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 SECTION 1 – PROJECT EXECUTION 

 
 

1. Overview of general project objectives 

 
 
The purpose of the NAPILIS project is to develop selflubricating metal and ceramic 
matrix nanocomposites for piston/liner systems  using and refining the wide set of tools 
of modern surface engineering and engine simulation, in order to achieve significant 
improvements in fuel economy of modern diesel vehicles through a considerable reduction 
of engine friction.   
 
The expected results of the project will lead to:  

� a reduction of Co2 emission achieved by an improved fuel efficiency based on 
reduced friction losses in the piston/liner system 

� a reduction of particle emission achieved by reduced lubrication needs obtained 
through improved scuffing resistance of the surface of the piston rings and liners  

 
To fit these objectives new multiphase and multifunctional coatings and a new processing 
method to obtain bi-phase materials at nano-scale have to be developed.  
Selflubricating Metal And Ceramic Matrix Nanocomposites (SLMCMNCs) fulfil the 
specifications. These are materials consisting of a metal or hartstoff matrix with dispersed 
selflubricating nanoparticles; for piston/liner system the matrix may be a refractory metal 
like tungsten, molybdenum and chromium or a carbide or nitride of these materials. The 
solid lubricant would be graphite, disulfide, h-BN, etc. 
 
SLMCMNCs  have so far never been synthesized and there exists no process technology 
for their synthesis. 
Selflubricating Metal And Ceramic Matrix Microcomponents  are produced by filling, 
sintering and casting, galvanic and electroless deposition, plasma spraying, but these 
technologies can not be used for Nanocomposites, because of worker’s hygiene reasons 
and  failure of PVD or CVD methods (since these technologies usually do not produce bi-
phase materials).  
 
In Napilis project two solutions have been explored: 
 

1. Sputter deposition process, combining the selection of an appropriate metallurgy 
with the use of extremely short intense heat spikes to promote the appropriate 
segregation 

2. a combined arc+sputter process to obtain strong nano-particle emission from a  
graphite source 

which are expected to allow the PVD deposition of these new coatings. 
 
The project requires technical and academic contributions from partners throughout 
Europe, providing for the potential of a real sense of collaborative achievement. 
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The consortium  combines 6 industrial organisation from 5 European countries and 
Switzerland, 3  research institute from 3 European countries and a higher educational 
institute  from Switzerland.  
The consortium unites the necessary competencies to reach the project objective. These 
competence are spread on all participants : 

� Engine technology  
� Numerical simulation of engine functions 
� Design and manufacture of piston, liners and piston components 
� Dedicated testing the tribological properties of new coatings 
� PVD coating deposition at industrial scale 
� Scaling the new technology to industrial coating facilities 
� Developing new coatings technology 
� Building PVD devices to implement the new technologies 
� Material science 

 
 
 
Organization name Type Country Number of 

employees 
Role 

Centro Ricerche FIAT RES Italy 980 Coatings characterization and 
components validation 

Mahle GmbH IND Germany 29000 Functional testing of coated 
parts 

Ecole d’Ingénieurs de 
Genève 

HE Switzerland 250 Development arc based 
nanocomposite technology 

Materials Center Leoben  RES Austria 70 Development sputter based 
nanocomposite technology and 
coatings 

Magyar Tudomànyos 
Akàdémia- Müszaki Fizikai 
ès Anyagudomànyi Kutato 
Intézet 

RES Hungary 150 Materials characterization 

Anstalt für  
Verbrennungskraftmaschin
en  List GmbH 

IND Austria 2400 Numerical simulation friction 
wear 

Peugeot Citroen SA IND French 192450  Materials characterization and 
functional testing of coated 
parts 

CRT Srl.  IND Italy 14 Process scale-up and process 
development on components 

Hauzer Techno Coating  IND Netherlands 90 Concept design of a full scale 
production coating machine for 
piston liners 

Vacotec IND Switzerland 45 Development of new vapour 
sources and retrofitting of 
equipment 

 
 
The project created a new family of materials that will benefit many other areas of 
application. Therefore a double dissemination policy has been developed for the Napilis 
project. The engineering partners, the component manufacture and the engine 
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manufacturers will ensure rapid spread of the technology to the European car industry. 
The academic partners and the coating equipment manufacturers will spread the 
technology to other applications. 
 
 
The primary scientific objectives of the project were to: 

• Develop novel multiphase and multifunctional coatings. These may combine high 
wear resistance with low friction. Examples will include coatings with tailored 
composite structures of nano-particles of different composition. A hard matrix 
(chromium, molybdenum, tungsten, or a metastable solide solution of these metals 
with nitrogen or carbon, or a carbide or nitride of these metals) gives the required 
multifunctionality in combination with a solid lubricant like graphite, molybdenum 
disulfide or h-BN). 

• Develop a new processing method in order to obtain bi-phase materials on a nano-
scale by using extremely short (msec) intense heat spikes in order to promote the 
appropriate segregation. 

• Up-scaling of those coatings to “thick” coatings of at least 10 µm by studying 
stresses and stress reducing mechanisms in films (e.g. multilayer arrangement). 

• Reduce lubrication of components operating in hot environments, without friction 
rise or increase in wear, which leads to less particulate emission of engines. 

• Reduce friction loss in the engine to reduce CO2 emission. 
• Set-up methods for synthesising such nanostructured coatings at industrial scale 

and designing the necessary equipment. 
 
From the state of the art it was speculated, that nanocomposites consisting of 
nanoparticles of solid lubricants in a metal, carbide or cermet matrix could be the 
appropriate materials for piston ring and liner coatings.  
Such selflubricating nanocomposites had never been synthesized, because it is believed, 
that they can not be synthesized with state of the art technology.  
As a result of a first evaluation, 3 candidate selflubricating materials were selected: carbon 
(graphite, DLC), molybdenum disulfide, h-BN. Chromium and chromium compounds will 
be used as matrix materials.  
 
2 new technologies were pursued: sputter deposition with heat pulses and hybrid 
deposition with an arc source for the carbon.  
Except for the DLC containing chromium carbides no state of the art exists.  
 
The project was split into 5 Workpackages, of which WP1, WP2 and WP4 consist of 
research, technological development and innovation related activities; WP3 is based on 
both research and demonstration activities; and finally WP5 is fully dedicated to 
management, review and assessment activities. 
 
In particular: 
 

� WP1 is dedicated to the Development of a selflubricating cermet coating in a 
laboratory equipment and its characterisation (1st level of validation).  

� WP2 is dedicated to the transfer of the process to a retrofitted production 
equipment, process scale-up and component coating. Coated components will 
allow the full validation of the new coating (2nd level of validation). 
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� WP3 is dedicated to validation of the coatings in engine test rigs (3rd level of 
validation) including a demonstration.  

� WP4 is dedicated to the development of a dedicated scaled-up production 
equipment.  

 
During the project, all partners have been actively working to achieve the goals of the 
project: this active contribution is demonstrated also by the  participation to the scheduled 
meeting and to the other meetings occurred for the development of the technical activities. 
  

At the end of the project we can assume  that the technical objectives of the project have 
been  reached, in particular: 
 
In WP1 -  laboratory scale   
 
The technologies envisaged as prerequisites for the deposition of SelfLubricating Metal 
and Ceramic Matrix NanoComposites: pulsed heating and carbon arc evaporation have 
been developed successfully. They are used routinely and have been scaled up since 
 
The coatings envisaged originally as SelfLubricating Metal and Ceramic Matrix 
NanoComposites were not developed: 

• Sputtered coatings with a CrN matrix and h-BN or MoS2 selflubricating inclusions 
could not be synthesized with desired structure. No selflubricating coatings were 
found in these systems.  

• Hybrid coatings based on sputtered CrN with graphite particle inclusions from a 
carbon arc evaporator are not a meaningful coating system and process. Indeed, 
the graphite particles are incorporated only to a very small fraction insufficient to 
provide lubrication. Coatings with nanolayered structures have insufficient cohesive 
strength to be deposited with large thickness. Arc coevaporation gives always better 
coatings than hybrid deposition. 

 
3 other coating systems were developed successfully instead: 

 
• CrC/a-C:H coatings consisting of a DLC matrix with CrC grains of optimum size and 

concentration have very promising friction and wear properties and outperform the 
state of the art WC/a-C:H coatings. The use of pulsed bias induces a higher 
graphitization and thereby lowers the friction coefficient. This piston ring coating has 
been patented. 

 
• CrCN/C and CrC/C coatings deposited by reactive coevaporation are 

SelfLubricating Metal and Ceramic Matrix NanoComposites. They consist of a CrCN 
or CrC matrix with carbon inclusions and could be synthesized in the desired range 
of lubricant phase inclusion. In the case of a CrCN matrix, the inclusions are 
graphitic, but they do not have the correct orientation (instead c-axis // to the 
surface). In the case of a CrC matrix the carbon phase is amorphous and more 
lubricious. CrC is harder than CrCN. Pulsed biasing improves toughness and wear 
resistance of these coatings. This process and this material have been patented. 

 
 
The developed coatings present these properties 
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• The CrC/C coatings do fulfill all the specifications of the WP1. They do outperform 
CrN with respect to friction coefficient in ball on disc and thermal stability. There 
wear rate is probably higher 

• The CrC/a-C:H coatings have been combined as topcoat with a thick CrN subcoat 
and show also very promising results with the exception of thermal stability.  

However  
• the specifications had to be adapted to the real properties of CrN, which was used 

as a benchmark 
• In the CrC/C and CrCN/C system no systematic coating optimization was performed 

for lack of time and resources. The development was rather technology driven. 
• the reproducibility has not been established on a satisfactory scale 
• All engine related wear tests seem less promising for the moment. They are 

dominated by running in behavior and surface finish, which have to be optimized 
yet. This is done with the scaled up process. 

 
 
In WP2 on piston liner components   
 
The results achieved in the equipment and scale-up of the processes can be summarised : 
 
1. Successful scale-up of the laboratory technology for carbon arc evaporation to an 
industrial equipment 
2.  Successful scale-up of the laboratory processes of CrC/C coevaporation to an 
industrial equipment 
3.  Successful transfer of the CrC/a-C:H coating process with controlled CrC grain size 
from flat laboratory samples to components that meet the tribological specifications in 
component tests. 
4.  Successful transfer of the CrC/C coevaporation synthesis of nanocomposite from 
flat laboratory samples to components that meet the tribological specifications in 
component tests. 
5.  Validation of the properties on industrial components 
6.  Meeting tribological test specifications, that can only be obtained on engine 
components 
 
Objectives 1, 2, 3, 4, and 5 have been met completely. Objective 6 has been partially met.  
 
The results achieved related to the coatings  can be summarised : 
 
CrC/a-C:H 
 

• It was finally possible to satisfactorily complete the scale up of the CrC/a-C:H 
process  

• The process cannot be considered as developed or optimised since only 3 batches 
were run with a sufficient substrate table rotation speed. No parameter variations 
with respect to substrate bias, total pressure, magnetron power, and substrate table 
rotation speed were undertaken.  
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• The coatings from the scaled up process are nanocomposites consisting of fcc-CrC 
nanocrystals embedded in a DLC matrix.  

• The grain size of the CrC crystals was not optimised. 
• The mechanical properties of these coatings correspond to the coatings developed 

at laboratory scale except for the adhesion. 
• Adhesion of the scaled up CrC/a-C:H coatings is greatly improved over the 

laboratory scale.  
• The tribological properties of coatings produced with substrate rotation do not 

match the tribological properties of coatings deposited on discs in front of the 
vapour source. This is a common feature with PVD coatings. 

• These coatings can show better friction behaviour than the state-of the art CrN 
coatings in most tribotests. But they are not reproducible so far. 

• The maximum coating thickness achieved was 1.5 µm 
• This low thickness does not allow the evaluation of wear resistance in most tests. In 

the tests where the wear resistance could be assessed, CrC/a-C:H outperformed 
CrN. 

• The CrC/a-C:H coatings do show better scuffing resistance than the CrN 
benchmark. 

• Because of the limited thickness, the thermal shock resistance could not be 
assessed. 

• The coatings do not meet the thermal stability specification as “more stable than 
CrN in high temperature friction tests (like on laboratory scale). 

 
 
CrCN/C and CrC/C 
 

• It was possible to deposit thick coatings (6-8 µm) of both variants with satisfactory 
adhesion on all piston ring types.  

• The problem of the unsatisfactory adhesion of CrCN/C and CrC/C on the CrN 
sublayer was solved. The reproducibility of this process has however not been 
established.  

• The coating process has not been optimised with respect to the parameters coating 
temperature, substrate bias, pressure, and composition. 

• The structure of these coatings from the scaled up process matches the structure of 
the coatings in the laboratory process and the NAPILIS specifications: They are 
nanocomposites of nanocrystalline fcc-CrC (the ceramic matrix) and nanocrystalline 
turbostratic graphite (the lubricant phase).  

• It was demonstrated that the structure of the coatings on piston rings is the same as 
the structure on silicon chips. 

• Both structure and morphology of the coatings have been significantly improved 
over the laboratory process.  

• The graphite phase in most of the coatings is highly textured.  
• This texture corresponds to the (0002) crystal planes being parallel to the surface 

normal. 
• It is assumed, that such a texture is detrimental to the friction properties and that 

significantly lower friction values can be achieved with untextured coatings or 
coatings textured with the (0002) planes parallel to the substrate surface. 

• The influence of process parameters on texture has not been analysed. 



 NAPILIS 
Contract Nr. NMP3-CT-2003 505622 

 

 

FINAL ACTIVITY REPORT     10 

• The mechanical and tribological properties of CrC/C are generally better than the 
properties of CrCN/C. 

• The coatings show lower friction than CrN in most - but not all - tests. 
• The specification of a dry friction coefficient < 0.2 has been met in pin-on disc 

measurements with CrC/C. 
• Wear resistance of these coatings is similar to CrN and corresponds to the fact that 

they are slightly softer.  
• The coatings clearly outperform CrN on scuffing resistance, with the most promising 

variant CrC/C not yet tested.  
• The maximum coating thickness achieved with these coatings was 8 µm, like on 

laboratory scale.  
• The failure mode of these coatings differs entirely from the CrN coatings. While CrN 

fails disruptively forming a crack network, CrCN/C and CrC/C coatings fail by 
delamination (grey spotting). Under favourable conditions they peel lamina after 
lamina with no intralaminar wear.  

 

In WP3 – testing piston liner components 

 
Napilis workpackage 3 is dedicated to the validation of the coatings in engine test rigs, 
including a demonstration. Engine testing will represent the 3rd level of validation.  
It is accompanied by a detailed simulation study of the behaviour of the piston/liner system 
with these new coatings that allows optimisation of piston segment geometry and finish, oil 
consumption friction losses and compatibility with alternative fuels. It was carried out on 
the “virtual engine” of AVL.  
In parallel we carried out engine tests to validate three targeted improvements: oil 
consumption, friction reduction, and wear reduction.  
The targeted objectives were: 
- Reduced friction losses in engine, allowing a reduction of fuel consumption of 1.5% and a 
reduction of CO2 emission by 3g/km. 
- Improved scuffing resistance, allowing a reduction of lubrication needs, oil consumption 
and particle emission 
 
During the course of the project and with the different results of other workpackages, some 
modifications had to be done on objectives and the deliverables . 
First variation concerns the application:  the main work is done on coated rings and not 
liners. It has been discussed in the WP2 and decided to abandon the development of the 
coatings applied to liners because of the problems in coating optimisation.  
Coated liners were not tested in engine test, even if they have been tested with the 
Cameron-Plint test (in workpackages 1 and 2) to help understanding of phenomena. 
 
The second variation concerns the engine test. Engine tests were carried out at Mahle and 
a high temperature scuffing test procedure was applied. The objective was to demonstrate 
the improvement of the engine performance, with a reduction of friction and an 
improvement of scuffing resistance. This improvement can then be associated to a 
reduction of fuel consumption and a reduction of particles emission. This topic was 
realised.  
Concerning the friction evaluation mono-cylinder tests were carried out at CRF.  
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Some mono-cylinder tests were also planned at PSA but they were cancelled because of 
other priorities occupying the benches within the time. 
 
Since results were not encouraging enough for the project to be able to perform an engine 
complete demonstration (with oil and fuel consumption) within the Napilis period, these 
tests,  to be realised by Mahle and Psa, were cancelled.  
 
Concerning the numerical simulation a preliminary result is the modelisation of the 
Cameron- Plint test which can be considered as a preliminary tool for prediction in the 
modelisation of the whole ring/piston/liner system. 
Modelisation of the monocylinder test was then performed and applied on CrN reference 
rings, and CrC/a-C:H and CrCN/C Napilis coatings and describe their behaviours.  
The existing tool now needs to be considered as a long-term tool directly usable for further 
investigation on new coatings: it will allow optimisations of roughnesses and geometries 
definitions for the ring / liner contact 
The simulation of the fired engine test have not been performed  because of the lack of 
experimental data. 
 

In WP4  - development of equipment technologies   

 
Upscaling of a prototype carbon source has been done by Vacotec and was successful 
implemented at CRT.  
 
A successful implementation of the MCL- and EIG processes, including pulsed heating, 
has been accomplished in a large industrial scale machine type HTC-1500, at CRT.  
 
 
In the workpackage  an economic assessment has been done of the developed product. A 
model was developed, enabling to include parameters for 3 levels of cost projections: 
equipment and coating costs for dedicated equipment for piston rings on site of a piston 
ring producer, coating costs for dedicated equipment for piston rings in a dedicated or in a 
retrofitted equipment at a job coater’s site.  
Contrary to the original deliverable description, the developed cost model makes a 
comparison for the coating cost per piece, which is including all costs that are determining 
the coating cost per piece 
Cost analysis models were applied on the existing CrN processes as well as on the new 
developed processes of MCL and EIG. 

• Cost reductions more than 30% with respect to CrN is feasible  
• Equipment cost +10% feasible  

The conclusion to be drawn is that the goal of cost less than CrN + 10% is achievable for 
both CrC/C as well as for CrC/a-C:H systems developed in the project.
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2.  WP1 : Development and characterization of a selflubricating  
cermet coating in laboratory equipment 

2.1 Overview of objectives  

 
Objective of WP1 is to Synthesize by PVD on laboratory samples a selflubricating cermet 
coating with the following specifications: 
 
� Lubricant content : 30 – 40 % vol. 
� Dry friction coefficient against grey cast iron in the CRF pin-on-disc machine: < 0.2 
� Average friction coefficient: reduce of 20% in PSA test.  
� Hardness. 1000- 2000 HV 
� Thermal loadability: stable up to 800 °C 
� Deposition temperature: < 450 °C(rings) and < 200°C (liners) 
� Substrate:  
� Gas nitrided martensitic stainless steel ISO 60 subclass 66  
� AlSi9  
� Oil wettability: better than grey cast iron 
� Corrosion resistance in degraded oil: cyclic temperature test (-10oC/120oC) for 4 weeks 

without degradation of material or lubricant 
� Coating thickness: > 10 mm on ring 
 
Technical background of these specifications: 
 
These specifications were based on the know-how of the participants at the start of the 
project. It included their long experience with coatings on piston rings and liners and the 
technical limits of PVD deposition technologies.  
The choice of nanocomposites was based on the assumption, that PVD CrN ceramic 
coatings were the most advanced state of the art and that other ceramic or metallic had 
shown inferior results on piston rings. The alternative could have been a ceramic coating 
with better friction and wear performance. This route had been excluded as less promising 
in the research plan.  
 
Lubricant content and coating morphology:  
Microcomposite coatings are since a long time state of the art for piston rings and liners. 
There exists a long record of composite coatings outperforming noncomposite coatings. 
The superior performance of the PVD CrN single phase ceramic coatings is attributed to 
the superior structure and mechanical properties of materials synthesized by PVD over 
materials from other synthesis routes. 
State of the art microcomposite coatings are usually metal matrix with ceramic inclusions, 
but metal matrix coatings with selflubricating inclusions have also been in use. Both 
lubricant and ceramic content are usually lower than 30 % - for various, often process 
related reasons.  
30 % was set as an ambitious goal. Ceramic inclusions were discarded as not useful in 
view of the overall objective of a significant reduction in friction. 
40 % was set as an upper limit, because it was speculated, that higher percentages will 
lead to an unacceptable decrease in cohesive strength. 
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Ceramic matrix was specified, since solid lubricant matrix coatings other than polymer 
bonded microcomposites are not known. However the only massive solid lubricant matrix 
composite known -silicized carbon – is a widely used top end material for gliding seals. 
 
Dry friction coefficient against grey cast iron in the CRF pin-on-disc machine: < 0.2 
Average friction coefficient: reduce of 20% in PSA test 
A 20 % friction reduction is necessary to meet the overall project objective of reduction of 
fuel consumption. The tests were selected for the purpose of specificity and proven 
relevance for engines. It was clear, that PVD CrN would be the benchmark. 
 
Hardness. 1000- 2000 HV 
This bracket was set on the basis of chromium coatings (<~ 1000 HV) showing too high 
ring wear and TiN coatings (> 2000 HV showing too high liner wear) PVD CrN has ~1500 
HV. The upper hardness limit could be waved, since the basic requirement is the limit on 
total system wear. 
 
