for cross section 

imaging in the resulting groove and for further processing in TEM lamellae. Their prepara-

tions were conducted by focused ion beam technique in combination with in-situ lift-out 

method in the BAM working group “Materialography, Fractography and Ageing of Engineer-

ing Materials” of Dr. W. Österele. In the same manner, a structural comparison of both 

steels (V300 and NC310YW) as well as the unstressed and stressed state 

(P0mean = 1.94 GPa for 10 million load cycles) was performed by means of FIB milling (only 

V300 is presented) and TEM. The illustrations in Figure 4-36 show cross sectional profiles 

of V300 in unstressed and stressed structure area carried out by FIB. Without any doubt, a 

structure refinement is distinct particular visible comparing the FIB grooves in Figure 4-36 c 

and d. Here, the grain boundary of former austenite grains are on the one hand identifiable 

and in stressed state no more detectable. Ferrite grains in the non-deformed area are par-

ticularly of sizes up to 5 µm. An additional characteristic is a fine needle-shaped texture of 

different orientation systems. 
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Figure 4-36: SEM pictures and FIB cross sections of a) V300 bulk structure and b) observed structure 
underneath the wear track (scale: a), b) 20 µm and c), d) 5 µm) 

 

Considering the TEM cross section overview, unstressed and non-deformed V300 structure 

areas exhibit two characteristic areas (cf. Figure 4-37). The dark contrasted area is on the 

hand conform to the presence of uniformly orientated ferrite grains in [011]-orientation and 

on the other hand consistent to form and dimensions of dark grey areas shown in FIB-

images. According to SAED (selected area electron diffraction) pattern, the brighter grey 

area surrounding the ferritic plates corresponds to lath martensite in the same orientation 

but with weak additional reflections of g = n/3 (211) type (see left image in Figure 4-37). 

Due to low content of dissolved carbon and tempering treatment (precipitation of iron car-

bides), the martensite included reveals the same crystal structure as ferrite (-Fe).  
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Figure 4-37: Selected area electron diffraction pattern taken from V300 TEM overview image including 
characteristic orientations (scale: 500 nm) 

 

On contrary in Figure 4-38 a, TEM picture and the corresponding SAED pattern are 

shownof stressed V300 microstructure (area of increased hardness after slip-rolling under 

P0mean = 1.94 GPa) including lath martensite in [001]-orientation. Ferrite could not be 

observed in the same extent found in the unstressed V300 microstucture. In addition to 

martinsite, weak reflections can be detected related to carbide structures of Fe3C. The low 

intensitiy in dark field imaging suggests that the carbides which are of very small 

dimensions. It can be assumed that different variants of austenite-ferrite-tranformation 

processes occurred in alternating laths. An overlapping of different crystal orientations is not 

recognizable within the diffraction image. Due to rolling contact stress and combined partial 

plastic deformation, small arcs of -Fe reflections became visible (contiously changing in 

orientation inside the bent volume).   

 

Figure 4-38: TEM overview of stressed V300 lath martensitic microstructure (area of hardness in-
crease) and corresponding SAED pattern (scale: 50 nm) 
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It seems that, areas of granular bainite arised (Figure 4-39 a and b) in the heat treatment 

during the cooling stage before martensitic formation. This behavior is similar to ferrite 

grains formed at former austenite grain boundaries. Further diffraction analysis showed the 

presence of intensive a-Fe reflections and weak circular reflections of Fe3C (012) and (210). 

The diameter of the iron carbides in (012)-direction was found to be 0.281 nm whereas 

(210)-direction revealed diameters of 0.207 nm. Even the micro twins detected are sur-

rounded by granular bainite. 

 

Figure 4-39: TEM and SAED images of granular bainitc structures (a, b) found in stressed V300 
microstructure and micro twins within the ferrite structure in [011] orientation (c, d) (scale: a) 500 nm, c) 
200 nm) 

 

The structure of NC310YW presented in Figure 4-40, taken at the same magnification as 

V300 shown in Figure 4-37, is. The main characteristics of the area captured are a great 

variety of lath orientations and no detectable ferrite plates along former austenite grains. It 

can be distinguished from V300 microstructure that no granular bainite is detectable. How-

ever, diffraction pattern of NC310YW revealed the same microstructural features as V300. 