Thermal loadability: stable up to 800 °C 
This was based on the assumption, that the stability limit of CrN is 800° C. The thermal 
loadability requirement is based on the assumption of a hot spot theory of scuffing wear. 
This theory is far from being universally accepted, but represents the opinion of the 
consortium scientists. Lower friction coefficients in the boundary lubrication regime will of 
course decrease the hot spot temperature. 
 
Substrate: Gas nitrided martensitic stainless steel ISO 60 subclass 66, AlSi9  
Deposition temperature: < 450 °C(rings) and < 200°C (liners) 
A change in substrate material or substrate material heat treatment to meet coating 
process requirements was excluded.  
 
Oil wettability: better than grey cast iron 
Changes in lubricant film thickness formation must be excluded 
 
Corrosion resistance in degraded oil: cyclic temperature test (-10oC/120oC) for 4 weeks 
without degradation of material or lubricant 
No comment 
 
Coating thickness: > 10 mm on ring 
State of the art PVD CrN coatings are 30 mm on the ring. It did seem appropriate to 
impose such a high benchmark for novel technologies.  
 
During the project some objectives have been revised 
 
Lubricant content and coating morphology:  
Methods to determine quickly with sufficient reliability the lubricant content with sufficient 
precision in the nanocomposite coatings are not available. It seemed too fastidious to turn 
to HRTEM for this purpose. In the CrC/a-C:H system we use XPS to determine the phase 
contents.  
In the meantime, we have also found a way to combine cross sectioning with LFM - lateral 
force microscopy but the method is not yet available either on a routine basis. Therefore it 
was decided to take into consideration: 

• Coatings were lubricant phases could be identified by TEM,  
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• The order of magnitude was close to the bracket specified 
• Relax the ceramic matrix requirement for lack of support for its necessity 

 
Dry friction coefficient against grey cast iron in the CRF pin-on-disc machine: < 0.2 
Average friction coefficient: reduce of 20% in PSA test 
The team had considerable difficulties to get the pins for CRF testing in time. The PSA 
testing is based on samples from materials, which proved to be difficult to coat. 
Therefore it was decided to use the pin on disc test facility at MCL with steel discs from 
martensitic stainless steel ISO 60 subclass 66 supplied by Mahle and gas nitrided by CRT 
and AlSi 9 discs supplied by Mahle with alumina balls and take PVD CrN coatings supplied 
by Mahle in the same test as provisional benchmark.   
 
Thermal loadability: stable up to 800 °C 
"Thermal Loadability" and  "Thermal stability" are rather qualitative terms, for whose 
determination MCL uses a series of techniques: 
- biaxial stress measurements at high temperatures (BSTM). This techniques needs 
special silicon substrates 
- high temperature x-ray diffraction (HT-XRD) 
 - Simultaneous Thermal Analysis (STA): Thermogravimetrc Analysis (TGA) combined with 
differential scanning calorimetry (DSC) and mass spectroscopy (MS) 
  
All PVD coatings show relaxation of intrinsic stresses above the deposition temperature 
through annealing of defects. These effects can clearly be shown with BSTM. It leads to 
softening of the coatings. Coatings with high defect densities show a more pronounced 
stress relaxation. This does not necessarily lead to a deterioration of the coating.  
Phase transitions are detected with DSC and HT-XRD. The decay of CrN into in Cr2N and 
N2 starts at roughly 450°C.    
Oxidation would be another criterion. CrN starts oxidising at 500°C. Oxidation resistance 
had not been included in the specification, since its relevance in diesel engines is not 
clear.  
It was therefore decided to redefine the thermal loadability criterion as either:   

• Thermal loadability (i.e. phase stability) should be comparable or better than the 
CrN standard 

Or 
• Wear at high temperatures should be lower than CrN. 

These revisions viz. precisions allowed the project to overcome some difficulties. They 
were made possible by the readiness of Mahle to take a higher risk and perform more 
screening tests in the engine, than originally planned within the frame of its allocated 
budget.  
They were made possible by the readiness of CRT, Hauzer and Vacotec to take a higher 
risk and scale up 2-3 processes instead of the originally planned 1 process within the 
frame of their allocated budget.  
 
Conclusion about the revisions of the objectives during the project 
 

From today’s point of view – where we are far into the completion of scale up and in 
the first engine tests- the revisions did lack depth and an activity “analysis of the validity of 
the objectives” should have been included in the work program. Such an activity would 
probably be useful in most projects.  
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Indeed, the specifications on ceramic matrix, lubricant content and hardness range should 
have made place to a specification on the mechanical properties and lubricant content. 
This could have been performed on the basis of the various state of the art coatings. 
Basically we do not know, why CrN with its high dry friction coefficient and 0 lubricant 
content has such a good scuffing resistance. However we do see that its toughness is 
superior to the composite coatings developed so far. We also have seen the appearance 
of new metal matrix ceramic inclusion microcomposites on the market and some good 
results with DLC-matrix ceramic inclusion nanocomposites.  
 
We have also seen that coatings on liners do not make sense, because it would lead to 
the introduction of a hard/hard contact in the piston/liner system, on which no positive 
experience exists. The importance of surface finish was recognized and taken into 
account. But an in depth study of the tribological particularities of the lubricated contact 
piston/liner in view of a definition of reliable revised objectives would have been very 
beneficial. Indeed, the objectives chosen do not take into account running-in behaviour, 
which is an important factor in this system.  
  
The initial revisions to rely only on dry pin-on disc tests for the laboratory optimisation and 
decisions regarding scale-up was a mistake. Any reliance on dry friction coefficients 
seems to be misleading. Contact friction coefficients, which can be derived from Stribeck 
curves of lubricated contacts might have been the correct objectives.  
Indeed, while the dry friction coefficient of CrN is of the order of 0.5, its contact friction 
coefficient is lower than the contact friction coefficient of all the CrC/C coatings which had 
a dry friction coefficient of 0.2.  
Furthermore, since the hardness of the coatings investigated is of the same order of 
magnitude than the sapphire ball used as counterface, the results get easily dominated by: 

• Running-in reversal (running-in of the pin/ball versus running-in of the wear track 
• Grinding effects due to coating debris pick up by the “soft” pin/ball.  

 
Therefore, the dry friction coefficient measurements with grey cast iron counterface were 
abandoned completely – they had been the original specification. For WP2 all the 
decisions were based on results obtained with lubricated contacts. But the process 
optimisation of WP1 had already been completed at that time.  
A more fundamental tribological study of the contact would have avoided these mistakes. 

 
 
 

2.2 Summary of the results 

 
Technology  
 
The technologies envisaged as prerequisites for the deposition of SelfLubricating Metal 
and Ceramic Matrix NanoComposites: pulsed heating and carbon arc evaporation have 
been developed successfully. They are used routinely and have been scaled up since 
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Coatings 
 
The coatings envisaged originally as SelfLubricating Metal and Ceramic Matrix 
NanoComposites were not developed: 

• Sputtered coatings with a CrN matrix and h-BN or MoS2 selflubricating inclusions 
could not be synthesized with desired structure. No selflubricating coatings were 
found in these systems.  

• Hybrid coatings based on sputtered CrN with graphite particle inclusions from a 
carbon arc evaporator are not a meaningful coating system and process. Indeed, 
the graphite particles are incorporated only to a very small fraction insufficient to 
provide lubrication. Coatings with nanolayered structures have insufficient cohesive 
strength to be deposited with large thickness. Arc coevaporation gives always better 
coatings than hybrid deposition. 

3 other coating systems were developed successfully instead: 
• CrC/a-C:H coatings consisting of a DLC matrix with CrC grains of optimum size and 

concentration have very promising friction and wear properties and outperform the 
state of the art WC/a-C:H coatings. The use of pulsed bias induces a higher 
graphitization and thereby lowers the friction coefficient. This piston ring coating has 
been patented 

• CrCN/C and CrC/ coatings deposited by reactive coevaporation are SelfLubricating 
Metal and Ceramic Matrix NanoComposites. They consist of a CrCN or CrC matrix 
with carbon inclusions and could be synthesized in the desired range of lubricant 
phase inclusion. In the case of a CrCN matrix, the inclusions are graphitic, but they 
do not have the correct orientation (instead c-axis // to the surface). In the case of a 
CrC matrix the carbon phase is amorphous and more lubricious. CrC is harder than 
CrCN. Pulsed biasing improves toughness and wear resistance of these coatings. 
This process and this material have been patented. 

 
 
Coating properties achieved 
 
 

• The CrC/C coatings do fulfill all the specifications of the WP1. They do outperform 
CrN with respect to friction coefficient in ball on disc and thermal stability. There 
wear rate is probably higher 

• The CrC/a-C:H coatings have been combined as topcoat with a thick CrN subcoat 
and show also very promising results with the exception of thermal stability.  

However  
• the specifications had to be adapted to the real properties of CrN, which was used 

as a benchmark 
• In the CrC/C and CrCN/C system no systematic coating optimisation was performed 

for lack of time and resources. The development was rather technology driven. 
• the reproducibility has not been established on a satisfactory scale 
• All engine related wear tests seem less promising for the moment. They are 

dominated by running in behaviour and surface finish, which have to be optimised 
yet. This is done with the scaled up process. 
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2.3 Progress toward  objectives 

 
2.3.1  Task 1.1 Modification of laboratory equipment at MCL to produce thermal spikes 
and  a laboratory carbon source with variable graphite particle size emission 
 
Modification of equipment to produce thermal spikes 
Pulsed heating is conceived as a method to synthesize coatings with high temperature 
structures on substrates, that do not support high temperatures during deposition. It may 
also be a way to avoid thermal stresses due to differences in thermal expansion 
coefficients and a way to make coating processes more economical, by cutting heating 
and cooling times.  
 The idea uses the fact, that a heat pulse imposed on the surface will generate a 
temperature spike, that will broaden as it travels into the substrate. 
 
The equipment at MCL was modified to allow pulsed heating.  
2 types of equipment were designed:  

• An analogical  version was installed in June 2004. 
• A digital version was installed in august 2004 

 
Both versions delivered electrical characteristics corresponding to specifications.  
The digital version is more precise and the downtime between process bias and heat pulse 
was eliminated. It requires programming for parameter changes. This version is currently 
(October 2004) in operation at MCL. 
Details of their design and testing are described in deliverable D38. 
During the testing, we had realized, that the substrate holder at MCL has a very low ratio 
of substrate surface / table surface and could also not be modified to control the heat pulse 
propagation. Therefore, a new substrate holder with incorporated thermocouples was 
designed and manufactured by EIG. It was delivered to MCL in may 2005. 
 
Equipment for pulsed heating has been built and successfully integrated into the coating 
equipment at MCL and at EIG. It has been operated successfully at both locations.  
The physical phenomena related to pulsed heating have been analysed and the 
observations correspond to theory. The physics of pulsed heating have been established 
successfully. 
The material modification in the coating with pulsed heating has been demonstrated for 2 
coating families: CrC/a-C:H and CrC/C.  
For CrC/a-C:H pulsed heating does change the bond structure, the mechanical properties 
and the tribological properties. 
For CrC/C coatings pulsed heating leads to crystallisation viz. grain growth. The effects on 
mechanical properties have also been established. 
 
Development of a laboratory carbon source with variable graphite particle size 
emission 
 
It was expected that the strength of the magnetic steering field can be used to engineer 
the size of selflubricating particles emitted by the arc source. 
 
A 7’’ round internally mounted arc source with mechanical ignition was developed.  
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View of the 7’’ carbon arc source developed for the NAPILIS project after several hours of operation 

 

The main problem with carbon arc sources is the development of a suitable magnetic field 
to drive the arc. Because the plasma plume of a carbon arc has much lower ionisation, the 
effect of a magnetic field on the arc movement is much smaller. Combined with the fact, 
that carbon does not melt in the arc spot, this leads to a very slow movement or standstill 
of the arc spot. Standstills lead to rapid destruction of the target and can lead to 
destruction of the arc source if not suppressed quick enough.  
There exists an important body of Russian literature on the movement of carbon arc spots. 
Indeed, while normal arcs do perform a retrograde motion in an outside magnetic field, 
carbon arcs perform a Lorentzian motion.  
Because of the low ionisation, the magnetic field is not effective during the “jump” of the 
spotsand therefore steering must be achieved, by moving the “stationary” spot in the 
required direction. State of the art design uses permanent magnets to move the arc and 
coils to broaden the race track. This leads to a very low target lifetime.  
We have developed a moving block of permanent magnets to achieve a target erosion of a 
homogeneity never realised before. 
The latest magnetic design has suppressed the irregular arc movement crystallisation 
stripes observed in the coatings produced during the first 2 years. 
A complete set of blueprints and specifications for their integration have been delivered to 
VACOTEC.  
 
 
2.3.2  Task 1.2  Development of a laboratory sputter process to deposit selflubricating 
metal and ceramic matrix nanocomposites 
 
Development of a laboratory sputter process  
 
The contribution of the Materials Center Leoben (MCL) within WP1 of the NAPILIS project 
is the development of self-lubricant nanocomposite coatings in a laboratory-scale 
unbalanced magnetron sputter unit and the characterization of these coatings with respect 
to their structure, mechanical and tribological properties and thermal loadability. In pursuit 
of this program, the coating material approaches summarized in Table 1 have been 
investigated. 
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Table: Summary of coatings investigated 
 

Coating Hard compound Lubricant phase Target Atmosphere 
Cr-C/a-C:H Cr-C a-C:H Cr Ar/CH4 
Cr-B-N CrB2, CrN h-BN CrB2, Cr-B Ar/N2 
Cr-N/MoS2 CrN, Cr2N, Cr(N) MoS2 Cr/MoS2 Ar/N2 

 
The coating material approaches summarized in Table 1 have been deposited using a 
laboratory-scale d.c. unbalanced magnetron sputtering system and the target materials 
and process gases shown in Table 1. The NAPILIS project partner EIG added a unit to 
that sputtering system, which allows application of positive voltage pulses to the 
continuous bias voltage. Using this unit results in formation of short atomic scale heat 
pulses during deposition, which is assumed to promote phase separation into hard 
compounds and solid lubricants on the nano-scale. The coatings were deposited with 
thicknesses between 2 and 10 µm onto substrates made of high-speed steel, quenched 
and tempered steel, aluminium, and silicon. 
 
Coating characterization was done using film thickness measurements (spherical abrasion 
test), scanning electron microscopy (SEM) with energy-dispersive (EDX) and wavelength-
dispersive X-ray analysis (WDX), Raman spectroscopy, X-ray photoelectron spectroscopy 
(XPS), X-ray diffraction (XRD) and high-temperature X-ray diffraction (HT-XRD), 
transmission electron microscopy (TEM, by the NAPILIS partner MTA-MFA in Budapest), 
differential scanning calorimetry (DSC) combined with thermo-gravimetric analysis (TGA) 
and mass spectroscopy (MS), Vickers micro-indentation, Rockwell C adhesion tests, 
biaxial-stress temperature tests (BSTM) using a cantilever beam technique, ball-on-disc 
tests at room temperature and at elevated temperatures against alumina and ball-bearing 
steel. Finally, the wear tracks on the coatings were investigated using 3D optical 
profilometry, Raman spectroscopy and SEM with EDX.  
 
Cr-C/a-C:H system 
 
For this coating system, the pre-existing know-how of the MCL and its research partner 
Department of Physical Metallurgy and Materials Testing of the University of Leoben on 
deposition and characterization of these coatings was used. Using reactive sputtering of a 
Cr target in an Ar/CH4 atmosphere resulted essentially in two coating types, i.e. in those 
dominated by Cr carbides grown at lower CH4 partial pressures and in those dominated by 
hydrogenated amorphous carbon, a-C:H, at higher partial pressures. The carbide 
dominated coatings (mainly CrC) are characterized by relatively high hardness with values 
of up to 20 GPa (using higher bias voltages values up to 40 GPa have been obtained) but 
high friction coefficients, whereas those dominated by a-C:H show lower hardness (about 
10…13 GPa) with friction coefficients between 0.1 and 0.2. These moderate hardness and 
low friction values are a result of increasing sp2 bonds in the coatings. In particular, the low 
friction coefficients are caused by graphitisation of the coating surface, i.e. increased sp2 
bonds.  
 
Using the additional heat pulses resulted in a better defined crystallographic structure of 
the Cr carbides, a slightly lower hardness for high C-containing coatings (10…12 GPa), a 
significantly lower friction coefficient with values of 0.05 … 0.10 and a significantly 
increased wear resistance. In particular, a 3 µm thick a-C:H dominated coating grown 
using continuous bias was worn through in the ball-on-disc test after a sliding distance of 
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500 m, whereas the coating deposited using the same conditions but pulsed bias showed 
a depth of the war track of only ~0.1 µm after the same sliding distance. 
 
The Cr carbide size can be tailored by CH4 flow and the bias voltage, where lower 
voltages result in lower carbide sizes (see Fig. 2). This in turn is related to higher hardness 
and wear resistance, while maintaining the low friction coefficients.  
 
Using HT-XRD, first reactions of the coatings, i.e. a reduction of the broad peaks 
characteristic for the a-C:H phase, were observed for a temperature of 650°C. BSTM 
indicated first stress relaxation processes already for 350°C. This is also related to the 
onset of H release, which has been detected by simultaneous DSC, TGA and MS. It can 
thus be assumed that thermal loadability of these coatings is essentially limited to 
350…400°C, where the a-C:H phase starts to transform into graphite.  
 
Finally, coating adherence has been optimised by introduction of different interlayers 
between substrate and Cr-C/a-C:H coating. Best adhesion was obtained for CrN 
interlayers deposited onto the steel substrate, followed by a gradual increase of the C-
content and a simultaneous decrease of the N-content. Four different variants of Cr-C/a-
C:H coatings have been deposited onto aluminium liner segments for application-oriented 
tribological tests at PSA. In detail, these are Cr-C/a-C:H coatings deposited using 
continuous or pulsed bias, respectively, deposited with and without interlayer. 
 
Cr-B-N system 

 
The motivation for the study of this system was, that  

• CrN is state of the art for piston/liner 
• good corrosion, erosion and wear resistance  
• CrB2 has high hardness (~50 GPa) 
• excellent thermal stability up to ~900°C in ambient air atmosphere 
• h-BN: „inorganic graphite“ (layered structure), a common solid lubricant which is 

stable up to 1000°C in ambient air atmosphere 
 
This system has been coated with this  coating process characteristics: 
 
unbalanced magnetron reactive sputtering of CrB2 and Cr/B (80/20) target 
working gases: Ar/N2 (0 - 76% pp N2) 
deposition temp.: 450°C 
bias voltage: -50V - -60V 
coating thickness: ~3 �m 
substrates: S600, Si(100)  
 
Using the approach of sputtering a CrB2 target in an Ar/N2 atmosphere allowed a variation 
of the chemical composition of the coatings ranging from CrB2 to CrB1.32N3.32. As found by 
XRD, low N-containing coatings are dominated by the CrB2 phase, moderate N partial 
pressures resulted in amorphous coatings, whereas in high N-containing coatings the CrN 
phase has been detected (see Fig. 3). Using Raman, XPS, and TEM, all coatings 
investigated have been shown to form triple-phase structures consisting of CrB2, CrN and 
h-BN, with a tendency to form near-amorphous structures for moderate N contents. 
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Within the Cr-B-N system, a detailed variation of the chemical composition was done. This 
was achieved by using different targets (CrB2, Cr-20 at.-% B, Cr-10 at.-% B) and different 
N2 flow rates. Up to now, results are available for the CrB2 and the Cr-20 at.-% B target. 
 
In conclusion we can assume : 
 

• existence of Cr2N and/ or CrN depend on the pp N2 
• BN can be seen by XPS 
• increasing of grain size by annealing for Cr2N-type 
• hardness between 14 and 34 GPa (???) 
• friction-coefficients between 0.4 and 0.6 (RTT)  
• Friction coeff. for CrN-type  converge to 0.9 at 200°C 
• similar behaviour like pure CrN-coatings 

 
With increasing N content a decrease of the hardness from 40 GPa to a plateau of about 
15 GPa was found. All coatings showed relatively high friction coefficients with values of 
0.6…0.7. Despite these high friction coefficients, extremely low wear rates were observed 
for low and high N-containing coatings, respectively. Using HT-XRD, an extremely high 
thermal stability was found for all coating types, where no crystallographic changes were 
observed up to 800°C.  
 
Those coatings sputtered from the CrB2 target show on the one hand excellent thermal 
stability and high hardness and wear resistance. On the other hand, they lack self-
lubricious properties. Thus, a new attempt was made to synthesize nanocomposite 
coatings using lower B contents. For this purpose, Cr targets alloyed with 10 and 20 at.-% 
B were developed. Up to now, a first coating series based on a variation of the N2 flow rate 
was deposited using the 20 at.-% B target. Using XRD, coating structure seems mainly to 
consist of CrN. B might be incorporated into the CrN lattice, however, taking into account 
earlier work within the Ti-B-N system using similar B contents it can be concluded that an 
amorphous BN tissue phase is formed at the grain boundaries. 
 
Coating hardness reaches values of 20-30 GPa. Relatively low friction coefficients of about 
0.4 were obtained. These were combined with an excellent abrasive wear resistance. 
Further work will focus on optimisation of these coatings using suitable ion bombardment 
conditions and deposition of optimised coatings on aluminium liners and segmented piston 
rings 
 
 
Cr-N/MoS2 system 
 
A feasibility study on coatings within the Cr-N/MoS2 system has been done using a co-
sputtering approach, where two halves of a Cr and a MoS2 target were bonded on the 
backing plate of the 150 mm diameter magnetron. 
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Depending on the position of the samples above this segmented target, different chemical 
coating compositions were obtained. In addition, the influence of the N2 partial pressure 
was investigated. 
 
XRD and XPS investigations showed that low N-containing coatings consist of a solid 
solution of N in Cr and MoS2, whereas in high N-containing coatings understoichiometric 
MoS2 and CrN seem to be present. Hardness values of up to 30 GPa have been obtained, 
while coating stresses were below -400 MPa. Friction coefficients between 0.1 and 0.2 
have been obtained for low N-containing coatings (see Fig. 4), combined with relatively 
high wear resistance. However, adhesion problems result in early coating failure, as 
indicated in Fig. 4 by the sudden increase of the friction coefficient for a sliding distance of 
about 120 m. Nevertheless, optimised coating compositions survived also a ball-on-disk 
test at 200°C for 300 m. 
 
Since the feasibility study indicates that these coatings seem to be promising candidates 
for the given applications on piston and liners, the coating deposition approach has been 
slightly changed for the further work, to meet the requirements of up-scaling in WP2. In 
particular, a Cr target with holes filled by compacted MoS2 powder or cylindrical sintered 
MoS2 inserts (see Fig. 5) has been developed, aiming for an optimised MoS2 content as 
known from the feasibility study. Coating development focused on application of the MoS2 
inserts, since usage of the powder promoted formation of arcs during sputtering. 
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Cr target with cylindrical MoS2 inserts 

 
XRD investigations indicated again a mixture of CrN and MoS2 in these coatings. The 
hardness reached values up to 30 GPa. The lowest friction coefficients obtained were 0.4, 
i.e. above those obtained for the target halves used in the feasibility study, however, these 
values were accompanied by excellent wear resistance. 
 
The next step in coating development in this system will focus on optimisation of the 
chemical and phase composition within this system as well as on deposition of optimised 
coatings on segmented piston rings and aluminium liners. 
 
Cr-N/WS2 system 
 
The Experimental conditions for this system were : 
 
Target: Cr target filled with WS2 powder inserts (37.5 area %) 
Substrate temperature: 450°C  
Bias voltage:  -50 V 
Deposition time: 60 – 90 min 
Total pressure: 0.4 Pa 
N2 partial pressure: 0, 11, 22, 31, 42, 63 pp%  
 
 
Development of a laboratory hybrid process  
 
Within WP1 hybrid processes for the deposition of selflubricating nanocomposite coatings 
have been developed by the Geneva School of Engineering. 
 
The following processes were developed: 
 
1. Deposition of nanolayered coatings of carbon and chromium from arc evaporated 

carbon and magnetron sputtered chromium 
2. Deposition of nanolayered coatings of carbon and chromium nitride from arc 

evaporated carbon and reactively sputtered chromium 
3. Deposition of “homogeneous” coatings of chromium carbide and carbon particles from 

arc evaporated carbon and magnetron sputtered chromium 
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4. Deposition of “homogeneous” coatings of chromium carbonitride and carbon particles 
from arc evaporated carbon and reactively magnetron sputtered chromium 

5. Deposition of “homogeneous” coatings of chromium carbide and carbon particles from 
arc evaporated carbon and  arc evaporated and magnetron sputtered chromium 

6. Deposition of “homogeneous” coatings of chromium carbonitride and carbon particles 
from arc evaporated carbon and reactively magnetron sputtered  and arc evaporated 
chromium 

7. Deposition of “homogeneous” coatings of chromium carbonitride and carbon particles 
and carbon inclusions from arc evaporated carbon, reactively magnetron sputtered and 
arc evaporated chromium and plasma activated Chemical Vapour Deposition.  

 
Operating conditions for these processes were established. 
Operating instructions for these processes were established and appropriately 
documented.  
 
Samples with different selflubricating cermets had been produced from all these processes 
as deliverable D8. 
 
We can distinguish 6 generations of coatings. 

 
1st generation: coatings #1 -  #19 
 

• Sputtered chromium (# 1 - # 16 ) viz. (# 17 - # 19 ) chromium nitride with arc 
evaporated carbon 

• Thick lamellae 
• Thick coatings 
• Meet most project specifications 
 
Problems encountered concerned the  reproducibility, unsatisfactory adhesion (masked by 
thick interlayer) and unsatisfactory cohesion (intracoating delamination) 
 

2nd generation: coatings #20 - # 29 
 
• Sputtered chromium nitride with arc evaporated carbon 
• Thin lamellae (~ 2.5 nm estimated from process conditions)  
• Thick coatings 
• Project specifications: promising (see chapter (b) 
• Good cohesion 
 
Problems encountered concerned  unsatisfactory adhesion 
   

3rd generation: coatings # 30 - # 36 
 
• Sputtered chromium nitride with arc evaporated carbon 
• Thick lamellae  
• 3 – 5 nm 
 
Problems encountered concerned  unsatisfactory adhesion and unsatisfactory cohesion 
Hybrid processes were abandoned as being not able to deliver satisfactory 
adhesion. 
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4th generation: coatings # 37 – # 64 

 
• arc evaporated chromium (# 52 - # 64 ) viz. chromium nitride (# 37 - # 51) with arc 

evaporated carbon 
• Thick lamellae  ( ~ 25 - 30 nm estimated from process conditions 
• 3 – 5 mm 
• Project specifications: see chapter(b) 
• Good adhesion from batch # 51   onward 

 
5th generation: batch # 65- 89 
 

• arc evaporated (+ sputtered) chromium with arc evaporated carbon 
• Optimised lamellae: 2.5 < lamellae thickness < 25 - 30 nm 
• thick coatings 
• Good adhesion  
• Satisfactory cohesion 
• Process conditions adapted to substrate material 
 

6th generation of coatings: batch # 90 – 104 
 

• arc evaporated chromium with arc evaporated carbon 
• Optimised lamellae: 2.5 < lamellae thickness < 25 - 30 nm 
• Optimised nitride process 
• thick coatings 
• Good adhesion  
• Satisfactory cohesion 
Process conditions adapted to substrate material 
 
 
From preliminary testing of the samples of some 80 coating batches it was concluded, that  

• Chromium arc deposition is necessary for good adhesion of thick coatings 
• Nanolayered thick coatings tend to fail cohesively. 
• Cohesive failure is more pronounced in coatings deposited in hybrid processes 
• Cohesive failure is strictly linked to nanolayering. It is an insufficient adhesion of the 

chromium nanolayer on the carbon nanolayer. 
• Cohesive failure disappears with very thin nanolayers  
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2.3.3  Task 1.3 Structural, Chemical and Morphological Analysis of all the coatings 
selected as potentially interesting 

 
Cr-C/a-C:H system 
Using reactive sputtering of a Cr target in an Ar/CH4 atmosphere resulted essentially in 
two coating types, i.e. in those dominated by Cr carbides grown at lower CH4 partial 
pressures and in those dominated by hydrogenated amorphous carbon, a-C:H, at higher 
partial pressures. The carbide dominated coatings (mainly CrC) are characterized by 
relatively high hardness with values of up to 20 GPa (using higher bias voltages values up 
to 40 GPa have been obtained) but high friction coefficients, whereas those dominated by 
a-C:H show lower hardness (about 10…13 GPa) with friction coefficients between 0.1 and 
0.2. These moderate hardness and low friction values are a result of increasing sp2 bonds 
in the coatings. In particular, the low friction coefficients are caused by graphitization of the 
coating surface, i.e. increased sp2 bonds.  
Using the additional heat pulses resulted in a better defined crystallographic structure of 
the Cr carbides, a slightly lower hardness for high C-containing coatings (10…12 GPa), a 
significantly lower friction coefficient with values of 0.05 … 0.10 and a significantly 
increased wear resistance. In particular, a 3 µm thick a-C:H dominated coating grown 
using continuous bias was worn through in the ball-on-disc test after a sliding distance of 
500 m, whereas the coating deposited using the same conditions but pulsed bias showed 
a depth of the war track of only ~0.1 µm after the same sliding distance. 
 
The Cr carbide size can be tailored by CH4 flow and the bias voltage, where lower 
voltages result in lower carbide sizes (see Fig. 2). This in turn is related to higher hardness 
and wear resistance, while maintaining the low friction coefficients.  
 
Using HT-XRD, first reactions of the coatings, i.e. a reduction of the broad peaks 
characteristic for the a-C:H phase, were observed for a temperature of 650°C. BSTM 
indicated first stress relaxation processes already for 350°C. This is also related to the 
onset of H release, which has been detected by simultaneous DSC, TGA and MS. It can 
thus be assumed that thermal loadability of these coatings is essentially limited to 
350…400°C, where the a-C:H phase starts to transform into graphite.  
 
Finally, coating adherence has been optimised by introduction of different interlayers 
between substrate and Cr-C/a-C:H coating. Best adhesion was obtained for CrN 
interlayers deposited onto the steel substrate, followed by a gradual increase of the C-
content and a simultaneous decrease of the N-content. Four different variants of Cr-C/a-
C:H coatings have been deposited onto aluminium liner segments for application-oriented 
tribological tests at PSA. In detail, these are Cr-C/a-C:H coatings deposited using 
continuous or pulsed bias, respectively, deposited with and without interlayer. 
 
Structure  
The crystallinity of the coatings decreases with increasing methane partial pressure, but 
higher bias voltage will promote crystallinity for low and high methane partial pressures. 
The stability of the coatings was investigated with high temperature XRD 
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X-ray diffractometer
Bruker-AXS D8 with high 
temperature chamber 
MRI-1400

0.02 °/step / 1 secStep size / Counting time

30 – 75° 2 Theta / Locked coupledScanning range / Mode

vacuum < 5x10-4 mbarAtmosphere

25°C, 200°C – 800°C / 50°C steps at 0.5°C/sec 
800°C – 25°C / 250°C steps at 0.7°C/sec

Temperature range / Heating rate

Cr-C/a-C:H: HT-XRD Experimental details

Coatings investigated (cont. bias):
� pure Cr (interlayer)
� Cr-C dominated coating (pCH4/ptot = 0.3)
� a-C:H dominated coating (pCH4/ptot = 0.5)

 

25°C after HT

800°C

600°C

400°C

200°C

25°C before HT

Li
n 

(C
ou

nt
s)

0

100

200

300

400

500

600

700

2-Theta - Scale

32 40 50 60 70

semi-amorphous reflection
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Conclusions:
� broad peaks in the as deposited state
� Al2O3 from the sample holder
� peaks become sharper at T > 600°C (phase reactions, recovery and recrystallization)
� semi-amorphous peak (between 66 and 73°) after HT not assigned up to now

 
Raman investigations were made to determine the bonding in the coating. Increasing the 
methane partial pressure leads to a significant contribution of C-H bonding to the observed 
structure 
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adjusted plasma conditions: a-C:H structure

� a-C:H fraction
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� structural changes
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Conventional TEM study 
 

The following figures show typical cross sectional TEM micrographs of the 
sputtered Cr-C samples, which were used for the structural analysis. The electron 
diffraction patterns of the nanocomposite layer appear to be the same for each specimen 
meaning they are composed of the same crystallographic phases.  
 
 
 
 
 
 
 
 
 

Cross sectional micrograph of 
a sputtered Cr-C sample (L3) 
aligned exactly edge-on by 
means of the electron 
diffraction of the single crystal 
substrate. An overview of the 
whole layered structure is 
shown at low magnification. 
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Higher magnification electron 
micrograph of the 
nanocomposite layer (sample 
L1) showing the nanometer-
scale mixture of amorphous 
(light) and crystalline (dark) 
phases.  

Cross sectional electron micrographs of sputtered Cr-C samples taken at the interface 
region. 

Sampl
e 

Bright field micrograph Dark field micrograph Diffraction pattern 

L2    

L3    
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L4    

L5    

 
Grain size 
 

Measurement of the crystallite size took place using a statistical evaluation of dark 
field electron micrographs. Typically 200-700 grains were counted on high magnification 
images. Since the crystalline particles were of more or less equi-axed shapes, the longest 
length was used for the calculations. The measured size distributions are rather wide, non-
Gaussian. 
 

The results show that variation of Ar/CH4 gas flow ratio during sputtering causes 
only slight differences in the observed mean crystallite size (samples 1, 4 and 5). A 
change in the ratio of the crystalline/amorphous phases is expected instead of size effect. 
On the other hand, the increase of bias voltage and/or ion bombardment of the samples 
gives rise to larger Cr-carbide grains (samples 2 and 3). 
 
Phase identification from electron diffraction 
 

Electron diffraction measurements are regarded to be not as accurate as X-ray 
diffraction for determination of unknown crystallographic phases. However, in many cases 
the highly local electron diffraction measurement allows us to decide between a few 
possible phases selected on the basis of (local) composition and other aspects. In this 
series of experiment the crystalline phase(s) of the nanocomposite layer seems to be the 
same in all samples. (The other phase is amorphous which is hard to see by any 
diffraction technique in the presence of a crystalline phase.) We have compared the data 
of the known crystalline phases in the Cr-C system to the experimentally measured one. 
Most stable phases can be excluded, since they have too many strong lines not observed 
by us. The best match has been achieved with a cubic (fcc) Cr-C phase of NaCl type 
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structure (JCPDS 47-1424). The following figure is an illustration of the quantitative 
analysis software used for processing of diffraction data. 

 
 Fig. 5. 

 
Quantitative analysis of 
electron diffraction data 
obtained from the 
nanocomposite layer of 
sample L5. Green lines 
represent the fcc Cr-C 
phase (JCPDS 47-1424) 
and blue lines the bcc α-
Cr phase. The analysis 
was performed with the 
software Process 
Diffraction® of J. Lábár, 
MFA. 

 
The results of the above measurements lead us to the hypothesis that at least one 

(possibly two) Cr-carbide phase has formed during the sputtering (with undefined C-
content). The observed lines are closest to the CrC phase with fcc structure, although the 
match with this phase needs a recalibration of our data by about 2%. (The systematic shift 
of the d-values by a small value is a usually accepted calibration step.) The presence of a 
small amount of crystalline α-Cr phase can not be excluded either, since its d-values 
correspond to observed strong lines.  
 
Composition of the films (EDS study) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Typical EDS spectrum 
collected from the 
nanocomposite layer (L3 
sample). The weak 
characteristic peaks of Si, 
Ti and Cu are artefacts 
due to ion milling. Part of 
the measured carbon peak 
represents contamination 
under the analysing 
electron beam. 
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EDS spectra taken from the specimens always show a large Cr peak with much 
smaller peaks of C, Si, Ti and Cu. The last three elements (representing a few 
percent of the majority Cr) may be artefacts due to secondary deposition of the 
substrate and sample holder material during ion milling. Despite the technical 
difficulties (see the detailed report of D16) the EDS data were evaluated and the 
summary of the results is given in the following table. 

 
Summary of EDS microanalysis data 

Sample C/Cr atomic ratios at various places    

 
Columnar 

layer 
Nanocompo-
site bottom 

Nanocompo-
site top 

Cr (at%) C (at%) DLC  
(at%) 

L1 0.14 9.7  9.3 90.7 81 
L2 2.5 21.7  4,4 95.6 91 
L3 0.90 16.1 15.8 5.5 94.5  
L4 2.4 23.4 16.6 4.3 95.7 88-93 
L5 0.31 13.7 26.8 5.2 94.8 85 

 
However, since the carbon content arises from that of the crystalline and amorphous 
phase as well as contamination during analysis, our measurement was not applicable to 
determine the volume ratio of the phases. Assuming realistic contamination levels and a 
carbon content of the crystalline phase as much as Cr, we are sure that the a-C content of 
the layer is above 30%, which was the target in this project. More precise estimations may 
be done by making reference measurements, only. 
 
High resolution imaging 
 
The samples were investigated in a high resolution TEM as well. Basically this study 
confirms the above observation on the microstructure, particle sizes and atomic structure 
of the nanocomposite layer. Many crystalline Cr-C grains can be seen in atomic resolution, 
clearly separated from the surrounding amorphous matrix. These lattice images usually 
resolve the lattice parameters of 0.24 and 0.20 nm of the grains, which is not surprising 
since the resolving power of the applied HRTEM is 0.17 nm. No lattice distance greater 
than 0.24 nm was observed which also supports our phase identification.  
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High resolution TEM 
image of the 
nanocomposite layer 
of sample L3. 

 
An interesting fine structure has been observed within the nanocomposite layer. It 

seems that the nanocrystalline grains are practically always separated from each other by 
the a-C:H (amorphous carbon) phase of quasi-uniform thickness. It resembles us to some 
self-organizing process forming alternately either Cr3C2 or DLC phase. This is especially 
well visible at the interface columnar-Cr/nanocomposite layer, but still observed at the top 
of the film. 
 

 

High magnification TEM 
image of the sample L3 
at the interface of 
columnar and 
nanocomposite layers. 
 

 
 All of the samples were investigated in details, reported in deliverable D16. 
Probably the main conclusion of this study was that the crystallite size can be intentionally 
regulated by the deposition parameters.  
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Summary of the structural observations Cr-C/a-C:H films sputtered at MCL 
 

• The structure of the films is homogeneous, consisting of nanocrystalline Cr-carbide 
particles embedded in amorphous carbon phase. 

 
• The predominant crystalline phase was identified as the metastable face centered 

cubic CrC phase (JCPDS 47-1424) but the presence of a small amount of α-Cr 
phase is not excluded. 

 
• The mean crystallite size (about 2-3 nm) shows only a slight variation with changing 

ratio of CH4/Ar gas but significantly increases with growing bias voltage and/or ion 
bombardment. 

 
• High resolution observation of the film structure shows a quasi alternating layered 

sequence which could be a consequence of a self-organizing phase separation 
process during deposition. 

 
• Our study revealed how the crystallite size can be regulated by the deposition 

parameters 
 
 
Cr-B-N coatings 
 
Within the Cr-B-N system, a detailed variation of the chemical composition was done. This 
was achieved by using different targets (CrB2, Cr-20 at.-% B, Cr-10 at.-% B) and different 
N2 flow rates. Results are available for the CrB2 and the Cr-20 at.-% B target. 
 
Using the approach of sputtering a CrB2 target in an Ar/N2 atmosphere allowed a variation 
of the chemical composition of the coatings ranging from CrB2 to CrB1.32N3.32. As found by 
XRD, low N-containing coatings are dominated by the CrB2 phase, moderate N partial 
pressures resulted in amorphous coatings, whereas in high N-containing coatings the CrN 
phase has been detected (see Fig. 3). Using Raman, XPS, and TEM, all coatings 
investigated have been shown to form triple-phase structures consisting of CrB2, CrN and 
h-BN, with a tendency to form near-amorphous structures for moderate N contents. 
 
Taking into consideration the results by various analysis we can summarise: 
 
• The increase of nitrogen content in the sputtering gas was found to cause significant 

changes in the structure of Cr-B-N samples.  
• Cr-B films sputtered without nitrogen show the usual columnar, textured polycrystalline 

microstructure. 
• All nitrided films have a nanocomposite microstructure (few nm size grains of a hard 

phase embedded in amorphous matrix) with either hexagonal CrB2 (low N) or cubic 
CrN ( high N) as a crystalline hard phase depending on the nitrogen content.  

• At the transition between the above cases even the hard grains were amorphous (grain 
size less than 1 nm) although the nanocomposite microstructure (with much larger 
period) preserved. 

• The microstructure of these layers can be regulated easily by the nitrogen content at 
the deposition of the layers. 
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CrN-MoS2 coatings 
 
Depending on the process conditions and on the position with respect to the targets, 
coatings containing metallic chromium, CrN and MoS2 are obtained. 
The presence of CrN and MoS2 is a clear evidence for the composite nature of this 
coating. 
Because of current reproducibility problems no TEM studies have been made. 
 
CrN-WS2 coatings 
 
The x-ray diffraction shows the presence of chromium, chromium nitride and Cr2N with 
proportions depending on the nitrogen partial pressure, but no presence of any lubricant 
phase. No TEM investigations were made, as the pursuit of the development of this 
system was abandoned. 

 
 

CrC/C coatings from hybrid process 
 
Structure by XRD 
X-ray diffraction has only been used for the first series of samples until it was recognized, 
that the structural analysis is done with sufficient accuracy by electron diffraction. 
Coatings 7 – 13 show clearly the presence of 2 phases, chromium and Cr7C3 .Samples 14 
– 16 show an amorphous part and a textured Cr7C3 phase.  
 