Additional reflections of g = n/3 (211) and the respective diffraction pattern are recogniza-

ble. Interpreting the SAED diffraction image in Figure 4-40, laths of alternating transfor-

mation variations can be observed. Light reflections marked by yellow arrows in Figure 4-40 

suggest that Fe3C-carbide in (110) and (112) directions are present. The grain sizes were 

found to be 0.338 nm (110) and 0.239 nm (112). Considering the SAED interpretation of 

NC310YW twin relations can be observed as well as overlapping of different ferrite orienta-

tions. In Figure 4-40 particular the overlapping is reported of two [110] areas turned with an 

angle of 70° against each other. The structural investigation has also established that no 

residual austenite exists in the area analyzed.  
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Figure 4-40: Selected area electron diffraction pattern taken from NC310YW TEM overview image 
including the interpretation of one lath colony diffraction pattern (scale: 500 nm) 

 

Concluding FIB/TEM and SAED investigations of the steel grades V300 and NC310YW, 

shared structural features but mainly differences are recognizable. Both steels revealed a 

martensitic lath structure with alternating twin orientations due to different transformation 

variants described by Kurdjumow-Sachs [Kur30]. The laths offered in principle a high densi-

ty of dislocations, but contain carbide precipitations as well (tempered microstructure). This 

kind of structure is caused by quenching and annealing or is due to isothermal transfor-

mation within the bainitic stage. In both cases, contents of residual austenite were not de-

tectable. 

The structural considerations of both steel microstructures are gathered in the following 

points: 

 Whilst the structure of NC310YW consists mainly of laths with homogeneous fine 

grain sizes, the structure of V300 additionally contains low amounts of ferrite and 

granular bainite. Due to this fact, the grains of V300 are larger and less homoge-

neous in size. The slip-rolling motion induces a deformation of ferritc structures by 

means of twin formation. 

 The formation of ferrite in V300 along former austenite grain boundaries appears 

to already existing structures before bainitic and martensitic transformation started. 

 Assuming that the heat treatment of both steels is almost the same (see Figure 

3-2: Schematic heat treatment curve of the 100Cr6H, Cronidur 30, V300, 

NC310YW and CSS-42L materials) the change in transformation behavior could 

alternatively be explained by the slightly different chemical composition. An in-

crease of silicon, chromium and molybdenum contents lead to a stabilization of fer-

rite which results in an increase of ferrite during the cooling process. It can be con-
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cluded that higher content of nickel in NC310YW stabilizes austenitic structures 

and thus the effect of ferrite stabilization was overcompensated. 

 The high hardness with simultaneous high ductility of NC310YW can be ascribed 

by the very fine and homogeneous lath-like structure. Due to higher silicon con-

tents the diffusion of carbon is restricted so that the precipitation of Fe3C has not 

progressed as far as in case of V300. Even the stability of the lath structure during 

tempering can be described in this way. The hardness increase of V300 within the 

stressed area correlates with the formation of micro-twins inside the ferrite grains. 

Assuming this fact and the lower dislocation density V300 reveals a still higher so-

lidification potential. 

 With the absence of retained austenite in both structures even on nanoscale, the 

presence of NANOBAIN, reported by Caballero in [Cab11], can be excluded. 

NANOBAIN transforms at low temperature (125 – 350°C) which leads to 

nanoscale microstructures consisting of nanoscale (20 – 60 nm) crystals of bainitic 

ferrite (), retained austenite () and some martensite. The silicon content, which is 

comparable amount for V300 and NC310YW, suppresses the precipitation of brit-

tle cementite during bainite formation. Hence, this should lead to an improvement 

in toughness.    

Interesting for the structural consideration is the distribution of silicon within the steel matrix. 

With the help of EDX element mapping and images at a large magnification, the silicon 

distribution in V300 and NC310YW could be revealed (cf. Figure 4-41). Clearly visible is the 

very fine arrangement of silicon in both steels. It might be argued that the silicon atoms 

substituted relatively homogeneous the iron atoms within the bcc-lattice despite of their 

larger atomic radius of 1.18 Å compared to carbon 0.71 Å (specified in detail in paragraph 

2.3). 