Morphology  
The initial coatings were very rough, a fact that we attribute now to the poor control of the 
carbon evaporator. Indeed, as we found later, the carbon spots lead to local heating of the 
substrates, and probably to a shift to zone II deposition in the Thornton diagram (therefore 
the following chronological presentation of results also reflect the progress in technology).  
The nonreactive hybrid coatings were rough and porous. There growth was columnar and 
dominated by nucleation on carbon macroparticles. But the high porosity allowed 
deposition of thick coatings without running into cohesion problems. It did effectively mask 
the layered structure 
 
Structure 
From the TEM micrographs of cross sectional specimens it is obvious that the rate of 
deposition was rather uneven causing a characteristic inhomogeneity: while the 
successive dark fringes are of more or less the same thickness, the thickness of the 
successive bright (amorphous) ones are changed both systematically (due to rate 
regulation) and randomly (due to fluctuation of the arc source). In the lateral direction the 
thickness of the individual nanolayers is extremely uniform and they closely follow the 
geometrical pattern of the substrate (here: the columnar Cr) surface. Usually the dark 
layers are about 10-12 nm thick while the thickness of bright layers varies in a very wide 
range (1-20 nm). Moreover, the thickness variations of the bright layers cause the look of 
the film structure to consist of “more dense” (ML with thinner bright layers) and “less 
dense” (ML with thicker bright layers) regions at low magnification. 
There is another characteristic geometrical feature of these Cr-C films starting from 
micrometer sized particles (predominantly carbon from the arc-source) deposited on the 
growing surface. The successive ML growth surrounds these globules and the geometrical 
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disturbance propagates to the surface, resulting in a cauliflower-like surface morphology. 
The deeper are such particles embedded in the film, the larger is the resulting surface 
roughness both in height and in lateral dimension. Cross sectional micrographs often show 
such growth defects. 
EDS analysis revealed that Cr is always accompanied by Fe (amounted to about 10% of 
the Cr) in these films. We found systematically higher carbon concentration at the “less 
dense” regions i.e. multilayers with wider bright fringes but no other characteristic feature 
was observed by EDS. 
 
Bright field as well as dark field electron micrographs taken at high magnification show that 
the film structure is even more complex: 1-2 nm thick uniform gray bands have been 
observed on both sides of the dark nanolayers. No internal structure can be seen within 
these bands suggesting that they are amorphous layers formed by a chemical reaction 
between the bcc-Cr and amorphous carbon phases.  
 
Consequently, we propose ABCBABCBA as a plausible layer sequence of the Geneva 
samples, where A is an amorphous carbon film of varying thickness, B is a thin 
amorphous carbide and C is metallic Cr layer with lateral grain size of 10-50 nm and 
vertical size limited by the nanolayer thickness (typically 8-10 nm). It is possible that the 
original sequence was ACACA and the reaction was induced by successive heating, but it 
is more probable that it took place during deposition. The above layer sequence is 
illustrated by the high resolution. 
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ACACA sequence, where A=amorphous, C is Cr, modified by ABCBABCA, where B 
is a CrC compound layer 

 
 
CrNC/C coatings from hybrid process 
 
 
Morphology 
 
The initial coatings were very rough, a fact that we attribute now to the poor control of the 
carbon evaporator. Indeed, as we found later, the carbon spots lead to local heating of the 
substrates, and probably to a shift to zone II deposition in the Thornton diagram. Therefore 
the following chronological presentation of results also reflect the progress in technology.  
 

  
#18 #27 

 
 
There are not enough examples to allow the claim, that adding nitrogen to the plasma did 
decrease porosity 
 
 
 
 

100 
100 nm 
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Structure 
 
This sample belongs already the second set of samples prepared. After learning, that the 
nanocomposite layers are rather rough and not homogeneous the deposition process was 
modified in order to receive more homogeneous multilayer structure. Homogeneous, 
rather dense multilayer was observed with inclusions. Electron diffraction pattern points to 
randomly oriented fcc Cr-C nanocrystals with a small amount of bcc-Cr. The ML period is 
about 5-10 nm. 
The multilayer structure 0f #18 is rather uniform The period is about 5-15 nm, with 
considerably less amorphous phase,than in the former samples G7-G10. The principal 
crystalline phase is the fcc- CrC, with smaller amount of bcc Cr (partly forming 
polycrystalline inclusions of sizes between 100 and 1000 nm). The grain size in the CrC 
phase is nearly the same as the multilayer period being about 10 nm. The inclusions have 
somewhat larger grain size up to a few 100 nm. EDS analysis showed a significant amount 
of Fe besides the Cr and C which was expected. 
 
 
CrCN/C coatings from arc coevaporation 
 
Chemical composition 

 
Analysis was done both on the surface of the coating and on Calotests. No significant 
discrepancies were found. 
 
 
Morphology, MEB 
 
The initial coatings were very rough, a fact that we attribute now to the poor control of the 
carbon evaporator. Indeed, as we found later, the carbon spots lead to local heating of the 
substrates, and probably to a shift to zone II deposition in the Thornton diagram. Therefore 
the following chronological presentation of the results also reflects the progress in 
technology.  
 
The reactive arc coevaporated coatings are nicely dense with no columnar structure. The 
other remarkable feature is the virtual absence of macroparticles- in particular graphite 
particles. We believe that this may also be due to the poor sticking of these macroparticles 
to the carbide surface. Absence of macroparticles under transport conditions, where no 
liquid droplets arrive at the substrate surface have also been reported in the literature for 
metal arc evaporation. The samples # 93 and # 97 show that we do have very strong 
plating conditions, since the graphite macros do not lead to through going cones, but to 
short buds.  
The reactive atmosphere does not change the morphology dramatically. The dependence 
on the physical properties and probably the shape of the substrates is much stronger. The 
differences in morphology can account for the differences in mechanical and tribological 
properties. 
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Structure TEM 
 

 
 
These high resolution elemental mappings of sample # 98 is one of the key findings of the 
project. Indeed one can observe, that under these process conditions we have achieved a 
transition from Cr/CrNC – C multilayers to a true almost isotropic nanocomposite 
consisting of CrCN and C grains. The CrCN grains interrupt the C-nanolayers thereby 
solving the cohesion problem 
 
 
CrC/C coatings from arc coevaporation 
 
Chemical composition 
 
Analysis was done both on the surface of the coating and on Calotests. No significant 
discrepancies were found. 
 
Morphology, MEB 
 
The initial coatings were very rough, a fact that we attribute now to the poor control of the 
carbon evaporator. Indeed, as we found later, the carbon spots lead to local heating of the 
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substrates, and probably to a shift to zone II deposition in the Thornton diagram. Therefore 
the following chronological presentation of results also reflects the progress in technolog 
 
The samples show, that the process/plating conditions and therefore the morphology do 
depend on the physical properties of the substrate material. The contrast is so important, 
that it is not masked by the fact, that of course the fracture kinetics of the 3 materials are 
different inducing also differences in the appearance. Indeed the absence of plating on 
silicon leads to a much more columnar structure and a higher proportion of incorporated 
macroparticles, which in the case of carbon may be repelled by the substrate polarization 
– the carbon macroparticles are likely to be negatively charged.  
 
Summary of the structural observations 

 
Cr-C/a-C:H films sputtered at MCL 

 
• The structure of the films is homogeneous, consisting of nanocrystalline Cr-carbide 

particles embedded in amorphous carbon phase. 
• The predominant crystalline phase was identified as the metastable face centered 

cubic CrC phase (JCPDS 47-1424) but the presence of a small amount of α-Cr phase 
is not excluded. 

• The mean crystallite size (about 2-3 nm) shows only a slight variation with changing 
ratio of CH4/Ar gas but significantly increases with growing bias voltage and/or ion 
bombardment. 

• High resolution observation of the film structure shows a quasi alternating layered 
sequence which could be a consequence of a self-organizing phase separation 
process during deposition. 

• Our study revealed how the crystallite size can be regulated by the deposition 
parameters. 

 
Cr-C films deposited at EIG 

 

• The samples deposited by the hybrid method always exhibit a more or less 
homogeneous multilayer structure. The details of their microstructure, however, show a 
wide variation. 

• The ML of the first sample set (G07-G10) is rather inhomogeneous along the thickness 
and it consists of a-C and bcc-Cr layers. The amorphous reaction layers formed 
between them are significantly thinner (1-2 nm) than the ML period (typically 20-40 
nm). 

• The ML period of samples G18, G27 and G37 are much finer (down to 2-4 nm in G37) 
and more uniform. Simultaneously, less or no bcc-Cr was observed in them but a 
carbide/carbon multilayer (both amorphous) has been formed instead. 

• All samples contain a number of amorphous or metallic inclusions, which are the 
starting point of growth defects protruding towards the surface and causing 
considerable surface roughness. This kind of defects does not disturb the ML structure. 

 
 
 
 



 NAPILIS 
Contract Nr. NMP3-CT-2003 505622 

 

 

FINAL ACTIVITY REPORT     41 

Influence of arc spot movement and pulsed heating for CrC/C coatings 
 
In the Geneva laboratory equipment the distance between the arc source and the 
substrates is unusually small, ~ 70 mm.  
At the same time the plasma plume of the carbon arc source is much narrower than the 
plasma plume of metal arc sources; in a specifically designed system one would increase 
the source – substrate distance for carbon sources.  
Furthermore, the spot velocity on a carbon arc source is by some orders of magnitude 
smaller than the spot velocity on a metal source.  
 
 
 

3

1

2

5

8

7

6

3

4

13

11

9

10

12

13

15

14

16

18

17

20

19

21

22

 
 
 
 
Therefore a part of ring of the circular substrate holder plate will cross the plume of the 
carbon spot several times, while the neighbouring rings are exposed only to the vapor. 
This leads to sectorial heating of the substrates. Since the carbon spot does have a 
periodic, but slow movements, this leads to a layered deposition temperature profile 
throughout the coatings. The “high deposition temperature “ layers are (much better) 
crystallized than the rest of the coatings. They appear as lack stripes in the bright field 
TEM micrographs and as “galaxies” in the dark field TEM micrographs.  
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50 nm
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It was only, when had recognized this and accordingly changed the magnet design, that 
we got to a few regular galaxies. Increasing the arc spot velocity further allowed a 
suppression of the “high deposition temperature” layers, which we think is a prerequisite 
for obtaining uniform coatings on complex shaped parts – even piston rings.  
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Introducing then pulsed heating leads to a reappearance of the “high deposition 
temperature “layers with a frequency corresponding to the pulsing frequency. But since 
this new pulsed heat source is controlled and spatially uniform, we have replaced a 
problem with a tool to engineer the mechanical properties of the coatings.  
 
These high resolution elemental mapping of sample # 98 is one of the key findings of the 
project. Indeed one can observe, that under these process conditions we have achieved a 
transition from Cr/CrNC – C multilayers to a true almost isotropic nanocomposite 
consisting of CrCN and C grains. The CrCN grains interrupt the C-nanolayers thereby 
solving the cohesion problem.  
 
 
2.3.4 Task 1.4 Mechanical, physical and tribological characterisation of all the coatings 
selected as potentially interesting 
 
Mechanical  

 
The mechanical properties of the coatings were evaluated or measured with various 
methods at different stages of advancement of the workpackage. Initially these 
measurements were intended to verify, that the coating hardness corresponds to the 
specifications, but we soon realized, that most coatings analyzed had hardness values in 
the range of 10 – 18 GPa. Therefore in the following measurements qualitative evaluations 
of the mechanical properties were added to learn more about the behavior of the coatings 
in tribosystem.  
These characterizations were made for a certain group of coatings and not necessarily 
extended to others. They were also abandoned, when we had learned, how to reach 
certain properties.  
 
The CrN benchmark 
 
This is part of the work not planned initially. Although the mechanical properties were 
known, we were surprised by the poor elevated temperature friction and wear behavior of 
CrN. 
Hardness and elastic modulus were measured at room temperature: 

 
Adhesion, cohesive strength and toughness 
 
Adhesion was evaluated in 4 different ways: 

• Visual inspection 
• Friction tests 
• Rockwell indentation 
• Calotest 

 
It should not be neglected, that the observed “adhesion” depends on the coating 
properties, in particular 

• Coating thickness – very thin coatings can not spall 
• Coating compactness – brushes and baked sand do not spall 
• Coating stresses – compressive stresses exert a pulling action on the coating 
• Coating hardness – butter does never spall 
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The various methods of adhesion evaluation are to a different degree sensitive to these 
influences. In particular, the standardized Rockwell indentation is very sensitive to all these 
influences and furthermore on the hardness of the substrate material. 
Calotesting corresponds to an oblique cross section, where a pulling force is exerted by 
the honing ball. 
 
CrC/a-C:H, Cr-B-N, CrN/WS2 
The adhesion of these coatings on the test samples from steel and sometimes aluminium 
had been sufficient for the WP1 testing. Therefore no further testing was undertaken.  
 
CrN/MoS2  
The adhesion of these coatings had always been unsatisfactory leading to reproducibility 
problems in the pin-on disc testing at MCL. 
 
CrCN/C, arc coevaporation 
These coatings are brittle and fail cohesively 
 
CrCN/C, arc coevaporation, with pulsed heating 
Pulsed heating apparently improves toughness and cohesive strength, but the evidence is 
not completely clear. 
 
CrC/C, arc coevaporation 
All these coatings fail cohesively. Some of them are also very brittle 
 
CrC/C, arc coevaporation with pulsed heating 
The coatings deposited with pulsed heating do not fail cohesively. Most of them are very 
tough also.  
 
For arc coevaporated coatings, pulsed heating leads to a dramatic increase in toughness, 
both for CrC/C and CrCN/C coatings. CrCN/C coatings without pulsed heating are the 
worst variant, failing cohesively and being brittle. 
 
Hardness, E-module, H/E ratio 
 
Indentation tests, sometimes called hardness tests, are perhaps the most commonly 
applied means of testing the mechanical properties of materials. The technique has its 
origins in the Mohs scale of mineral hardness, in which materials are ranked according to 
what they can scratch and are, in turn, scratched by. The characterization of solids in this 
way takes place on an essentially discrete scale, so much effort has been expended in 
order to develop techniques for evaluating material hardness over a continuous range. 
Hence, the adoption of the Meyer, Knoop, Brinell, Rockwell, and Vickers hardness tests. 
More recently (ca. 1975), the nanoindentation technique has been established as the 
primary tool for investigating the hardness of small volumes of material. 
At EIG microhardness was measured with a Shimadzu microhardness tester with 
automatic reading. The loads employed were typically 250 mN, which gave Vickers 
indents of a few micrometers. Since the thickness of all coatings exceeded 6 µm, the 
measurement method corresponds to the standard. At MCL a Fischerscope 
microhardness equipment was used for the thinner coatings 
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In nanoindentation small loads and tip sizes are used, so the indentation area may only be 
a few square micrometers or even nanometers. This presents problems in determining the 
hardness. Atomic force microscopy or scanning electron microscopy techniques may be 
utilized, but can be quite cumbersome. Instead, an indenter with a geometry known to high 
precision (usually a berkovich or cube corner tip) is employed. During the course of the 
instrumented indentation process, a record of the depth of penetration is made, and then 
the area of the indent is determined using the known geometry of the indentation tip. In 
this fashion, the important parameters to be measured during a nanoindentation test are 
the load and the depth of penetration. A record of these values can be plotted on a graph 
to create a load-displacement curve (such as the one in the figure to the right), and this is 
the most important data associated with a given experiment. These curves can be used to 
extract mechanical properties of the material as showed by Olivier and Pharr.  
 
CrC/a-C:H - Microhardness 
 
The carbide dominated coatings (mainly CrC) are characterized by relatively high 
hardness with values of up to 20 GPa (using higher bias voltages values up to 40 GPa 
have been obtained) but high friction coefficients, whereas those dominated by a-C:H 
show lower hardness (about 10…13 GPa) with friction coefficients between 0.1 and 0.2. 
These moderate hardness and low friction values are a result of increasing sp2 bonds in 
the coatings. In particular, the low friction coefficients are caused by graphitization of the 
coating surface, i.e. increased sp2 bonds.  
 
Using the additional heat pulses resulted in a better defined crystallographic structure of 
the Cr carbides, a slightly lower hardness for high C-containing coatings (10…12 GPa), a 
significantly lower friction coefficient with values of 0.05 … 0.10 and a significantly 
increased wear resistance. In particular, a 3 µm thick a-C:H dominated coating grown 
using continuous bias was worn through in the ball-on-disc test after a sliding distance of 
500 m, whereas the coating deposited using the same conditions but pulsed bias showed 
a depth of the war track of only ~0.1 µm after the same sliding distance.  

Cr-C/a-C:H: Hardness/Structure Relation

� (nc) film:

a-C:H dominatedCr-C dominated
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The x-ray amorphous coatings have a hardness in the range of 15 GPa, while the CrN/a-N 
nanocomposites have much higher hardness in the range of 30 GPa. 
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CrCN/C, hybrid coatings: we do not observe any increase in hardness with the addition 
of nitrogen 
 
CrC/C, hybrid coatings: In view of the porous columnar structure the hardness of these 
rough coatings is impressive 
 
CrCN/C, coevapotation: Arc evaporation leads to denser coatings, whose hardness 
matches or exceeds the hardness of CrN showing the advantage of moving to CrCN. # 
125 was a coating on aluminium. The morphology of coatings on aluminium differs clearly 
from the morphology of coatings on steel. 
 
CrCN/C, coevapotation with pulsed bias: In this case we observe, that pulsed heating, 
which increases the crystallinity of CrCN/C coatings increases the hardness. We also 
observe the superior hardness of CrC/C 
 
CrC/C, coevaporation with pulsed bias : Again the CrC based coatings are harder than 
the CrCN coatings showing the potential of this material. In this case pulsed bias increases 
the hardness which is in line with the observation, that these coatings are amorphous 
without pulsed bias, but become a n-CrC/a-C nanocomposite, when a pulsed bias is 
applied. 
 

 Nanoindentation Microindentation 

Coating E<> [GPa] H<> [GPa] E/H [ - ] H<>[GPa] 

CrC/a-C:H 52 7,9 ~ 6,2 ~ 10 

CrN/ h-BN 224 31,5 ~ 7,5 29 

CrN/ MoS2 146,7 14,2 ~ 10,5 20 

CrN/ C 70 8,9 ~ 8 12 

 
There is a significant difference between the hardness values from micro- and 
nanoindentation for DLC based coatings. The origin of this discrepancy is well studied in 
the literature (e. g. Bull) and usually attributed to viscous flow of these “polymeric” 
coatings. 

 
Wettability 
Wettability or wetting is the actual process when a liquid spreads on (wets) a solid 
substrate. Wettability can be evaluated by determining the contact angle formed by a drop 
of the liquid on a surface. Wettability can be viewed as a relative property characteristic for 
the couple substrate/liquid. Measuring the contact angle with liquids of different well 
defined polarity allows the determination of the surface energy of a solid.  
The objective of D 24 was the measurement of the relative wettability of the different 
coatings with respect to a reference engine oil used by PSA 
The shape of a liquid front in contact with a solid substrate is determined by the interfacial 
energy γLS of the liquid and solid. It can be characterised by a measurement of the contact 
angle θ.  
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Definition of the contact angle 

 
Low contact angles correspond to good wetting, and high contact angles correspond to 
poor or non-wetting. 
The objective of the coating was have a better wettability than grey cast Iron: all the tested 
coatings  (CrC/a-C:H, CrCN/C, CrC/C, CrCN/C with pulsed heating) reached the goal. 

 
Tribological properties 
The tribological properties have been characterized by different testing methods. 
 
The first application was the testing of the  CrN benchmark. 
Friction coefficients and wear rates were measured at room temperature, 200°C, 300°C 
and 500°C.  
At room temperature wear is very low and produces essentially some surface polishing 
CrN shows excellent wear resistance at room temperature, but the wear rate increases 
drastically at higher temperatures 

  
Friction coefficient RT and HT ball on disc 
 
CrC/a-C:H 
Pulsed coating deposition generally leads to lower friction coefficient  

-Al2O3  ball, ∅∅∅∅ 6 mm

-sliding speed:  0.1 m/s

-normal load: 2 N

-radius of wear track: 5mm

-sliding distance: 1000m

-substrates: HSS 4-5-2

CSM ball on disc tribometer:
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CrC/a-C:H: Friction Summary

Cr-C dominated:
� High hardness
� High friction

a-C:H dominated:
� Low hardness
� Low friction
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Cr-B-N 
 
Those coatings sputtered from the CrB2 target show on the one hand excellent thermal 
stability and high hardness and wear resistance. On the other hand, they lack self-
lubricious properties. Thus, a new attempt was made to synthesize nanocomposite 
coatings using lower B contents. For this purpose, Cr targets alloyed with 10 and 20 at.-% 
B were developed. Up to now, a first coating series based on a variation of the N2 flow rate 
was deposited using the 20 at.-% B target 
Coating hardness reaches values of 20…30 GPa. Relatively low friction coefficients of 
about 0.4 were obtained. These were combined with an excellent abrasive wear 
resistance. Further work will focus on optimisation of these coatings using suitable ion 
bombardment conditions and deposition of optimised coatings on aluminium liners and 
segmented piston rings. 
 