 

Figure 4-41: Silicon distribution in structure of a) V300 and b) NC310YW observed by means of 
SEM/EDX measurements 

 

Using TEM observation in combination with an EDX system, a closer look at the silicon 

content at ten characteristic points in NC310YW matrix is presented in Figure 4-42. Not 
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considering Point 4 and 5, which were detected as aluminum and copper foreign particles, 

the silicon contents complies with the nominal composition (according to the measurement 

uncertainty). Hence the fine silicon distribution observed by means of EDX could be con-

firmed. Formations of silicon-enriched zones at the interface between ferrite and cementite 

phases, as described in [Cha84], were not detectable with both analysis methods.  

 

Figure 4-42: Quantitative EDX-analysis of characteristic TEM points in NC310YW steel matrix and the 
corresponding content results (scale: 1 µm) 

4.4.3 cm/am ratio and soluted carbon content in V300 and NC310YW 

It is well known that martensite has a body centered tetragonal structure. In order to denote 

the tetragonal distortion of martensitic structures the ratio cm/am can be evaluated by means 

of synchrotron X-ray radiation. The distortion of the martensite lattice is induced by dis-

solved carbon atoms. Therefore, the 200 reflection peak of martensite was chosen to obtain 

the cm/am ratio in the steels V300 and NC310YW. The parameters of the measurements at 

Beamline MAXIM at DESY (Hamburg) are given in Table 4-4.  

Table 4-4: Parameters of synchrotron X-ray measurements at DESY (Hamburg) of the steels V300 and 
NC310YW 

Parameters Values 
 0.179021 nm 

2 74° - 80° 

2 0.01° 

 0° 

t2 ~ 5 s 

reflex Fe 200 

 2/2 

 2/2 

 
collimator 9.0 x 2.0 mm² 

 

Since martensite has a tetragonal structure, the 200 reflection peak has an asymmetric 

shape. Using Voigt functions the diffraction reflex can be separated into two reflection 

curves. After fitting the curves the 2-value of each reflection can be used to apply Bragg’s 
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law [Bra13]. Thus the lattice spacings cm and am could be determined. The parameters cm 

and am can be quantitatively evaluated with the following equations [Vöh77]: 

Cwtam %.013.08668.2       (4.5) 

Cwtcm %.116.08668.2      (4.6) 

Cwtac mm %.046.01/      (4.7) 

In martensite transformation, the dissolved carbon induces a lattice distortion in order to 

produce a body centered tetragonal structure whose cm/am ratio increases, if the carbon 

content increases [Wan02-2]. The 200 reflections of V300 and NC310YW are presented in 

Figure 4-43. Considering the profiles it can be argued that under the assumption of a te-

tragonal distorted lattice, no deviations from the adjusted profile are detectable. The lattice 

measured offered only a slight tetragonal distortion. 

 

Figure 4-43: 200 reflex diffractogram of the steels V300 and NC310YW including the fitted tetragonal 
distorted diffraction profile 
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According to the correlation between cm/am ratio and the soluted carbon content revealed 

by the Vöhringer equations (4.5 – 4.7) [Vöh77], the soluted carbon content in both steels 

was calculated. The evaluated values of the cm/am ratio and dissolved carbon can be found 

in Table 4-5. It becomes visible that the content of dissolved carbon in NC310YW with 

0.069 wt.-% is higher than in comparison to V300 with 0.032 wt.-%. According to Kurdjumov 

et al., the tetragonality of NC310YW is greater due to the higher content of dissolved car-

bon [Kur75].   

Table 4-5: Results of the calculated cm/am ratio and dissolved carbon content of the steels V300 and 
NC310YW 

V300 NC310YW 
cm/am wt.-% Carbon cm/am wt.-% Carbon 
1.0015 0.032 1.0032 0.069 

 

In general, tempering affects the structural behavior of martensitic steels. Cheng et al. 

[Che88] and Lucas et al. [Luc69] investigated the tempering behavior of iron-carbon mar-

tensite by means of dilatometric and calorimetric analysis. At least they found find different 

stages of structural changes during the tempering process of iron-carbon martensite. Each 

stage is accompanied either by an increase of the material volume or a volume contraction 

(cf. Figure 4-44 ). 

 

Figure 4-44: Dilatometer curves of different iron-carbon martensite steel grades showing the different 
stages of structural changes during tempering [Che88] 
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Due to the higher proportion of tetragonal distorted martensite and retained austenite in 

NC310YW two possible effects at higher operating or deposition temperature according 

Cheng and Lucas could occur: 

I. Transformation of tetragonal distorted martensite in cubic martensite at tempera-

tures between 80 and 200°C (stage 3 in Figure 4-44). This stage involves the pre-

cipitation of transition carbides (e/n carbide) leaving a ferrite matrix containing the 

segregated carbon atoms [Che88]. This process step leads to a volume contrac-

tion.  

II. Decomposition of retained austenite at temperatures between 240 and 320°C. 

This process causes a small volume increase. [Che88] 

Both effects could have a negative impact on the slip-rolling resistance of uncoated and 

coated steels operating at higher temperatures. Using oil heated up to a temperature of 

120°C in the slip-rolling endurance tests the residual content of tetragonal distorted marten-

site could be transformed into cubic martensite during the test leading to higher residual 

compressive stresses due to the volume contraction [Luc69]. The deposition of DLC coat-

ings for example at temperatures around 300°C could induce the decomposition of retained 

austenite during the coating process. Thus, the volume increase of the steel substrate ma-

terial could lead to unwanted stress states within the coating and reduced coating adhesion. 
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5 Discussion and tribological considerations 

In the present work, the slip-rolling resistances as well as the wear behavior of different 

materials and coatings were studied intensively. It could be proven that the choice of high 

toughness steels not only has positive aspects for the slip-rolling resistance, it also favors 

the interaction with the lubricant for low friction by the formation of tribo-reactive films in the 

case of V300. 

Table 5-1 sums up the properties of the newly applied steels V300, NC310YW and CSS-

42L revealed in tribological tests and structural analysis. Positive aspects are highlighted 

green and negative aspects red with regard to structural, mechanical and tribological prop-

erties. The special features are the high toughness and hardness values of these steels 

tested in the current research even at higher operating temperatures. As for Cronidur 30, 

the hardness of the high toughness steels tested remains stable until 300 °C and above, so 

the steels properties will not be affected by optional PVD or CVD coating processes. 

Considering the mechanical properties (hardness, toughness, strength) of the steels afore-

mentioned, it can be concluded that the slip-rolling resistance does depend on these prop-

erties in case of uncoated steels. The toughness as ability to absorb energy and plastic 

deformation without fracturing and crack growth allows withstanding high contact pressures 

applied in slip-rolling tests. Indeed, the slip-rolling resistance depends not only on the me-

chanical properties on its own. In the case of NC310YW, an adjustment of the heat treat-

ment to lower hardness values may favor the slip-rolling resistance due to lower initial dislo-

cation density. High dislocation or twin densities in the materials do not allow much scope to 

withstand high stresses by strain hardening effects. The higher dislocation density of 

NC310YW in comparison to V300 was revealed by means of XRD and FIB/TEM analysis as 

reported in section 4.4.2. 

 
Figure 5-1: Restriction of the slip-rolling resistance of a-C:H coatings due to plastic deformation and 
flow of steel substrates presented in a) 100Cr6H and b) Cronidur 30 tested at 1.94 GPa and compara-
tively c) the high slip-rolling resistant coating BMW 4 on CSS-42L tested at 2.5 GPa for 18 days (scale: 
a), b) 1 mm and c) 500 µm)   

 

A proper metallurgical adhesion of thin film coatings on the substrate surface is essential for 

highly loaded tribological system. This is achieved by deposition temperatures in the range 

of 300 and 400°C enabling the formation of a diffusion layer between substrate and coating. 

Moreover, it is for all substrates important that the deposition process does not affect the 

mechanical properties. Otherwise failures of the tribological system such as flaking of the 
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coating or plastic deformation of the substrate could occur as shown in Figure 5-1. Surface 

defects such as this revealed in former investigations [Spa05] could not be observed for the 

new steels in combination with DLC’s and Zr(C,N). Due to the high annealing temperatures 

of these steels, the process temperature had no influence on the mechanical properties. 

Furthermore, the ability is remarkable of the thin film coatings to withstand plastic defor-

mation of the substrate in a certain limit (illustrated in Figure 5-1).        

Table 5-1: Summary of the global structural and tribological profiles of the steels V300, NC310YW and 
CSS-42L observed in this work 
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The following chapters discuss the results revealed in the present work. As aforementioned, 

aspired goals such as reduction in friction and improved load carrying capacity should be 

achieved by different optimization approaches (see Figure 1-2). Therefore the influences of 

high toughness steels, thin film coatings and lubricants are considered in detail. Particularly, 

the tribological performance of alternative lubricants (polyglycols) is compared with the 

results achieved by using synthetic engine oil. 