CrN/MoS2  
The CrN/MoS2 coatings of the first generation did show low friction coefficient but poor 
wear resistance. The low friction coefficients could not be reproduced with targets 
produced from compacts. They may have been due to the presence of oxides. 
 
CrCN/C and CrC/C 
At room temperature samples 83, 97 and 98 fulfil the condition of a friction coefficient 
smaller or equal to 0.2.  
But at 200°C the coatings very clearly outperform CrN, in particular 98. It is interesting to 
observe, that the best results are achieved with nitrogen free coatings, where the ceramic 
matrix of CrC is produced entirely by reaction of carbon and chromium vapour, both being 
produced by arc evaporation. Introducing carbon as a hydrocarbon (PACVD hybrid) 
degrades the stability of the coatings. 
 
 
Friction coefficient RT pin on disc: CrC/a-C:H 
  
These measurements were performed, to see, if the material of the counterpart has a 
dramatic influence: it does not.  
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 

0 20 40 60 80 100
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

fr
ic

tio
n 

co
ef

fic
ie

n
t [

µ
]

Distance [m]

S5-3
 
- Pin

0 100 200 300 400
-0.40

-0.35

-0.30

-0.25

-0.20

-0.15

-0.10

-0.05

0.00

0.05

0.10

0.15

 

 

di
st

a
nc

e 
[µ

m
]

distance [µm]

K = 1.28×10-15 ± 0.2×10-15

Pin-on disc evaluation CrC/a-C:H



 NAPILIS 
Contract Nr. NMP3-CT-2003 505622 

 

 

FINAL ACTIVITY REPORT     49 

 
 
Wear rate, ball on disc: CrC/a-C:H 
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�both coatings show low friction

�unpulsed coating shows severe    
failure/delamination after testing

�no failure of pulsed coating

Cr-C/a-C:H: Cont. vs. Pulsed Bias: Tribology

HSS M2 substrate

pCH4/ptot = 0.5

 
 
 
Friction coefficient and wear rates Cameron-Plint 

 
The Cameron Plint test has been applied in two configuration: 
1)Napilis coatings deposited on liners in grey cast iron and Al, against Mahle and Psa 1st 
rings 
2) grey cast iron liners against Napilis coated rings 
 
In the 1st configuration test, the Napilis coatings show a better performance against the 
plasma sprayed molybdenum coatings than against the CrN coatings. 
The best samples are #98 and #99. Both are CrC/C coatings produced with arc 
coevaporation. In #99 some methane had been added to the atmosphere.  
 
In the 2nd  configuration coated rings do not show any decrease in friction coefficient 
against grey iron liner when compared to CrN or the reference coatings. 
This statement includes the first generation crC/a-C:H coatings from the scale up HTC 11- 
HTC 18. HTC 11 and HTC 17 had been stationary depositions, HTC 18 with double 
rotation. 
# 126 and # 130 are arc coevaporated CrC/C coating 98ph is an arc coevaporated CrCN 
coating deposited with pulsed heating. 
All coatings seem to have a poor wear resistance. Coating number 126, however, does not 
show much degradation, even if tested against CrN rings. 
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Gray iron liner / 98ph ring Gray iron liner / 126 ring 

 
 

Gray iron liner / 130 ring Gray iron liner / HTC17 ring 

 
 

Gray iron liner / HTC18 ring Gray iron liner / HTC11 ring 
wear results on the different Napilis coatings on rings. 

 
Failure mode analysis 
 
3 different modes are observed on coated aluminium liner after Cameron-Plint test: 
 - Adhesive Failure 
 - Cohesive Failure 
 - Honing  
Cohesive failure: 
This kind of defect is observed in all samples with more or less intensity.  
It occur when the stress concentration are to hight in the coating. In this case we observe 
a delamination of the coating's layers 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Adhesive failure: 
This kind of defect is not observed in all samples. It is due to a bad adherence between  
chromium underlayer and coating. 
In few places we observe a bad adhesion between chromium underlayer and aluminium 
subtract 
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In conclusions, the behaviour of the coatings in this engine-related test is dominated by 
running in behaviour. The first series of tests had been performed with coatings as 
deposited. As a consequence of these findings all future rings were honed  with the 
standard procedure developed by Mahle for CrN coatings. 
 
Degraded oil compatibility 
The objective is to test the compatibility of the different coatings of the Napilis project in 
degraded engine oil.  
The different coatings were immersed in a diesel engine degraded oil during four weeks, 
from Monday to Friday, with thermal cycling : 4hours at 120°C + 4hours at -10°C. 
At the end of the procedure, the coatings were observed to notice any degradation or 
chemical reaction. 
Only two coatings (n°87 & n°99) seemed to be degraded in the oil. The face of the 
degradation shows this may be due to adherence problem on the substrate more than a 
reaction of the coating with the worn oil. 
Globally, there is no corrosion or degradation problem with the coatings in worn engine oil. 
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3. WP2 : Development and validation of a selflubricating  cermet 
coating on piston and liner components  

 

3.1 Overview of objectives  

 
The objective of workpackage 2 is the deposition of selflubricating cermets on piston rings 
made of nitrided steel and on aluminium liners. 
 
The selflubricating cermets shall originally meet the following specifications:  

• Lubricant content: 30 – 40 % vol.;  
• Dry friction coefficient against grey cast iron in the CRF pin-on-disc machine:  

< 0.2;  
• Average friction coefficient: Reduction of 20% in PSA test;  
• Hardness: 1000- 2000 HV;  
• Thermal loadability: stable up to 800 °C,  
• Deposition temperature: < 450 °C (rings) and < 200°C (liners);  

Substrate: Gas nitrided steel and AlSi9;  
• Wear resistance: Matches CrN;  
• Tension test: Matches CrN;  
• Oil wettability: Better than grey cast iron;  
• Corrosion resistance in degraded oil: Cyclic temperature test (-10oC/120oC) 

for 4 weeks without degradation of material or lubricant; 
• Coating thickness: > 10 µm on ring, > 3 µm on liner. 

 
 
The following changes have been introduced:  

• Scale-up of 2 instead of 1 technology from laboratory to industrial scale. The 
reasons for this had been given in the midterm report. 

• The dry friction coefficient against grey cast iron in the CRF pin-on-disc machine 
has been replaced by a Pin-on ring and an OPTIMOL alternating tribometer test at 
CRF and a scuffing test at MAHLE. 

• Development of coatings on liners has been abandoned. 
• The term “thermal loadability” turned out to be not usable for a clear specification. It 

is substituted by the term “phase stability”. The phase stability should be at least 
comparable to CrN coating, which is taken as benchmark coating.  

• The specification “Tension test: matches CrN” was cancelled. It was realised that 
the tension test determines the fatigue strength of the base material of a piston ring; 
which does a PVD coating typically not influence. Therefore this test would not 
generate useful results.  

• Instead of the mechanical fatigue strength of the base material, the thermal fatigue 
strength of the coating is an important property that shall be considered. During 
engine operation, high and frequent changes of the piston ring temperature can 
occur. The ring coating must withstand such temperature changes without the 
formation of cracks. The benchmark that shall be met or exceeded by the new 
coatings is again CrN. Thermal fatigue is measured with the MCL laser test. It is a 
new test method, developed and established at the Materials Center Leoben, 
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Austria. The test was just recently used by Mahle to test piston ring coatings, 
simulating the thermal cycles during engine operation. Thus it was possible to 
characterise the thermal fatigue property of CrN coatings. After the test, more or 
less cracks in the coating will occur. The amount of cracking allows assessing the 
resistance to thermal fatigue. 

• The scuffing resistance is added to the list of specifications, respecting the fact that 
it will be checked during component testing. Scuffing of engine parts must be 
avoided under any circumstances, otherwise a severe engine failure will occur. In 
particular, scuffing resistance is one of the decisive key properties both for piston 
ring coatings and liner coatings. The scuffing resistance of CrN is excellent and 
better than every other piston ring coating currently used, but for future engines a 
need for even higher scuffing resistances is expected, so the objective is to obtain a 
scuffing resistance of the new coatings superior to CrN.  

• Wettability tests are not carried out on components but on flat samples coated with 
the components. Wettability can only be measured on flat samples. Because all the 
coatings outperform CrN with respect to wettability, no systematic measurement 
was maintained. 

 
Each objective is proven by a specific test method, which is established and specified at 
the corresponding partners: 
 
 
Objective Test Method 

 Lubricant content  TEM Analysis of structure and composition 
 Average friction coefficient  Cameron-Plint tribometer test, pin on ring test, alternating 

tribometer test  
 Hardness Universal hardness tester and nanoindentation 
 Phase stability   Coating characterisation by DSC / HT-XRD 
 Deposition temperature  Direct control and monitoring during process 
 Wear resistance  Universal Micro-Tribometer, Cameron-Plint tribometer, 

pin on ring test, alternating tribometer test 
 Oil wettability  Surface tension measurement with DIGIdrop 
 Corrosion resistance in degraded oil  Cyclic temperature test  
 Coating thickness  Calotest 
 Thermal fatigue behaviour  MCL laser test 
 Scuffing resistance  Block on ring test 
 
 
 
The objectives had been determined to:  
 
1. Successful scale-up of the laboratory technology for carbon arc evaporation to an 
industrial equipment 
2. Successful scale-up of the laboratory processes of CrC/C coevaporation to an industrial 
equipment 
3. Successful transfer of the CrC/a-C:H coating process with controlled CrC grain size 
from flat laboratory samples to components that meet the tribological specifications in 
component tests. 



 NAPILIS 
Contract Nr. NMP3-CT-2003 505622 

 

 

FINAL ACTIVITY REPORT     54 

4. Successful transfer of the CrC/C coevaporation synthesis of nanocomposite from flat 
laboratory samples to components that meet the tribological specifications in component 
tests. 
5. Validation of the properties on industrial components 
6. Meeting tribological test specifications, that can only be obtained on engine components 
 
Objectives 1, 2, 3, 4, and 5 have been met completely. Objective 6 has been partially 
met.  
 
 

3.2 Summary of the results 

 
The results achieved in the workpackage can be summarised : 
 
CrC/a-C:H 
 

• It was finally possible to satisfactorily complete the scale up of the CrC/a-C:H 
process through the accidental discovery of the substrate table rotation speed as 
the most important parameter, that controls crystallinity of the coatings and the 
friction and wear behaviour.  

• The process cannot be considered as developed or optimised since only 3 batches 
were run with a sufficient substrate table rotation speed. No parameter variations 
with respect to substrate bias, total pressure, magnetron power, and substrate table 
rotation speed were undertaken.  

• The coatings from the scaled up process are nanocomposites consisting of fcc-CrC 
nanocrystals embedded in a DLC matrix.  

• The grain size of the CrC crystals was not optimised. 
• The mechanical properties of these coatings correspond to the coatings developed 

at laboratory scale except for the adhesion. 
• Adhesion of the scaled up CrC/a-C:H coatings is greatly improved over the 

laboratory scale.  
• The tribological properties of coatings produced with substrate rotation do not 

match the tribological properties of coatings deposited on discs in front of the 
vapour source. This is a common feature with PVD coatings. 

• These coatings can show better friction behaviour than the state-of the art CrN 
coatings in most tribotests. But they are not reproducible so far. 

• The maximum coating thickness achieved was 1.5 µm 
• This low thickness does not allow the evaluation of wear resistance in most tests. In 

the tests where the wear resistance could be assessed, CrC/a-C:H outperformed 
CrN. 

• The CrC/a-C:H coatings do show better scuffing resistance than the CrN 
benchmark. 

• Because of the limited thickness, the thermal shock resistance could not be 
assessed. 

• The coatings do not meet the thermal stability specification as “more stable than 
CrN in high temperature friction tests (like on laboratory scale). 
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CrCN/C and CrC/C 
 

• It was possible to deposit thick coatings (6-8 µm) of both variants with satisfactory 
adhesion on all piston ring types.  

• The problem of the unsatisfactory adhesion of CrCN/C and CrC/C on the CrN 
sublayer was solved. The reproducibility of this process has however not been 
established.  

• The coating process has not been optimised with respect to the parameters coating 
temperature, substrate bias, pressure, and composition. 

• The structure of these coatings from the scaled up process matches the structure of 
the coatings in the laboratory process and the NAPILIS specifications: They are 
nanocomposites of nanocrystalline fcc-CrC (the ceramic matrix) and nanocrystalline 
turbostratic graphite (the lubricant phase).  

• It was demonstrated that the structure of the coatings on piston rings is the same as 
the structure on silicon chips. 

• Both structure and morphology of the coatings have been significantly improved 
over the laboratory process.  

• The graphite phase in most of the coatings is highly textured.  
• This texture corresponds to the (0002) crystal planes being parallel to the surface 

normal. 
• It is assumed, that such a texture is detrimental to the friction properties and that 

significantly lower friction values can be achieved with untextured coatings or 
coatings textured with the (0002) planes parallel to the substrate surface. 

• The influence of process parameters on texture has not been analysed. 
• The mechanical and tribological properties of CrC/C are generally better than the 

properties of CrCN/C. 
• The coatings show lower friction than CrN in most - but not all - tests. 
• The specification of a dry friction coefficient < 0.2 has been met in pin-on disc 

measurements with CrC/C. 
• Wear resistance of these coatings is similar to CrN and corresponds to the fact that 

they are slightly softer.  
• The coatings clearly outperform CrN on scuffing resistance, with the most promising 

variant CrC/C not yet tested.  
• The maximum coating thickness achieved with these coatings was 8 µm, like on 

laboratory scale.  
• The failure mode of these coatings differs entirely from the CrN coatings. While CrN 

fails disruptively forming a crack network, CrCN/C and CrC/C coatings fail by 
delamination (grey spotting). Under favourable conditions they peel lamina after 
lamina with no intralaminar wear.  
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3.3 Progress toward objectives 

 
In workpackage 1, six different coating systems have been examined. For 3 of them, the 
system CrC / a-C:H and the systems CrCN /C and CrC/C it had been decided to continue 
their development in workpackage 2. The other coating systems have been abandoned.  
This required the scale-up of 2 technologies: 

• Pulsed heating 
• Carbon arc evaporation 

The coating of liners was also abandoned because of the complexity of a tribosystem with 
cermet coatings on liners. 
The number of types piston rings to be coated had been extended to 3, respecting the 
preferred test conditions for the tribotests to be performed at PSA, Mahle and CRF and 
respecting the scheduled engine tests in workpackage 3:  
- A “VW” ring, used by Mahle, fitting into a passenger car diesel engine 
- A “PSA” ring, used by PSA, fitting into a passenger car gasoline engine 
-A “FIAT” ring for the monocylinder bench test 
All rings were considered similar in dimensions and were to be coated with the same 
sample holder and within the same batch. 
 
3.3.1 Task 2.1 Component coating, scale-up of laboratory process, development coating 
process on components. 
 
Design and realization of a carbon vapour source and its installation and validation at CRT 
by VACOTEC 
 
At EIG two 7” evaporators had been used in a planar coat-up configuration for carbon and 
chromium co-evaporation. The HTC 1500 has usually 5 lateral sources of 1500 mm height. 
It was therefore decided to do a 2-step scale-up of the process. 
In a first step one of the rectangular arc evaporators will be replaced by a flange holding 2 
round evaporators like the ones used by EIG. This retrofit allows demonstrating the 
process and coating all the samples necessary with the futures production conditions over 
a limited height. 
In a second step, which is not part of the project, CRT could add 4-5 further sources to run 
the process over the full height and use the complete chamber volume.  
This 2-step process had been chosen because the original project budget was based on 
an 800 mm chamber, which had needed only 2 sources. 
The main reason for the choice of the HTC 1500 was that it allowed integration of pulsed 
heating in the same equipment. Integration of pulsed heating in the Metaplas equipment 
would have been very complicated from a contractual point of view, since Sulzer Metaplas 
is not part of the consortium. The integration required full access to wiring diagrams and 
software.  
 
The realized configuration incorporates now scale-up of both technologies in one machine.  
The partial scale –up was chosen to minimize expenses and investment into new power 
supplies. On the other hand the planned final configuration will be a very powerful and 
unique machine, with pulsed heating installed. Using the HTC 1500 allowed the alternative 
use of the 200 A arc supplies for 3 different purposes: rectangular arc evaporators for 
chromium, round arc evaporators for carbon, and pulsed heating.  
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The final HTC 1500 configuration would have been too expensive to realize within the 
project. This last scale up step will not involve any fundamental scale up steps. 
During the design of the planned HTC 1500 configuration we realized, that the 7” 
evaporators couldn’t be fitted onto the HTC 1500 flange, which is too narrow. The 
blueprints for the 7” source had been supplied by EIG as part of the deliverable D9. This 
required a complete redesign of the source to 6” by VACOTEC. First of all, thickness 
distribution had been done at EIG depositing carbon in ASU-100 with one 7” C target. 
 
The original design of the carbon source retrofit was installed begin of December 2005, on 
schedule.  Its first operation revealed some design flaws documented in a protocol that 
required extensive rework. It was taken back by VACOTEC. The 2 successive versions 
were also not accepted by CRT – for other technical reasons.  
 
Two standard chromium arc targets were mounted on cathode 4 and 6. The new flange 
substituted the whole flange supporting arc cathode 1. The changes in the software were 
the replacement of their names from 1 to 1.1 and 1.2. They are controlled with two 
separate power supplies.  
This version is has been accepted by CRT in November 2006 and since then has operated 
successfully.  
 
Scale-up of pulsed heating technology to the industrial installation at CRT by Hauzer  
 
For the scale-up of the laboratory processes, developed by MCL and EIG, to an industrial 
prototype scale, the Hauzer HTC 1500 production equipment at CRT has been selected. 
Hauzer and EIG performed the work. EIG supplied the switching unit. CRT provided the 2 
100 A additional power supplies required. 
Hauzer did all the rewiring (including power), the reprogramming of the PLC and of the 
display. The pulsed heating process is fully automatic and also available for other 
processes on the machine 
The equipment was installed and put into operation end of November 2005. 
CRT accepted the equipment. 
The equipment works satisfactorily and has been used for process development. 
Its main limitation on the HTC 1500 is the heating current. During the heating pulse, the 
heating current passes over the feed through to the rotating substrate table. The current 
substrate table is limited to 600 A. This is largely sufficient for the CrC/a-c:H coating 
process, which is based on a single sputter cathode. However, for the co-evaporation 
process it limits the process window to running the carbon sources with maximum 100 A, 
which is probably their lower limit of stability. Ideally we would run with the co-evaporation 
process with 900 A. The power would be available.  
 
Scale up of the process for CrC/a-C:H process with pulsed heating  
 
The HTC 1500 equipment, where the process was upscaled is shown in the figure. 
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Hauzer HTC 1500 deposition plant 

 
 
The tests of 1st up-scaling unit without substrate rotation generated film with properties: 

• CoF. = 0.07 
• Wear rate = 3 x 10-16 m³/Nm 
• Hardness ~ 10 GPa 

The tests with substrate rotation presented these properties (September 2005): 
• Low growth rate 
• Insufficient adhesion – spalling of some coatings 
• High wear 
• Higher CoF 

So the motivation for further up-scaling tests after Sept. 2005 were: 
• Reach better results for films deposited with substrate rotation 
• Improve adhesion 
• Increase the growth rate 
• Evaluate the thermal stability 
• Introduce pulsed biasing 
• Deposit whole testing series 

 
Scale up of the CrC/C and CrNC co-evaporation process 
 
The selection of EIG coatings to scale up was based on the different results of their tests. 
At this point of selection more than one hundred batches have been done at EIG 
laboratory. From these two versions  parameters were selected for scale up. 
 
The substrate table rotation in the HTC 1500 was set to maximum and was ½ the speed 
used in the laboratory equipment. The system had never been operated with this high 
table speed and this high power density ever before.  
No problems occurred after some minor repairs of the spindle bearings. 



 NAPILIS 
Contract Nr. NMP3-CT-2003 505622 

 

 

FINAL ACTIVITY REPORT     59 

Coating rate: 3 – 5 µm/hour with double rotation.  
The processes since March 2007 are temperature controlled, with a thermocouple 
mounted on a dummy substrate. 
The process used is a blend between the laboratory process and the best practice at CRT. 
It consists of the following steps 

LOADING  
PUMPING TO A CROSSOVER PRESSURE OF 8 PA 
PUMPING AND HEATING TO THE DESIRED SUBSTRATE TEMPERATURE   

AND/OR VACUUM LEVEL. BOTH HAVE TO BE ACHIEVED. 
TARGET CLEANING FOR THE CHROMIUM TARGETS 
METAL ION ETCHING 
CHROMIUM INTERLAYER DEPOSITION ~.1 µm  
CHROMIUM NITRIDE DEPOSITION 1 – 2 µm 
CrC/ C viz. CrCN/C DEPOSITION 
COOLING UNDER VACUUM TO 180°C 

All the processes used have been registered with respect to all the parameters. The 
settings correspond to recipes stored in the system computer. A back up has been made 
and is located in Geneva. 
 