5.1 Influence of alternative steels 
Considering the evolution of the coefficient of friction as function of the test duration (10 

million load cycles) in endurance tests conducted in the present work, the tribological bene-

fit of the alternative steels becomes clearly visible (see Figure 5-2). As test parameter, a 

contact pressure of P0mean = 1.5 GPa at 120°C lubricant temperature was chosen. In com-

parison to conventional bearing steel, such as 100Cr6H and Cronidur 30, the steel grade 

V300 could reduce the friction values by approximately 25 %. In order to confirm the test 

results of V300 the test was repeated under the same conditions. Consequently, the low 

friction values of V300 down to 0.05 could be reproduced. In the light of this comparison it 

may be concluded that a reduction of friction by an optimal choice of interacting materials 

could be achieved. With regard to different varying degrees of material interactions revealed 

the tribo-system could made more effective, compatible and consistent. Another interesting 

aspect in this view is that NC310YW compared with the conventional steels also offered a 

friction reduction, but not to the same degree as V300, although it has nearly an identically 

chemical composition.  

 

Figure 5-2: Evolution of the coefficient of friction over the test period of 10 million load cycles at 
P0mean = 1.5 GPa and T = 120°C in SAE 0W-30 VP1 oil 



Discussion and tribological considerations 

103 
 

Compared to the other steels V300 leads to a remarkable reduction in friction, which might 

be explained in two ways. The first possibility is the formation of tribo-reactive thin films 

(considered in paragraph 4.2) due to the contact pressure and presence of reactive oil 

additives. It would be conceivable that V300 offers a greater chemical affinity for the for-

mation of reactive thin films on the steel surface than the other steel grades. Analysis of the 

material surface after the formation of a tribo-reactive layer by means of SEM/EDX, XPS 

and AES did not clearly identify the chemical composition of the films (cf. chapter 4.2). 

Therefore, further characterization and consideration on the formation of tribo-reactive layer 

are necessary and will be conducted in future research. The second possibility for explain-

ing this test results is the formation of a nanocrystalline structure within the stressed area of 

V300. In industrial applications self-nanocrystallization is used to achieve increased me-

chanical properties of metallic surfaces. In order to achieve such structures, techniques are 

applied such as ultrasonic shot peening (USSP), high-energy shot peening (HESP) and 

surface mechanical attrition treatments (SMAT). Li et al. reported a markedly decrease in 

friction coefficients as well as wear mass loss associated with an increase of hardness up to 

a penetration depth of 5 µm and low grain sizes (between 10 and 20 nm) [Li10].  

Comparing the test results obtained with SAE 0W-30 VP1 to those of polybutylene glycol 

PBG B20, an indication is evident for the formation of tribo-reactive thin film on V300. In 

Figure 5-3 the friction values are plotted of five steels, each tested with the aforementioned 

PBG B20 oil over the test duration of 10 million load cycles. In this case, the friction coeffi-

cients of 100Cr6H, V300, NC310YW and even Cronidur 30 are nearly in the same range of 

0.06 and also comparable to the results of V300 lubricated with VP1. This result implies 

furthermore that PBG B20 offers a greater potential to decrease friction values independent 

from the steel choice, in contrast to VP1.  
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Figure 5-3: Evolution of the coefficient of friction over the test period of 10 million load cycles at 
P0mean = 1.5 GPa and T = 120°C in PBG B20 oil 

5.2 Influence of high performance thin film coatings 
As shown above, the frictional profile of tribological systems can be optimized by a suitable 

material choice for example the high toughness steel grade V300. Similar results can be 

obtained by applying a highly wear resistant and low friction DLC coating. Therefore, an 

endurance test series was conducted, with different a-C:H thin film coatings of the BMW 

Group in order to show the frictional potential of these coating types. The test series was 

separated into two parts. The first part included the material pairing uncoated steel (spheri-

cal disc) vs. DLC-coated steel (cylindrical disc). After finishing these tests, the second part 

followed comprising the DLC-coated steel (spherical disc) vs. DLC-coated steel (cylindrical 

disc). In order to guarantee as same adhesion properties of the coatings on the steel sur-

face, the grinded, spherical bodies were polished in the same manner like the cylindrical 

discs. 

The test results are presented in Figure 5-4, including one endurance test of uncoated 

Cronidur 30 vs. uncoated 100Cr6H as reference (red curve) and the best in practice steel 

pairing, uncoated V300 vs. uncoated V300 (yellow curve). Considering the evolution of the 

coefficient of friction over the test duration (10 million load cycles), the diagram plotted 

reveled three areas.       



Discussion and tribological considerations 

105 
 

 

Figure 5-4: Comparison of friction coefficients of test pairings without any DLC coatings, single coated 
samples and pairings with DLC coatings applied on both samples tested at P0mean = 1.5 GPa and 
T = 120°C in SAE  0W-30 VP1 oil 

 

Area one represents uncoated steel pairings with average coefficients of friction of 0.07 at 

test end. The application of a DLC-coating on the cylindrical test sample could remarkably 

reduce the friction values, shown by the green curves in Figure 5-4. Considering the course 

of the yellow curve (uncoated V300) it is remarkable that suitable steels could offer the 

same potential to reduce friction as a DLC coating. Designing the lubricant for such steels 

the frictional benefit of uncoated steels could be more emphasized. The blue curves in 

Figure 5-4 represented by DLC vs. DLC pairings showed the most promising results to 

reduce friction. In comparison to uncoated systems the combination of DLC coatings in the 

contact is at the moment an optimum. However, these results were obtained using perfectly 

prepared steel surfaces before the coating process and showed what is potentially possible 

in future works.     

5.3 Influence of lubricant additives 
In this work, the frictional benefit of distinct DLC coatings was established. By nature DLC 

coatings are quite chemically inert which causes in a poor interaction of lubricants and their 

additives and the coating material. Figure 5-5 reveals another step in frictional optimization 

of tribological systems due to the interaction of DLC-coatings with special additives. The 

tests were conducted for 500,000 load cycles for each additive at 1.5 GPa using the self-

mated DLC-coating BMW 4 and a modified version of the lubricant VP 1 containing no 

EP/AW additives. Testing each additive and coating for 500.000 load cycles new test cou-
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ples for the following test were used. One percentage of the following additives was added 

to the lubricant: 

 2-ethylhexyl-molybdenum dialkyldithiophosphate  (CAS number18: 72030-25-2) 

 Molybdenum di-n-butyldithiocarbamate (CAS number: 68412-26-0) 

 5,5'-dithiobis-(1,3,4-thiadiazole-2(3H)-thione) (CAS number: 71342-89-7 and 

64742-52-5) 

 Dibenzyl disulfide (CAS number: 150-60-7) 

 Triethanolamine >99% (CAS number: 102-71-6) 

 

Figure 5-5: Frictional behavior of combining previously uncoated steel samples with DLC coatings and 
modified lubricant compositions in slip-rolling tests at P0mean = 1.5 GPa and T = 120°C 

 

In contrast to the general expectation of additivated lubricants not reacting with DLC coat-

ings, a friction reducing effect of some additives became visible. Especially, the molyb-

denum containing complex as well as dibenzyl disulfide and triethanolamine revealed lower 

friction values down to 0.03. This fact is astonishing since the reduction of friction values 

due to DLC coatings is already known. The interaction of lubricant and coating represents a 

new perception of such tribo-systems and offers further potential for friction reduction.  

These test results are a selection of other 25 different additives tested in combination with 

uncoated steel surface as well as DLC coatings. Hence, it has been shown that by optimiz-

                                                           
18 CAS Registry Numbers are unique numerical identifiers assigned by the Chemical Abstracts Service 
to every chemical described in the open scientific literature and including elements, isotopes, organic 
and inorganic compounds, ions, organometallics, metals, nonstructurable materials. [CAS12] 
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ing the lubricant in terms of additives interacting with rather chemical inert surfaces the 

friction values could be remarkably reduced. 

Considering the results obtained by use of VP1 and B20 oil at 120°C and uncoated steel 

surfaces, some differences became visible (compare Figure 5-2 and Figure 5-3). The 

curves of the friction coefficients in the case of VP1 are spread over a larger area than B20. 

This might be explained by the fact that VP1 is hydrocarbon based on the lubricity and 

tribological profile depending on the additives contained, whereas a polyglycol das in each 

monomer an oxygen polarity for adsorption and lubricity. Hydrocarbons are non-polar lubri-

cants and thus inert. Therefore, this oil surely contains large amounts of additives interact-

ing with the surfaces in combustion engines. In the case of B20 oil the additive package 

was considerably reduced under the premise of developing an environmentally friendly 

lubricant. Thus, the lubricant does not obtain such a great variety to form tribologically fa-

vorable complexes with the composed differently steels.        