As the machine is operated, the efficiency of the pulsed heating depends on the loading, 
since the heating current is limited to 160 A. Since the system draws a higher current, the 
voltage setting breaks down (ECR power supplies).  
The effective power of the pulsed heating has never been measured. It corresponds 
roughly to the some of the power of the 4 supplies, 10 kW. 
 
 

CrCN/C reactive arc coevaporation process  
 
The development of these coatings was stopped after successful coating of all parts for 
engine tests and following the finding, that the CrC/C coatings are more promising.  
Most of the coating development focused on the interfaces between substrate and the CrN 
subcoating and the CrN/CrCN coating. It consisted of  

• Improvements in the wet cleaning process 
• Improvements in the metal etching process 
• Improvements in the temperature control 
• Improvements in the bias voltage control (setting must be strictly dc-low except for 

the metal etch process 
• Addition of shutters for the carbon evaporators 
• Table loading (add high thermal mass) 
• Substrate clamping improvements. 

 
The reproducibility of the coating rate is fair. These CrCN/C batches gave satisfactory 
results with respect to adhesion and were used for bench and engine testing.  
These results also establish that there is no significant difference in structure between the 
coating on silicon chips and piston rings. This is a very important finding. 
 
 
 
 



 NAPILIS 
Contract Nr. NMP3-CT-2003 505622 

 

 

FINAL ACTIVITY REPORT     60 

CrC/C coatings by reactive arc coevaporation  
This development was the main thrust of the last months, because of the accumulating 
evidence of this being the most promising process variant.  
 
Until the last batches the CrC/C batches suffered from unsatisfactory adhesion between 
CrN and CrC/C. Various hypothesis and improvement strategies were explored: 
The solution was discovered in batch # 72, which showed excellent adhesion between CrN 
and CrC/C. This special batch had however been produced with a low coating thickness of 
2 µm. Subsequent efforts to reproduce it failed. TEM studies revealed, that this batch had 
unusually thick chromium interlayer on top of the CrN. 
 

 
Sample # 72 

 
This redirected our work on the interface to the gas flows employed.  
Therefore the deposition process was changed by the introduction of a 2nd metal ion etch 
following the CrN deposition. Both metal etching times were doubled. 
This changed process conditions gave satisfactory adhesion for 8 µm coatings on all 
substrates. 
In conclusion: 
 

• CrC/C does not adhere satisfactorily on CrN subcoatings 
• Satisfactory adhesion of thick CrC/C coatings can be achieved with the following 

conditions: 
• Intermediary etching between CrN subcoating and CrC/C coating 
• Absence of CrN coating with appropriate finish of the rings 

These findings need confirmation by further trials. 
The process warrants further optimisation 
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3.3.2 Task2.2 Structural, chemical and Morphological analysis of coated components 
 
CrC/a-C:H process with pulsed heating  
 
The first 32 samples had not shown any crystalline phase or nanocomposite structure at 
all. Instead they exhibited a fibrous-like columnar microstructure and were found 
completely amorphous. The question arose whether the deviation of the microstructure of 
scaled-up and laboratory samples could be caused by the substrate rotation not available 
in the laboratory equipment, although the stationary samples were also completely 
amorphous. 
Therefore, it was decided at the 3rd WP2 meeting in Orbassano (see minutes) to focus on 
obtaining coatings with the appropriate structure and to cease making coatings for 
mechanical and tribological testing. In order to save preparation time the samples with 
different methane/argon partial pressure were deposited successively over each other 
separated by sputtered Cr-layers. Thus a multiplayer sample representing different 
process parameters was deposited onto a single silicon probe. The first stack of multilayer 
experiment was done in July 2006. It was deposited without substrate rotation: HTC32, 
HTC33. The following stacks HTC 34, HTC41 and HTC45 were again made with substrate 
rotation. In HTC41 we also coated piston rings, which gave surprisingly good results in 
some tribotests. Therefore the top coating of this batch was deposited on piston rings for 
trials in batches # 43 and 52. The process HTC52 was interrupted by a table failure.  
The TEM study of the multilayer samples revealed that the microstructure was still 
completely amorphous throughout the whole range of deposition parameters. No 
microstructure except slight columnar features could be observed within the Cr-C layers. 
(The separating Cr layers were polycrystalline bcc-phase as expected).  
3 batches were then run with higher substrate table rotation speed to avoid the problem of 
table stops. The other conditions corresponded to batch 52 with some minor process 
changes to improve adhesion on the subcoating. All processes were run with double 
rotation and loaded with various types of parts for testing. Batch # 60 was interrupted and 
abandoned because of regulation problems.  
 
In conclusions, despite a large variation of compositions and process parameters, the 
structure of the laboratory samples could not be reproduced in the batches up to HTC 42. 
All coatings show amorphous fibrous structure. No notable difference between coatings 
deposited with low speed double rotation and coatings deposited stationary was observed.  
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Low magnification TEM picture (overview) of sample HTC65 in cross section 

 
The structure of coatings HTC54, HTC65 and HTC71 corresponds almost to the target 
structure of the coatings. They are crystalline CrC/a-C:H nanocomposites with only the 
crystallite size is slightly smaller. This is a surprise, since all previous deposition runs, 
where coating parameters were varied in a wide range, were unsuccessful in producing 
crystalline/amorphous nanocomposites.  
The scale up of this coating process did not represent any hardware problems. Scale-up of 
the hardware was straightforward. But the search for the appropriate process condition 
was a long and unexpected odyssey.  
In particular it was never understood, why at laboratory scale we had always CrC 
formation in stationary deposition batches, while at industrial scale we always had 
amorphous coatings in stationary deposition batches. But since amorphous coatings had 
never been observed at laboratory scale, we had not studied the conditions for CrC 
formation at laboratory scale.  
From the present understanding, we should have had redirected the WP1 efforts to a 
study on the conditions for carbide formation, when the scale-up problems surfaced 
instead of trying to solve them on the industrial scale.  
Anyhow, the solution, higher rotation speed was unexpected, but the discovered critical 
parameter deposited thickness / pass depends probably on the average impact energy of 
the atoms, which in turn is a function of the table-target distance. This distance had been 
increased from 50 to 130 mm during scale-up. 
Further development would start with the most relevant process parameter deposition rate 
/ table revolution. For the moment it seems that we have the condition: 
 
Deposition rate < 1 nm/table revolution or pass 
 
This finding also agrees with the early observation, that higher sputter power had lead to a 
degradation of the coating properties.  
If the importance of this parameter is confirmed, the targets can also be run at higher 
power, which will allow faster deposition rates.  
 
 



 NAPILIS 
Contract Nr. NMP3-CT-2003 505622 

 

 

FINAL ACTIVITY REPORT     63 

CrCN/C reactive arc coevaporation process 
 
Chemical composition 
This carbon content corresponds to previous samples. The EDS measurements 
underestimate the metal content.  
No oxygen was detected in either sample. The sublayer was analyzed as well and the CrN 
composition confirmed. A carbon content of 14-29 at% measured in the sublayers marks 
the possible contamination level during our EDS measurement. 
 
Coating structure 
The microstructure of the CrCN/C nanocomposite coatings very much resembled to that of 
the EIG laboratory samples from the beginning 
The phase structure of the films was studied by selected area electron diffraction. Although 
all diffraction rings were rather diffuse, the presence of nanocrystalline Cr(N,C) with fcc 
structure and amorphous “graphite-like” carbon can be confirmed. Unfortunately the CrC 
and CrN phases - having practically the same structure - cannot be separated by 
diffraction technique. The innermost ring of graphite, however, gives a possibility to 
separate this phase from the Cr(N)C by means of dark field imaging. 
The structure of all these coatings is similar, a nanocomposite of CrCN and graphitic 
carbon, with the graphite textures with the c-plane normal to the coating surface. 

 
 

HTC56 on piston ring 

Low magnification TEM picture (overview) of sample HTC56 in cross section. 
The sample consists of a CrN layer about 1 µm thick followed by a very fine multilayer of nanocrystalline fcc-
Cr(C,N) and (graphitic) carbon. The actual piece studied was deposited onto a steel piston ring and its outer 
surface containing the NAPILIS coating was prepared in cross section by thinning to electron transparency 

 
 
The structure of the scaled up CrCN/C coatings corresponded from the outset to the 
laboratory samples.  
Indeed the structure and morphology was improved over the laboratory coatings with 
respect to the following features: 

• The coatings are isotropic 
• The carbon phase is graphitic 
• The vol-% of the solid lubricant phase lies within the specified range. 
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The only limit is that we could not reproduce the pulsed heating stripes. This can be due 
either to 

• The double rotation absent in the laboratory: A sample surface can undergo pulsed 
heating not facing any sources (with negligible power) 

• The much more regular and rapid spot movement of the carbon arc evaporator.  
• The slow spot movement on the rectangular chromium targets. 

 
This means that reproducing the pulsed heating stripes will require a more detailed 
theoretical analysis and a corresponding hardware improvement. 
 
The structure and morphology of these coatings is reproducible and corresponds to the 
specifications 
It was successfully demonstrated, that the structure and morphology on piston rings is the 
same as the structure and morphology on silicon chips.  
The fact, that the coatings are strongly textured and that the texture corresponds to an 
orientation of the gliding planes of graphite normal to the coating surface may well explain 
why these coatings have a higher friction coefficient than anticipated from their 
composition.  
The influence of coating process parameters like pressure, substrate bias and temperature 
on the texture was not investigated.  
 
 
 
CrC/C coatings by reactive arc coevaporation  
 

• The CrC/C coatings are perfect nanocomposites consisting of fcc-CrC and graphitic 
carbon. 

• They are almost defect free.  
• Their nanolaminar structure is still visible, but the grains cross the laminae.  
• The graphitic phase is highly textured with the basal planes of graphite 

perpendicular to the sample surface. The reasons for this texture are unknown.  
• Further process optimisation should focus on removing it by varying the coating 

parameters: Temperature, bias, pressure. These parameters have been kept 
constant throughout this development.  

• It is suspected that a nanocomposite with an untextured graphite phase or a phase 
with texture and the basal planes parallel to the gliding surface would show 
significantly lower friction. 
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HTC 72 on silicon: Low mag cross sectional TEM image and selected area diffraction 
pattern of the multilayer stack and the CrN sublayer of HTC72. 

 

 

High magnification TEM 
micrographs of the same region 
showing BF and two DF images: 
the dark fringes in BF image 
correspond to nanocrystalline 
Cr(C,N) phase and the bright 
fringes are graphite-like 
amorphous carbon 
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3.3.3 Task 2.3 Tribological and mechanical testing of components 
 
Mechanical properties: 
 
CrC/a-C:H process with pulsed heating  
 
Adhesion 
Fair adhesion can be obtained on steel discs and on CrN precoated rings.  
It would be interesting to harvest the improvements in adhesion realized in the late 
development of the CrC/C coatings by a similar modification of the etching procedure 
 
Elastic modulus and hardness 
After a mechanical characterisation we can conclude the mechanical properties lie within a 
close range, despite the important differences in structure and chemical composition.  
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CrCN/C reactive arc coevaporation process 
 
Adhesion 
Adhesion was evaluated with Calo-testing only, as this is the more stringent test method.  
The adhesion is satisfactory on both components 
Perfect adhesion on ring and disc has been achieved for these coatings in the last batches 
used for engine tests. 
No cohesion failures were detected. 
 
CrC/C coatings by reactive arc coevaporation  
 
Adhesion 
The adhesion looks flawless. Similar results have been found with the new process for 
batches HTC85 and HTC86. The problems have been resolved with the new process 
 
Hardness and Elastic modulus of CrCN/C and CrC/C coatings 
It appears that the type of substrate Si or piston ring have not really an impact on the 
measured values. For the same batch, the Young’s modulus of a coating deposited on Si 
or piston ring is the same. The hardness seems slightly improved for the coating deposited 
on steel. 
The Young’s modulus decreases drastically when coatings are done with a high 
concentration of N2. Unfortunately with these measures it is not possible to know if this 
effect is due to the high N2 concentration or to the relatively high pressure during the 
coating. 
All the coatings tested have inferior characteristics than the standard CrN actually used. 
Nevertheless the CrC/C coatings HTC 61 & 42 approach the value of the standard. 
The mechanical properties lie within a close range, despite the important differences in 
structure and chemical composition.  
 
Internal stresses of CrCN/C and CrC/C coatings 
 
The internal stresses have been measured at MAHLE on some of the piston rings with the 
following method: 
X-ray diffraction, Cr-Kα -radiation 
Measurement point: Centre of the gliding surface of the ring 
Measurement direction: Tangential 
Piston ring unloaded 
Poisson’s ratio assumed to be 0.3 
In conclusion 
 

• The internal stresses are compressive like for the CrN benchmark 
• The internal stresses are considerably lower than for the CrN benchmark. However, 

since different methods were used for the measurement of Young’s modulus, no 
quantitative comparison is possible 

• The adhesion problems encountered during the project can not be attributed to 
excessive compressive stresses 

• The lower compressive stresses of NAPILIS coatings contradict their better 
resistance to disruptive wear 
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Tribological  properties: 
 
Wear, friction, and scuffing are the tribological properties to be evaluated in tribotests.  
Testing different coatings in the same test under the same conditions allows concluding a 
ranking between the coatings, and the result is typically addressed like “coating A is more 
wear resistant as coating B”. This leads to the assumption that wear resistance is a 
coating property:  
However, the tribological properties wear, friction, and scuffing are - strictly speaking – no 
coating properties, but system properties, since they depend on the parameters of the 
tribosystem (the test parameters) as well as on the coatings itself.  
Therefore it is natural that the same coatings can show different tribological properties in 
different tribotests. And, of course, tribological results obtained in engine tests can be 
different from those obtained in tribotests.  
In order to be protected against results that can be misleading, several different tribotests 
were applied, taking advantage of the possibilities and experiences of the project partners:  
- Ball-on-Disc Test  (at MCL) 
- Pin-on-Ring Test  (at CRF) 
- Cameron-Plint Test (at PSA) 
- RZV Test   (at Mahle) 
- UMT Test   (at Mahle) 
- Block-on-Ring Test (at Mahle) 
- Failure mode analysis on selected samples (at EIG) 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Sample: HTC 72, CrC/C: failure analysis after wear test 

Low magnification cross sectional TEM image of the multilayer stack and the CrN sublayer. 
The coating is practically untouched,no significant wear occurred. 

 
The coated discs used for the ball-on-disc test were tested is as-coated condition, without 
finishing.  
For the finishing of the ring samples two different methods were applied:  
- Manual finishing, using metallographer’s equipment.  
  This is a mild method; it removes just some protruding peaks. It was preferably applied 

for MCL coatings and for the coated pins  
- Machine finishing, using a fine belt-driven sandpaper machine. 
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This method is applied in production for CrN coated rings. It is more rigid and removes 1-
2 µm. 
When applied to MCL coatings it would remove and destroys the thin MCL coatings. This 
method was applied to the thicker EIG coatings only. 

 
The roughness was checked after finishing and found to be within the specified range.  
 
In the initial workplan (see Annex I) these objectives for tribological tests are settled:  
-. Dry friction coefficient against grey cast iron in the CRF pin-on-ring machine: < 0.2 
- Average friction coefficient (lubricated): Reduce of 20% in PSA test (Cameron-Plint test) 
- Wear resistance: Matches CrN 
An objective for scuffing resistance was not settled, but it can be easily set as: 
- Scuffing resistance better than CrN 
 
The reference for all tribotests is the CrN coating.  
 
The dry friction test in the CRF pin-on-ring machine was performed earlier and described 
in the 30m activity report. Since the results were inconsistent and more dependent on the 
roughness than on the coating type, this test variant was stopped.  
 
In the table the test results are summarized:  
 
 

Property Objective Test  CrC/a-C:H CrCN/C CrC/C 

Ball-on-disc < 0,2 lower than CrN lower than CrN 
Dry friction  CoF < 0,2     

Pin-on-ring lower than CrN not tested  not tested  

Pin-on-ring reduced like CrN  reduced  

Cameron-Plint like CrN higher than CrN not tested 

RZV reduced? like CrN  like CrN  

Lubricated 
friction 

20 % reduction 
to CrN 

Block-on-ring reduced reduced  not tested 

Ball-on-disc lower than CrN nearly like CrN  higher than CrN 

Pin-on-ring nearly like CrN higher than CrN nearly like CrN  

RZV (failure) higher than CrN like CrN  
Wear at 25°C like CrN 

UMT (failure) like CrN  not tested 

Wear at 200 °C better than CrN Ball-on-disc better than CrN not tested better than CrN 

Scuffing better than CrN Block-on-ring better than CrN better than CrN not tested 
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In conclusions 
 

• CrC/a-C:H presents lower friction and better scuffing resistance than CrN and 
meets the corresponding objectives. The wear resistance can possibly match CrN, 
but this must be confirmed with thicker coatings.  

•  CrCN/C presents better scuffing resistance. The friction results are inconsistent 
and seem to depend on the test: Some results are like CrN, some are higher than 
CrN, and some are lower than CrN. The wear resistance is lower than CrN.  

• CrC/C presents a better wear resistance compared to CrCN/C. The wear 
resistance matches CrN and therefore meets the corresponding objective. The 
friction is like CrN.  

But not all tests could be performed and should be added to get a clear and sound picture.  
 
 
Thermal Fatigue Test 
In the initial work plan a tension test to determine the mechanical fatigue strength was 
implemented. However when it was realized that the tension test would determine the 
fatigue strength of the base material and not that of the coating, it was decided to replace it 
by the thermal fatigue test.  
A high thermal fatigue resistance is important for piston ring applications. 
The objective is thermal fatigue behaviour similar to CrN.  
 
The thermal fatigue test, developed at and operated by Materials Center Leoben, 
generates rapid and intense thermal cycles on a specimen by laser pulses. It is used to 
test the thermal fatigue behaviour of materials and coatings.  
After the test the ring samples were investigated by microscope and by a cross section at 
the position where the laser beam hit the piston ring segment. A microscopic evaluation of 
the cross section couldn’t yield reliable observations; therefore a SEM study was added.  
it can be concluded:  
 

- Both coating types show local delaminations 
- The fatigue cracks found in the CrC/a-C:H coating are supposed to be induced by 

the cracks in the CrN underlayer  
- The investigations applied are not capable to give information about a possible 

thermal decomposition  
- The thermal fatigue resistance cannot be detected because the coatings are too 

thin. The test should be repeated with thicker (>10 µm) coatings 
 
A detailed report of the thermal fatigue test is given in deliverable D 31. 
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3.4 Summary and Discussion 

 
Sputtered coatings 
 
The MCL coatings showed in general the desired coating properties, and the tribotests 
enlightened a potential for low friction and high scuffing and wear resistance, although the 
results are partially difficult to evaluate because the coating was too thin. Therefore the 
tribological problems must be confirmed with thicker coatings. The thickness should be at 
least 10 µm.  
In order to overcome these restrictions and to further develop the CrC/a-C:H coating type, 
MCL plans to start an in-house development project, comprising:  

- Implementation of the CrC/a-C:H process on a new coater at MCL 
- Reproduction of coating structure and properties obtained in laboratory and scale-

up phase 
- Increasing coating thickness to > 10 µm 
- Coating ring samples in cooperation with Mahle 

Then Mahle would test these ring samples in tribometers and engines, similar to the 
NAPILIS program. In case the positive results from the NAPILIS project are confirmed, 
Mahle would offer these coated rings to customers and eventually implement the process 
into its own production.  
 
 
 
Arc coevaporated coatings 
 
During the last coating window in November it was possible to coat sample rings with 
CrC/C at a thickness of approx. 8 µm. EIG is going to analyse these samples with respect 
to structural and mechanical properties. Mahle will finish the sample rings and then 
perform tribotests and probably an engine test. So the data missing in the presented table 
will be completed.  
The existing tribodata indicate that the coating CrC/C is superior to the coating CrCN/C. It 
is worth to continue the development of this process. The next objectives are:  

- Develop a stable and reproducible process 
- Coating thickness > 10 µm 
- Good adhesion and cohesion 
- Coat sample rings and other samples of interest 

Hauzer, EIG, and Mahle will establish a plan for a project dedicated to these objectives, 
and they will together try to get such a project done.  
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4. WP3 Validation of selflubricating cermets in engines and optimisation 

 

4.1 Overview of objectives 

 
Napilis workpackage 3 is dedicated to the validation of the coatings in engine test rigs, 
including a demonstration. Engine testing will represent the 3rd level of validation.  
It is accompanied by a detailed simulation study of the behaviour of the piston/liner system 
with these new coatings that allows optimisation of piston segment geometry and finish, oil 
consumption friction losses and compatibility with alternative fuels. It will be carried out on 
the “virtual engine” of AVL.  
In parallel we carried out engine tests to validate three targeted improvements: oil 
consumption, friction reduction, and wear reduction. The tests were carried out in different 
engines: 
- Diesel 1.9TDI VW engine 
- Gasoline 1.8L EW7 PSA engine 
- L850 Fiat engine. 
 
The targeted objectives were: 
- Reduced friction losses in engine, allowing a reduction of fuel consumption of 1.5% and a 
reduction of CO2 emission by 3g/km. 
- Improved scuffing resistance, allowing a reduction of lubrication needs, oil consumption 
and particle emission. 
 