5.4 Global functional profile of coated and uncoated steels 
Figure 5-6 summarizes the global impact of thin films and alternative, uncoated steels on 

friction and wear under mixed/boundary conditions for slip-rolling motion lubricated by SAE 

0W-30 FF VP1 oil at 120°C. It is clearly visible at a glance that the friction values of 

completely uncoated systems offered considerably higher friction coefficients at test 

beginning than systems were both DLC coated surfaces are mated.   

The majority of uncoated steels presented coefficients of friction between 0.06 – 0.09, but 

selected iron based steel metallurgies, such as the high toughness steel V300, can also 

achieve low values of ~0.04 in the same range as self-mated DLC-type thin films. From this 

point of view, it can be said that the application of thin film coatings on steel surfaces with 

their difficult deposition and quality assurance can be avoided, if alternative steels are 

considered at early design stage and used.  

Basically, for wear resistance it is the same picture as for the frictional behavior. Thin films 

reduce wear rates by factors of 2 – 5, rather than by orders of magnitude. Some iron based 

steel metallurgies, especially in the case of V300 steel, can compete as uncoated 

triboelements with specific thin films. Some thin films enabled to reach the resolution limit of 

tactile technique used to quantify wear of these tests. In any case, coating both metal 

surfaces with DLC reduces the span observed in friction and wear rates. 

In any case, low friction and “zero wear” requires a new metallurgy, either through thin films 

or alternative steels [Tam12]. Due to alternative steels, higher loads can be withstood by 

showing good fatigue strength properties and fracture toughness values in the frictional 

contact . 
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Figure 5-6: Comparison of friction and wear behavior of uncoated steel pairings, single coated pairings 
and pairings with two coated tribo-elements 
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6 Summary and Outlook 

The objective target of the present work was to show the potential of different optimization 

paths to realize a low friction and low wear system under slip-rolling motion. Therefore, the 

development paths were tribologically considered in order to additionally improve the load 

carrying capacity and create and environmental friendly tribo-system: 

 Alternative steels with high fatigue strength and fracture toughness properties 

 Thin film coatings (Zr(C,N), DLC) 

and 

 Eco-no-tox lubricants including additives 

This work investigates the frictional behavior of new but already available steels, namely 

V300, NC310YW and CSS-42L, with improved toughness values. For these steels in slip-

rolling tests, the load carrying capacity could be increased to Hertzian contact pressures of 

P0mean = 2.5 GPa respectively 2.62 GPa (P0max = 3.92 GPa) in the mixed/boundary lubrica-

tion regime. The steels used had to sustain the contact pressure at a working temperature 

of motor oil in the range of 120°C for at least 10 million load cycles without showing surface 

failures. The steels V300 and NC310YW offered a slip-rolling resistance in endurance test 

up to contact pressures of 2.62 GPa and 2.5 GPa. Whereas, CSS-42L revealed a very 

good slip-rolling resistance even at stringent contact pressures of 2.62 GPa (FN = 5,000 N) 

applied never before to such a tribological system. Furthermore, the steel V300 can offer a 

friction reduction of approximately 40% in mixed/boundary lubrication regime compared to 

commonly used in uncoated steel/steel contact. Moreover, it has been shown that the for-

mation of tribo-reactive thin films could be initiated by high loads and suitable lubricants. By 

means of EDX, XPS and AES analysis the formation of a Ca-based film could be detected 

on the steel surface. The most likely explanation is that overbased sulfonate structures 

contained in the hydrocarbon based engine oil react with the iron surface to form a bounda-

ry film composed of CaO and CaCO3.  

The structural composition and residual stress evolution after tribological tests of V300, 

NC310YW and CSS-42L has been investigated. Furthermore, structural changes due to 

high load stressing could considerably change the microstructure and residual stresses of 

steels (see paragraphs 4.3 and 4.4). In the case of V300 and NC310YW, two nearly chemi-

cal similar composed steels were compared. Structural FIB/TEM analysis revealed distinct 

differences influencing the whole tribological behavior (cf. chapter 4.4.2). The actually lower 

slip-rolling resistance of NC310YW is due to higher density of dislocations which impede 

the ability of plastic deformations.  