4.2 Summary of the results 

 
During the course of the project and with the different results of other workpackages, some 
modifications had to be done on objectives and the deliverables . 
First variation concerns the application:  the main work is done on coated rings and not 
liners. It has been discussed in the WP2 and decided to abandon the development of the 
coatings applied to liners because of the problems in coating optimisation.  
Coated liners were not tested in engine test, even if they have been tested with the 
Cameron-Plint test (in workpackages 1 and 2) to help understanding of phenomena. 
 
The second variation concerns the engine test. Engine tests were carried out at Mahle and 
a high temperature scuffing test procedure was applied. The objective was to demonstrate 
the improvement of the engine performance, with a reduction of friction and an 
improvement of scuffing resistance. This improvement can then be associated to a 
reduction of fuel consumption and a reduction of particles emission. This topic was 
realised.  
 
Concerning the friction evaluation mono-cylinder tests were carried out at CRF.  
Some mono-cylinder tests were also planned at PSA but they were cancelled because of 
other priorities occupying the benches within the time. 
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Since results were not encouraging enough for the project to be able to perform an engine 
complete demonstration (with oil and fuel consumption) within the Napilis period, these 
tests,  to be realised by Mahle and Psa, were cancelled. Correlated to this activities 
planning, the deliverables D43 - Report oil consumption, and D47 - Report engine 
demonstration have been cancelled. 
 
Test results  
 
From WP1 and WP2, CrCN/C and CrC/a-C:H coatings were selected to be studied in 
monocylinder and engine physical tests.  
Results are not completely positive and sometimes difficult to evaluate, but partial targets 
are matched and potentials of friction reduction, wear and scuffing resistance are shown. 
More work need to be done out of the project to obtain completely positive coatings.  It will 
imply particularly an increase of coatings thickness and more tribology and engine tests to 
confirm the potentials. 
 

Numerical simulation results 

 
A preliminary result of the numerical simulation part is the modelisation of the Cameron-
Plint test which can be considered as a preliminary tool for prediction in the modelisation of 
the whole ring/piston/liner system. 
 
Modelisation of the monocylinder test was performed and applied on CrN reference rings, 
and CrC/a-C:H and CrCN/C Napilis coatings to describe their behaviours. The existing tool 
now needs to be considered as a long-term tool directly usable for further investigation on 
new coatings: it will allow optimisations of roughnesses and geometries definitions for the 
ring / liner contact. 
 
 

4.3 Progress toward objectives 

 
Task 3.1 Provision of sample parts for two different test engines 
 
The production of engine coated parts for the different tests concerned  coated liners and 
rings. The coatings to be tested were selected in the workpackage 2 taking into 
consideration the characteristics identified for each coating. 
 
Task 3.2 Motor driven mono-cylinder bench test 
 
In CRF the mono-cylinder bench permits to perform tribological tests of Normal Production 
parts of an engine system with testing conditions similar to real working conditions, 
excepted for the firing phase. 
 
The results generated by the tests regarded: 

• Friction forces during the test 
• Chamber Temperatures  
• Wear Evaluation (profile, dimensional and weight variation, failure analysis) in liner 

and piston rings 
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In order to assess the tribological behavior of the new Napilis coatings, different sets of 
coated 1st compression rings have been tested by mono-cylinder bench. 
The comparison has been realized with CrN Mahle coating, actual  state of the art of the 
ring coatings . 
 
The mono-cylinder activities regarded testing of: 

• Rings with CrN (as Mahle reference case) 
• Rings with  CrC/C coating (EIG HTC44  Coating) 
• Rings with CrC/a-C:H coating (MCL HTC65 Coating) 

 
 
In order to evaluate from a tribological point of view the coatings developed in the Napilis 
project, several cylinder prototypes have been realised. 
The single-cylinder mock-up is cut from a FIAT 4-cylinder crankcase in aluminium with 
embedded cast-iron liner.  
 
The comparison regarded the friction forces during the test with the various coated rings. 
The wears of liners and rings have been characterized as variation of geometry and 
material (profile, weight, surface morphology and coating adhesion). 
 
The next graph represents the maximum values of the friction forces recorded during the 
tests for each configuration of rings: the maximum values of friction forces have been 
recorded at the top died center (TDC). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The wear of the rings has been evaluated as variation of section and variation of weight in 
the 1st compression ring. 
The wear observed in the rings is negligible in all the conditions, both in term of weight and 
profile variation. 
The rings have been analysed by optical microscopy and SEM. 
 
In the rings with CrC/a-C:H coating many scratches are present after the tests and in the 
contact area. The damage of the CrC/a-C:H coating has been confirmed by SEM and 
EDAX analysis 
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The wear occurred into the liners has been inspected with a metrological analysis of liner  
profile  measured in the upper part of the liner (corresponding to the TDC). 
The profile of the liner presented lower wear in the tests with CrC/a-C:H coatings on the 
rings. 
 
In conclusion the results can be summarized: 

• CrC/a-C:H coating presented the lower friction forces during the test. 
• CrC/C and CrN coatings presented a similar behavior related to friction forces. 
• The wear of rings in all the cases is negligible.  
• The wear of liner is lower in CrC/a-C:H test 
• The coating CrC/a-C:H was total worn on the running surface after the test  

 
 
Task 3.3 Engine testing 
 
Objectives were to demonstrate an excellent engine function, with improved engine 
cleanliness and performance: 

• Reduced friction losses → reduced fuel consumption and reduced CO2 emission 

• Improved scuffing resistance → reduced lubrication needs → reduced oil 
consumption → reduced particle emission 

 
The scuffing resistance of the NAPILIS coatings was tested first.  
The high temperature scuffing test, a special test procedure developed and performed at 
Mahle, was applied. 
The target of the test is to generate scuffing (or “burning marks”) at the outer surface of top 
rings. With this test, the scuffing resistance of various top ring coatings can be determined 
and compared.  
For the scuffing test, a 4-cylinder high-speed Diesel engine (VW 1,9l TDI, 96 kW) was 
used. The engine was modified to provoke burning marks. An increased thermal load on 
top ring is achieved by special running conditions and a modified piston geometry. A 
specific test cell installation is required to run the engine at increased coolant, air, and oil 
temperatures. The engine is operated at rated power for 10 hours. 
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Each engine test run is equipped with 4 rings of the same coating type. A split test with 
different coatings is not advisable, since the thermal conditions of the 4 cylinders are not 
fully comparable. 
 
Two test runs were performed, one with HTC 56, representing the EIG CrCN/C coating 
type, and one with HTC 65, representing the MCL CrC/a-C:H coating type. 
For each engine test run, a new engine block and new rings are used. 
 
Due to the short running time, the test doesn’t allow to evaluate the wear behaviour of the 
ring coating. 
After the test, the piston rings are disassembled and inspected under the microscope.  
This allows identifying burning marks and scuffing traces. 
At selected rings a deeper failure mode analysis using SEM and TEM investigations was 
performed. 
 
Mahle already tested all ring coatings out of the current portfolio. Rings coated with 
Chrome-ceramic present a good scuffing resistance. 
CrN coated rings show the highest scuffing resistance. At a coolant temperature of 110° 
no burning marks are seen. Even at 120° coolant temperature and a doubled running time 
of 20 h no burning marks occur. 

HTC 56 – CrC/CN Coating 

 
HTC 56 is an EIG coating, composition CrCN/C. The coating hardness is HV 0,05 1050. 
The thickness as coated was measured to 5,7 µm. In finished condition the thickness was 
4 µm, close to the gap ends 2 µm. A thin (< 1 µm) underlayer of CrN, deposited at CRT in 
the same process as the EIG layer, is present. 
The finishing after coating deposition was performed with a belt-driven sandpaper-finishing 
machine at the Mahle ring plant. 
 
The adhesion of CrC/CN coatings on CrN is sufficient for the scuffing test. 
 
The coating is partially worn through, especially at the positions of high contact load. 
Burning marks and scuffing occur where the nitrided steel base material is exposed, 
according to the fact that this material presents low scuffing resistance. 
 
There are no burning marks or scuffing marks of the CrC/CN coating. 
This gives an indication that the coating could show a good scuffing resistance. 
The CrC/CN coating fails through limited thickness and peeling wear. 
 
 
 
 
 
 
 
 
 
 
 

CrCN/C 

CrCN/C 

CrN / nitrided steel 
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The test should be repeated with a thicker coating, which won’t be worn through during the 
test. For this test it is recommended to use the CrC/C variant, since it shows higher wear 
resistance in the RZV test. It is expected that a thickness of 10 µm would be sufficient for 
the engine test. 
 
The observation of peeling wear offers an interesting perspective: under conditions where 
shearing wear is dominant, nanolaminar coatings peel, while the columnar state-of-the-art 
CrN coatings present excellent wear resistance (brushes resist shear). 
Under conditions where cracks are produced like in the thermal fatigue test, the columnar 
coatings seem to fail, while the nanolaminar coatings should resist. 
The critical question is at the moment the adhesion of CrC/C on CrN. If it will possible to 
improve the adhesion to a level where peeling wear is suppressed under engine 
conditions, the coating is expected to provide excellent scuffing and thermal fatigue 
resistance, combined with high wear resistance. 

HTC 65 – CrC/a-C:H Coating 

 
HTC 65 is a MCL coating, composition CrC/a-C:H with a carbon content of 82 at-%. 
The coating hardness is 13GPa and the Young’s modulus is 187GPa. 
The thickness as coated was measured to 1.2µm. 
A thick (15 µm) underlayer of CrN, deposited at Mahle, was underneath the MCL coating. 
 
The finishing after coating deposition was manually done, using polishing equipment at 
Mahle laboratory 
The thin coating is rather quickly worn through, and the thick underlying CrN coating was 
present during the test. Since CrN shows an excellent scuffing resistance, no burning 
marks or scuffing could be observed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CrN 

CrC/a-C:H 
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The coating fails due to its low thickness. 
No conclusion about the behaviour of CrC/a-C:H can be drawn from this test. 
The test should be repeated with a coating of sufficient thickness (e.g. 10 µm). 
 
Task 3.4 Simulation in the piston liner system 
 
Whereas the major part of the NAPILIS project is dedicated to develop the MCNC 
composites this chapter covers the application of a numerical simulation to determine the 
frictional behaviour of these new coatings.   

 
Self-lubricating coatings have a substantial impact on the tribological performance of 
contacting surfaces in the vicinity of the minimum oil film thickness.  E.g. shear stresses 
and microscopic surface deformations are influenced by material properties of the top 
sliding layer.     
In general all sliding faces are rough, each possessing a 3D random surface topography at 
least in the micro-scale.  The application of MCNC coatings will change the tribological 
properties e.g. hardness, adhesion, elastic modules and wear on the sliding faces.  So far 
the mathematical models for the lubricated contacts are mostly applied on sliding systems 
inhere material properties for ordinary metals like steel, cast iron and bronze.  Therefore, 
the main target of the numerical part is the development and validation of contact models, 
which are sensitive to the property modification introduced by the MCNC coatings.   

 
For the simulation of the lubricated contact in the ring-liner system the commercial 
software package EXCITE Piston & Rings (EXCITE PR) has been chosen.  The program 
offers a multi-body dynamic solver for the time integration over the engine cycle and 
already possess very detailed mathematical models for the lubricated contacts in 
reciprocating engines.   
 
The main objective of the work is to validate the predicted data for piston ring friction using 
friction forces derived on a floating liner device of a medium sized gasoline research 
engine.  The experimental data used for that purpose was derived by the project partners 
CRF as well as PSA.  The principle of the measurement device is a so-called floating liner, 
where the cylinder liner is mounted loose in axial direction.  Instead of a solid connection 
to the surrounding engine block load cells will record the friction force of the moving piston 
and piston ring assembly.  This measurement device allows an instantaneous or crank 
angle resolved measurement of the generated friction force. Due to the sealing of the 
floating liner against the combustion chamber and the Eigen frequency the operating 
conditions are restricted to lower speed and motored conditions.    
 
Due to the time delay of the coating process for the piston rings the experimental test at 
PSA was skipped.  However, PSA investigated the friction behaviour on a Cameron-Plint 
friction tester, too.  Using this test data a verification of the numerical results can also be 
performed by a comparison of the instantaneous friction force measured at the specimen 
holder.  With the modelling approach in EXCITE PR it is possible to approximate the 
sinusoidal movement of the piston ring specimen over a small liner segment and to predict 
the force acting on the liner segment.   
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Consequently, the modified objectives can be summarized as follows: 

• Modelling approach and governing equations 

• Numerical simulation of the mono-cylinder bench test at CRF      

• Numerical simulation of the Cameron-Plint test  at CRF      
 

Simulation procedure and governing equations  

The simulation of the axial traction or friction force of a ring package - upper compression 
ring (OCR), lower compression ring (LCR) and oil control ring (OCR) - is performed with 
the ring dynamic module of EXCITE Piston & Rings. The model comprises a 2D multi-body 
dynamic simulation of each piston ring moving relatively regarding the piston groove and a 
1D gas dynamic simulation of the combustion gas, which passes the ring package due to 
leakage at the ring end and in the piston groove. Such a model approach is illustrated in 
following figure.   
 

 
 

Fig. 4.3.3.1 EXCITE Piston & Rings model for a ring dynamic simulation 

 
 
The mechanism of the piston ring sealing is comparable to a labyrinth seal, where a series 
of volumes are connected with orifices. The volumes are determined by the radial 
clearance between the piston root groove and at the back side of the ring as well as the 
space at the piston land between two consecutive rings.  As the rings reciprocate in the 
cylinder bore hydrodynamic, gas and inertia forces as well as traction will move the rings 
by means of axial, radial and twisting motion relatively to the piston groove flank.  Hence, 
the rings act as a load sensitive valve over the engine cycle and discharge combustion gas 
successively from one volume two the other.   
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Fig. 4.3.3.2 Illustration of the lubricated piston ring to liner contact and modelling 

approach 

 
 
In addition the model comprises a very details mixed lubrication model for the sliding 
contact between ring running face and inner cylinder wall almost similar to the lubrication 
model applied for the piston skirt lubrication in EXCITE Power Unit as shown in figure.  
However, the 2D multi-body dynamic approach restricts the application of the 
hydrodynamic solver to the line contact or 1D hydrodynamic. Therefore, in piston angular 
direction axial-symmetric conditions are assumed. This means that the minimum oil film 
thickness, hydrodynamic and asperity pressure do not vary in angular direction.  The 
possibility in calculating the ring dynamics simultaneously on the piston major and minor 
side is omitted in this investigation. Differences on both sides arise from the tilt of the 
piston groove relatively to the cylinder bore due the piston secondary motion yielding to a 
different lubrication gap at the ring running face. It is assumed that the average of friction 
force of piston minor and major side equals the friction force of a symmetrical calculation 
(no piston secondary motion). By assuming this the tilt of piston groove regarding the 
cylinder bore due to the piston secondary motion is not needed in advance.   
 
Therefore, the two other modules of EXCITE Piston & Rings; simplified piston slap 
simulation and prediction of the lube oil consumption are not subjects of the actual 
investigation.  The focus of the ring dynamic simulation is about the adequate prediction of 
the friction force between piston rings and inner cylinder wall.  The prediction of the gas 
flow (blow-by) and interring pressure is a subordinate simulation task.  
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Governing equations for the hydrodynamic lubrication; application of the averaged 

Reynolds equation 

 
 

 
 
Fig. 4.3.3.3 Illustration of the lubricated piston ring to liner contact and modelling 

approach 

 
 
Hence, in the simulation model the definition of the thermal deformation of the piston land 
and the piston ring will have a small impact on the results for the piston ring friction and 
even larger deviations between the model and the real engine conditions on the test rig will 
not substantially influence the friction. This eases drastically the modelling effort because 
the true piston land and ring temperature are unknown and only a rough estimate is 
necessary to define those input values.  
 
The rigid body motion of each piston ring is simulated in time domain in a reciprocating 
floating frame given by the piston stroke.  In cylinder axial direction the ring is constraint by 
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the surfaces of upper and lower piston groove flanks. In cylinder radial direction the ring is 
compressed against the rigid inner cylinder wall.  
 
For the actual ring package the MBD system comprises the following components: 
• Upper Compression Ring (UCR): Rigid 2D body   
• Oil Control Ring (UCR): Rigid 2D body   
• Liner: Rigid 2D body   
• Ring Running Face-Liner: 1D mixed lubrication model with roughness parameters to 
be defined in advance.  
• Ring Side Face-Groove Flank: Empirical damping function to consider hydrodynamic 
pressure due the squeeze motion. The same model is considered at top and bottom flank.   
 
The entire simulation procedure for the piston ring friction comprises the following 4 steps:   

(1) Pre-processing of surface roughness parameters for the tribo-pairs liner–UCR, LCR 
as well as liner–OCR: Based on the 3D roughness measurements of the original 
components both the flow factors and the mean asperity pressure are determined and 
stored in tables.  The tables are used as input for the surface contact parameter in the 
contact Ring Running Face-Liner.   

(2) Model creation: The model is created with the aid of a graphical user interface (GUI), 
where the connectivity between rings and liner is automatically generated. The following 
parameters are needed for the components:  

Piston ring: Mass properties, pre-twist angle, tangential force, ring end, ring temperature and geometry 
of the ring cross sectional area.   

Piston groove: Piston land geometry, piston temperature and groove profile at bottom and top flank.  
Note: The input of these data is integrated in the body for the piston ring.    

Liner: 3D surface profile of the inner cylinder wall and 2D solid and surface temperature over the height 
of the liner. Note: The 3D surface profile is reduced to a 2D profile in the plane from piston minor to 
major side.   

Definition of engine speed and combustion gas pressure according the table of the 
operating conditions. Definition of oil properties.   

(3) Simulation step:  The ring motion, contact forces, inter-ring pressure, gas flow and oil 
films are determined for the ring package.  Two engine cycles are simulated in order to 
ensure a converged solution.   

(4) Post-processing:  Results are extracted and plots are drawn using the software AVL 
IMPRESS Chart.  In addition, 2D results of the contact pressure can be animated in AVL 
PP3.   

 

Numerical simulation of mono-cylinder test at CRF 

The friction measurements were conducted at CRF on a single cylinder research engine 
under motored condition at 1500 rpm.  The engine is equipped with a so-called floating 
liner on the top of the original L850 cylinder and is retained with 3 studs 

In addition the studs are equipped with load cells which record the total axial force acting 
on the floating liner.  This force is the sum of piston assembly friction force (piston skirt and 
3 rings), the resulting gas force of the compressed air as well as any inertia force 
generated by the vibration of the entire test rig.  While the gas force is simply to extract 
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any compensation of inertia effects are hardly to perform. Therefore, the absolute results 
bear a measurement noise coming from the vibration of the test rig.   
 
Therefore, the validation of the predicted friction force will be done by means of relative 
changes; a comparison of crank angle resolved friction force is out of range.   
 
The test regarded Napilis coated rings: only the running surface of the upper compression 
ring was covered by the NAPILIS coatings. The surface finishing of lower (2nd) 
compression and OC ring was not altered in any of the tests.  However, for each test case 
all rings were replaced by completely new components 
In total 3 different piston ring packages were tested always at the same operation 
condition 
The data preparation for the setup of the models in Piston & Rings comprises the following 
topics:  

• Analysis of the tribo-pairs liner-UCR, liner-LCR and liner-OCR and pre-processing 
of tabulated flow factors and mean asperity pressure  

• Model setup for ring package friction  
 
The application of the mixed lubrication model in the software tool EXCITE Piston & Rings 
requires the definition of so-called flow factors for the averaged Reynolds equation and 
parameters to define the mean asperity pressure.  
 
For the flow factors as well as for the contact pressure there are tabulated values available 
in the literature, which are valid for surfaces having a Gaussian roughness height density 
distribution. However, the liner roughness has striated features due to the honing process, 
which leads to a substantial deviation from the Gaussian density function, an application 
based on the values of the literature might lead to a large drift in the contact calculation.   
 
In order to avoid this inadequate modelling the factors are evaluated for surfaces of the 
relevant sliding system on engine components being as close as possible identical to the 
roughness configuration tested on the research engine. For this purpose CRF provides 
engine components for the evaluation. 
 