New test results concerning the slip-rolling resistance of high performance thin film coatings 

such as a-C:H, ta-C and Zr(C,N) could be achieved. These results could be obtained due to 

high annealing temperature (> 300°C) of the new steels used which favors optimal DLC 

coating deposition temperature and finally a good adhesion on the steels substrate. The 

superiority of high toughness steels tested in reference tests without any coating up to 
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P0mean of 2.62 GPa became also visible by the application of thin films. Contrary to com-

monly used steels such as 100Cr6H the coating/steel pairing revealed good test result 

without plastic flow of the substrate. Particularly, novel a-C:H coatings of KYB Corp. and 

BMW Group could reduce the wear rates down to a hardly detectable limit, not to say down 

to ‘zero-wear’. Even better results with regard to wear and friction values could be achieved 

by applying DLC coatings at both rolling contacts leading to a friction reduction of nearly 

50% compared to the reference steel pairing 100Cr6H/Cronidur30. Furthermore, the bene-

ficial interaction of distinct lubricants additives and DLC-coatings (a-C:H) using a modified 

oil (no friction modifier or EP-/AW-additives contained) at 120°C could be observed by the 

reduction of friction values in comparison to a non-modified factory fill engine oil.  

It has been shown that the global functional profile of tribological systems could be opti-

mized by the application of suitable steel and coating combinations. With regard to the 

potential of CO2 emission reduction in internal combustion engines (see Figure 6-1) it be-

came visible that still existing and optimized technologies offers certain capabilities for new 

improvements.  

 

Figure 6-1: Final CO2 reduction by vehicle technology (gasoline and Diesel) [Leo11] 

    

Anyway, the maximum durability of the both slip-rolling test machines (Amsler and Optimol) 

used of 2,000 N and respectively 5,000 N was reached within the test series conducted in 

the present work. The testing conditions chosen here are extreme and permit a clear differ-

entiation of the steels and thin film coatings as well as to set an extended upper limit for 

load carrying capacity under slip-rolling above FZG 14. In the future, the load carrying ca-

pacity of the steels should be increased further with regard to the light weight design of 

mechanical systems. Therefore, new steel production processes need to be used in order 

to create steel solutions with micro-structural benefits and improved mechanical properties 
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with strength values reaching 5,000 MPa. The ASP19 process developed by Aubert & Duval 

– Erasteel (France) enables the production of high-speed steels that include high amounts 

of carbon and carbide forming alloying elements while reducing the carbide size to a few 

microns at the same time. The benefit of gas atomization of metallic powders and following 

hot isostatic compaction aims, to achieve an exceptional fatigue resistance (rotating bend-

ing strength at 20 million cycles between 1,100 MPa and 1,450 MPa) [Ger10]. Furthermore, 

the tribological characteristics as well as the structures of new steels applied should be 

investigated and examined exactly especially with regard to white and dark etching areas 

for example. 

For enhanced tribological performance, the interaction of machining and operating condi-

tions, material surface and lubricants moves more and more in to focus. Therefore, it would 

be necessary to characterize the formation of so called tribo-reactive thin films in detail for a 

specific application. The formation of a tribo-reactive thin film during the machining and 

running-in process is schematically illustrated in Figure 6-2. By applying such thin films low 

friction and high wear resistant surfaces could be generated during the machining process 

while reducing the running-in time of the tribological system.  

 

Figure 6-2: Formation of tribo-reactive thin films during machining processes in principle 

 

On the basis of the present state of knowledge the formation of tribo-reactive films is fa-

vored by uncoated steels surfaces in combination with high contact pressures, operating 

conditions above room temperature and lubricant oils containing additives which are able to 

quickly form layers on surfaces. As shown in the present work, DLC coatings could interact 

with selected additives to reduce the friction and wear values. However, further studies of 

these reactions are necessary to understand the tribological system ‘DLC coating and lubri-

cant’ and create tribo-reactive films carbon-coated surfaces.    

                                                           
19 ASP – Asea-Stora-Process (Erasteel – Aubert & Duval), special gas atomization process of molten 
steels using inert gas jets to obtain fine metal droplets which cool down during their fall in the atomizing 
tower. In the following step the high cleanliness level steel powders were compacted by Hot Isostatic 
Pressing for further process steps such as forging, hot rolling or drawing. 
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