Results for mono-cylinder bench test at CRF 

 
The results concerned the evaluation of the predicted piston ring friction 

Evaluation of predicted friction for reference coating - CrN 

 
Next figures show the friction behaviour of the entire ring package for the reference 
coating CrN.  Unlike to an experimental investigation the numerical analysis of the ring 
package allows a separation into the friction components hydrodynamic (viscous due to oil 
film shearing) and asperity (mean shear stress due to solid to solid contact of the rough 
slider counterparts).  Fig. 4.3.3.4 shows the individual friction forces for upper (UCR) and 
lower compression ring (LCR) as well as oil control ring.  In all diagrams one can observe 
that the curvature is similar for all rings.  The hydrodynamic friction force follows a 
sinusoidal curve with its peak value at mid-stroke position or highest piston speed.  The 
asperity friction force draws the opposite trend. In every dead centre the hydrodynamic 
load carrying capacity is less pronounced and the small minimum oil film thickness 
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(MOFT) yields to a substantial amount of asperity contact which is accompanied, 
according to the COF, by the corresponding traction.  This inter-play is plainly seen for the 
OCR.   
The second ring LCR shows a nearly constant asperity friction force over the piston stroke 
and therefore is hardly influenced by any load carrying capacity of the hydrodynamic oil 
film.  The reason for this weak dependency can be traced back to the high roughness on 
the ring running surface.   For the LCR the sum of the roughness values Rk+Rpk  is 1.6 
micron and is about 40% larger than for the UCR or OCR.  As a result the second ring 
LCR is nearly completely carried by the roughness amplitudes; the oil film simply passes 
the running face without any substantial oil film pressure.  
The upper compression ring UCR bears the combustion gas pressure at 0 and 360 top 
dead centre, where the gas pressure at the back side of the ring leads to higher contact 
stresses at the running face.  This is accompanied by a higher asperity friction force with a 
magnitude up to 70 N.     
Fig. 4.3.3.5 shows the total ring friction again separated into hydrodynamic and asperity 
part.   

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.3.3.4:  Predicted axial ring friction in the 3 ring package, 1500 rpm – motored (2-
stroke cycle) – coating variant CrN 
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Fig. 4.3.3.5  Predicted total axial ring friction (sum over all rings), 1500 rpm – motored (2-

stroke cycle)  – coating variant CrN 
 

 

 
 

Fig. 4.3.3.6:  Predicted hydrodynamic and asperity friction loss power, 1500 rpm – 
motored (2-stroke cycle)  – coating variant CrN 

 



 NAPILIS 
Contract Nr. NMP3-CT-2003 505622 

 

 

FINAL ACTIVITY REPORT     86 

 
 

Fig. 4.3.3.7:  Friction Mean Effective Pressure (FMEP) of the ring package, 1500 rpm – 
motored (2-stroke cycle)  – coating variant CrN 

 
Since a friction force is less predicative regarding efficiency by means of power loss Fig. 
4.3.3.6 and 4.3.3.7 show the instantaneous and integrated friction loss power of the ring 
package.  A noticeable result is that the asperity contribution dominates the friction power 
loss, which is 1/3 hydrodynamic and 2/3 asperity.  This result shows the opposite trend in 
comparison to internal bench test at AVL using piston rings from a Diesel engine.  This 
might be natural in the circumstances that in the internal test, worn rings after an 
endurance test of 250h has been used.   
However, the numerical analysis shows that the OCR accounts for the highest friction loss 
power.  The FMEP of UCR-LCR-OCR is about 30% - 20% - 50%. 
 

Evaluation of predicted friction for NAPILIS coatings – HTC 44 and HTC 65 

 
Fig 4.3.3.8. and 4.3.3.9 show the friction change due to the variation of the surface 
coating.  The numerical results for the axial ring friction  reproduce the listed values for the 
frictions (COF) derived on various test systems.  Since both coating variants HTC44 and 
HTC65 indicates only a marginal friction improvement it is not surprising that the friction 
analysis of the entire ring package yields to a hardly noticeable improvement for axial ring 
friction and FMEP.   
A result which has been elaborated in the experimental tests on the mono-cylinder by the 
project partner CRF, too.  CRF compares the maximum axial friction force with the result 
that HTC44 is nearly equal to the reference CrN and HTC65 indicates an improvement of 
6%.   
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Fig. 4.3.3.8:  Change of friction force at upper compression ring (UCR) due to different 
face coatings: CrN, HTC 44 and HTC 65 at 1500 rpm – motored (2-stroke cycle) 

 

 
 

Fig. 4.3.3.9:  Change of total FMEPdue to different face coatings: CrN, HTC 44 and HTC 
65 at 1500 rpm – motored (2-stroke cycle) 
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Numerical simulation of the Cameron-Plint test at PSA 

 
PSA uses the Cameron-Plint TE77 tribometer to investigate the frictional behaviour of a 
ring to liner contact under lubricated conditions.  Where the segment of a piston ring is 
pulled alternatively over a cylinder liner segment.   

 
 

Fig. 4.3.3.10:  Illustration of the mechanical principle of the alternating ring liner 
tribometer. 

 
Concerning  the comparison of predicted and measurement values for the coefficient of 
friction (cof),  It should be noted that it was indented to measure the boundary friction part 
of the coated surfaces on ring and liner.  For that purpose the nominal contact pressure 
should be high enough where the sliding speed is low in order to avoid any hydrodynamic 
lift-off of the ring from the liner segment which gives a state of mixed lubrication.  In this 
state a part of the frictional forces is generated by the viscous shear stress of the lubricant 
and falsifies the measurement of the traction of the coating itself.  However, for the 
comparison between measurement and numerical simulation this circumstance is less 
important because the simulation in EXCITE PR can predict both states very accurately 
using the mixed lubrication model.  Fig. 4.3.3.12 shows the comparison of measured and 
predicted coefficient of friction.   
 
Adaptation of the COF using the experimental results of the Cameron-Plint  
 
The examination of the experimental results of the Cameron-Plint indicates a clear 
tendency of the COF regarding the applied power in the test rig.  Fig. 4.3.3.11 shows the 
COF as a function of the friction loss power derived in the experiment.   
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Fig. 4.3.3.11:  Change of COF as a function of the applied normal load and ring speed 
(expressed by friction loss power generated on the rig test) 

 
 

The outline of the curve indicates that at very low friction loss power the traction at the ring 
surface increases.  This behaviour is approximated by a log function and the functional 
behaviour is used to modify the input parameter for COF in EXCITE PR.  This novel 
procedure is the first attempt to modify the hitherto static approach for the COF to a 
definition using the effective magnitude according the dissipation power loss on the 
surface interface.     
 
Comparison of measured and predicted ring friction force  
 
The following diagrams show the derived correlation between measurement and EXCITE 
PR simulation.   

 

 
Fig. 4.3.3.12:  Cameron-Plint ring test: Comparison of measurement with EXCITE PR 
simulation at low ring speed (10Hz) for the tribo system liner gray cast iron – CrN ring 
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Conclusions 
 
The simulation of the axial ring friction for both a complete ring package as well as for a 
single piston ring is carried out by means of the AVL software EXCITE Piston & Rings.  
The application of the mixed lubrication model in the contact simulation between ring 
running surface and cylinder wall requires the definition of the so-called flow factors for the 
averaged Reynolds equation and parameters to define the mean asperity pressure.   
In a pre-processing step a novel micro bearing analysis is applied on representative 
surface patches of the running faces at ring and liner in order to numerically derive the 
input parameters for the mixed lubrication model.  The total procedure comprises the 
measurement of the 3D roughness topography on  a small surface section with the size 
0.75 x 0.5 mm using a white light interferometer, the evaluation of the parameters under 
consideration of the particular surface material properties and the processing of tables for 
the input in EXCITE.   
The application of the ring dynamic simulation to the mono-cylinder bench test and the 
Cameron-Plint tribometer, respectively yields to following conclusions: 

• The micro bearing analysis gives reliable results for the asperity (solid-to-solid) contact 
and can be used to identify parameters regarding roughness amplitudes and material 
properties.   

• The application of the NAPILIS coatings do not violate the process of the asperity 
contact simulation as far as Young’s modulus, hardness and coefficient of friction 
(COF) are known in advance.   

• For the Cameron-Plint tribometer the simulation of the piston ring friction over the 
stroke is in good agreement with the experimental results.  Especially, the 
consideration of the effective COF, which is modified according the generated friction 
loss power, yields to a substantial improved in this context.  The predictability at lower 
load conditions is a clear advance in comparison to a static value for the COF. 

• The simulation of the mono-cylinder bench test shows hardly any influence of the 
coating by means of the friction mean effective pressure (FMEP).  From the simulation 
point of view this result is reliable because the measured COFs for the investigated 
coating systems CrN, HTC44 and HTC65 are nearly identical.  The result for HTC 44 is 
also confirmed in the bench test; HTC65 shows a reduction of about 6% of the peak 
frictional force measured in the test.  It should be noted that the peak frictional force 
appears always around the dead centers and therefore, the impact on the FMEP is 
much smaller.   
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5. WP4 Development of equipment technology 

 

5.1 Overview of objectives 

 
In WP4 the equipment upscaling is the topic. The major objectives are:  

Demonstrate production capability with  
• Source and process operation stable,  
• Equipment costs : state of the art CrN + 10% 

 
The objectives of upscaling are to demonstrate the production capability of the laboratory 
scale developments by accomplishment of a stable operating process, including especially 
a stable operation of the sources. 
 

5.2   Summary of the results 

 
Upscaling of a prototype carbon source has been done by Vacotec and was successful 
implemented at CRT. Blueprints of the source were delivered (D33). 
 
A successful implementation of the MCL- and EIG processes, including pulsed heating, 
has been accomplished in a large industrial scale machine type HTC-1500, at CRT. 
Blueprints of the upscaled equipment design have been delivered by Hauzer. 
 
In the workpackage  an economic assessment has been done of the developed product. A 
model was developed, enabling to include parameters for 3 levels of cost projections: 
equipment and coating costs for dedicated equipment for piston rings on site of a piston 
ring producer, coating costs for dedicated equipment for piston rings in a dedicated or in a 
retrofitted equipment at a job coater’s site.  
Contrary to the original deliverable description, the developed cost model makes a 
comparison for the coating cost per piece, which is including all costs that are determining 
the coating cost per piece 
The conclusion to be drawn is that the goal of cost less than CrN + 10% is achievable for 
both CrC/C as well as for CrC/a-C:H systems developed in the project. 
 
 

5.3 Progress toward objectives 

 
Task 4.1 Experiments to determine the operational requirements of the vapour source 
 
Laboratory tests were done at EIG. These experiments produced the samples stated and 
analysed in the WP1. These activities were preliminary to define the design of the 
equipment. 
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Task 4.2 Definite design of the industrial vapour source and concept design of industrial 
scale equipment 
 
Once the concept source has been developed the design of its integration in an industrial 
system, suitable for coating the expected quantities of components was done. Specific 
emphasis was on an innovative concept, whereby the source creating the film with nano-
inclusions was optimised for full scale production. Hauzer responsibility was to make a 
concept design that fully incorporates all features of the new source with all other 
requirements from products like maximum temperature 
 
The project started with the initial laboratory scale tests at MCL and EIG. Thereafter the 
development of a dedicated production equipment, that meets the specifications found on 
laboratory scale for required quantities and against competitive price(s) is started.   
 
In the initial project definition, 3 major risks were identified as part of the project.  

1. Selflubricating nano-composite cermets with the required properties have never 
been synthesized. A selflubricating submicron composite has been synthesized by 
one of the HEs in the Sn/MoS2  system in the framework of a previous CRAFT 
project, showing that it is possible to get phase segregation under suitable 
thermodynamic conditions. The arc + sputter process (process development focus 
by MCL) will produce self lubricating composites. The required level of arc control 
necessary for the achievement of particle emission control was a risk, but it has 
been achieved successfully without major pronblems on graphite.  

2. The coatings synthesized in the labs meet the laboratory specification, but 
components require different coatings. Component validation and engine tests are 
accompanied by failure mode analysis and simulation. Optimization will then be 
done in alter stage in iteration steps on the production equipment. 

3. Engine tests will not confirm the results of he component validation. This stage has 
not been reached, but it was reported that plans exist at Mahle to proceed 
developments outside the Napilis project. 

 
The objectives of upscaling are to demonstrate the production capability of the laboratory 
scale developments by accomplishment of a stable operating process, including especially 
a stable operation of the sources. 
Initially laboratory tests were done at EIG. The carbon arc source was then upscaled by 
Vacotec.  
In an early stage of development, EIG, Vacotec and  Hauzer have closely cooperated on 
the design of the Hauzer HTC-1500 machine at CRT. Close cooperation between the 
partners involved was necessary for the interfacing of the sources to the Hauzer machine. 
 
Vacotec had much more work than foreseen to produce the retrofit carbon cathodes. 
Vacotec started with the 7” vapor source design developed EIG and the specifications for 
the maximum distance between the 5 round vapour sources determined by the HTC-1500 
dimensions.  
The space available showed that the dimension design had to be changed to six 6” vapour 
sources. The EIG design was downscaled to 6”. The smaller sources were more difficult to 
manufacture within some respects. Drawings are part of deliverable D33. 
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The task was more complex than estimated. Integration in the system of another supplier, 
which uses different technology, posed a number of problems, which were overlooked in 
the planning and engineering.  
This was also the reason why it would have been impossible for Vacotec to perform the 
retrofitting independently.  
Hauzer started to offer assistance already in the initial stage of the project. It would have 
been better however if there would have been made a joint project team between the 
parties involved: Vacotec, Hauzer, CRT, EIG.  
Most severe was however that Vacotec had no possibility to test the components at its 
plant, because of the sear size of the retrofit (flange of 1700 mm, no vacuum leak testing 
possible at Vacotecs premises).  
A huge problem was the testing in Italy and customs transport between Italy and non-EU 
country Switzerland. Further design problems were solved stepwise. 
Ultimately the design worked satisfactory, also with regard to droplet generation. Over 60 
batches have been running by EIG with these sources in the HTC-1500 in Nerviano. 
 
Description of the machine modifications in Nerviano: 
 
The original design of the machine is a HTC-1500 machine with 4 arc cathodes (length 
1700 mm). One of the cathodes (cathode #3) can be reconfigured to be used either as an 
arc cathode or as a sputter cathode, especially designed originally for W-C:H top coating. 
Cathode #1 is for the integration of the new vapour sources replaced by a blind flange, 
which has been supplied by Hauzer to Vacotec.   
This water cooled blind flange is used by Vacotec as an adapter flange for two vapour 
sources, and is expandable to 6 sources. 
 
The integration of the pulsed heating unit, developed by EIG, was integrated in the Hauzer 
machine with much less problems. In an early stage of the project, the interfacing has 
been discussed in detail in order to permit the engineering of the modification of the 
Hauzer HTC1500 machine of CRT. 
Originally the work for Hauzer was to produce blueprints. This work was only meant to be 
done on paper design, is in practice already done by Hauzer as part of WP2, where 
Hauzer has done the work on the implementation of the up scaling, except for the 
production and design work on the vapour source itself. 
 
Drawings of round sources with 125 mm diameter are available at Hauzer and can be 
readily fit into the same type of HTC-1500 blind flanges as shown in the drawings.  
Power supplies are rewired and have been used as power supply for the newly installed 
vapour sources, equipped with carbon targets. In case of six cathodes per flange, the 
same electrical control modules are expandable and will be used in order to complete the 
blueprints for that type of machine. All drawings are anyway setup in a modular way, 
where expansion is easily possible. 
 
For substrate biasing, the unit designed for pulsed heating and developed in Geneva at 
EIG was added to the original bias power supply circuitry. This unit was connected also in 
such a way, that only unipolar pulsing mode was available.  
 
The operation screens in the software of the machine computer have been changed as 
well to adapt the modifications. Alarms have been added to protect the system against 
short circuits. This is to be regarded as part of the industrial up scaling: an industrial 



 NAPILIS 
Contract Nr. NMP3-CT-2003 505622 

 

 

FINAL ACTIVITY REPORT     94 

machine can not be operated with inadequate controls. This is also expandable in case a 
choice is made for a machine with more cathodes. Software is designed in a modular way 
as well, in order to ease the design work. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In the schematic block diagrams is shown how the system parts are connected in 
“Production mode” (see figure 1) as well as in “Pulsed heating mode” (see figure 2). 
Electrical schematic drawings (blueprints of the upscaled machine) and software are 
delivered and  used to upscale in practice the machine at CRT. The drawings are part of 
deliverable D38. 
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Task 4.3 Economic assessment of the developed product 
 
 
In WP4 an economic assessment has been made of the developed product. A model was 
developed, enabling to include parameters for 3 levels of cost projections: equipment and 
coating costs for dedicated equipment for piston rings on site of a piston ring producer, 
coating costs for dedicated equipment for piston rings in a dedicated or in a retrofitted 
equipment at a job coater’s site.  
Contrary to the original deliverable description, the developed cost model makes a 
comparison for the coating cost per piece, which is including all costs that are determining 
the coating cost per piece. By changing input parameters, all three  levels of cost 
projection can be easily included in the model. 
 
In the cost model a comparison has been made for different machine setups and 
processes. Cost analysis is based on the following processes and calculated for different 
configurations: 

1. CrC/C process. 
2. CrC/a-C:H process with rectangular Cr sputter cathode in a reactive atmosphere 

with C2H2. 1,6 µm CrC/a-C:H has been produced on top of standard 10 µm CrN arc, 
with a polishing step between the two process steps.  

3. CrN is the present state of the art. As a benchmark, costs are compared between 
the new developed CrC process and the benchmark of the CrN process. The 
benchmark is calculated based upon a Mahle production system. The costs are as 
far as possible derived from Mahle’s data (e.g. hourly rates, machine cost, 
maintenance cost, etc). The CrN process has also been calculated down to 10 µm 
thickness reference.  

4. For comparison identical machine sizes are taken in account. Therefore all the  
calculations are based upon HTC-1500 machines. 

5. Different variables in configurations are the cathodes, where the machine is 
equipped with (rectangular versus round). 

 
The characteristics of the processes, that are inputs for the cost calculations, are shown in 
the deliverable. The data for the CrN are derived as far as possible from the production 
process data at Mahle.  
The data for the new developed process are derived from processes as they have been 
running at CRT within the framework of the Napilis project.  
 
In all process data for the new developed processes, there has not been taken in account 
that the temperature balance for the piston rings might give the need to limit the useable 
cathode current. This may influence the overall economics of the process, since the 
process time will be longer for the same thickness.  
About the cathodes: in a HTC-1500 version with round cathodes, the design of the 
cathodes can be derived from this design for the carbon arc sources. The only difference 
is then that the carbon targets will be replaced by chromium, and that the magnet 
movement on the backside will be replaced by an electromagnetic steering device. This 
means that one rectangular cathode can be replaced by 6 round cathodes on the same 
flange position. 
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The cost structure is made by splitting up in available capacity and running costs, including 
costs for interest and depreciation, investments in machines, cleaning line, periphery and 
other infrastructure costs, personal costs and maintenance costs. 
Costs for targets and utility costs are taken as separate groups. The batch load and 
productivity numbers are separated as well. 
 
All these data are calculated back as costs per batch in two groups: constant (fixed) costs 
per batch and variable costs per batch. The sum of these costs is determining the cost per 
batch. The load per batch is calculated, based upon the dimensions per piston ring, the 
effective coating height per spindle and the total number of spindles that can be used. With 
the load per batch, that is determined assuming that the machines are always operated 
under maximum load capacity, the cost of the coating per piece is calculated by dividing 
the cost per batch by the number of pieces per batch.  
The CrN data are derived from actual process data running in smaller system. The 
difference in loading is in this case a factor 7. 
From the data it can be concluded that a cost reduction of more than 10% is achievable 
with the newly developed Napilis coating. This is basically due to the high deposition 
speed for carbon and the low cost of the carbon targets compared to Cr. 
 
A summary of all results is visible in the following table.  
 
 

Nr. Machine description Process descrition Cost per piece Cost per batch Remarks

2 HTC-1500/4x6 round Cr cathodes 10 µm CrN € 0,11 € 2.034,00 Configuration derived from present processes at Mahle in smaller 
machines

2A HTC-1500/6x6 round Cr cathodes 10 µm CrN € 0,11 € 1.902,00 Configuration derived from present processes at Mahle in smaller 
machines

3 HTC-1500/1x6 round C cathodes, 3x 
rectangular Cr cathodes

10 µm a-C:H/Cr € 0,12 € 2.105,00 Configuration derived from 2 cathode processes ran at CRT with 
full load

4 HTC-1500/1x6 round C cathodes, 5x 
rectangular Cr cathodes

10 µm a-C:H/Cr € 0,11 € 1.916,00 Configuration derived from 2 cathode processes ran at CRT with 
full load

5 HTC-1500/3x6 round C cathodes, 3x6 round 
Cr cathodes

10 µm a-C:H/Cr € 0,08 € 1.360,00 Configuration derived from 2 cathode processes ran at CRT with 
full load

7 Combination process in two  machines: 10 µm CrN + 1,6 µm 
a-C:H/Cr

€ 0,21 € 3.788,00 Combination of 5A and 5B

7A HTC-1500/1x rectangular Cr cathode 1,6 µm a-C:H/Cr € 0,10 € 1.767,00 Configuration derived from single cathode sputter processes ran at 
CRT with full load: top coating on poished CrN coating

7B HTC-1500/4x6 round Cr cathodes 10 µm CrN € 0,11 € 2.021,00 Configuration derived from present processes at Mahle in smaller 
machines

8 Combination process in one machine: HTC-
1500/4x6 round C cathodes, 1x rectangular 
Cr cathodes

10 µm CrN + 1,6 µm 
a-C:H/Cr

€ 0,24 € 4.262,00 Configuration CrN derived from present processes at Mahle in 
smaller machines (see nr.2) and seperate single cathode sputter 
process for a-C:H/Cr top coating after polishing

9 Sputterprocess (without CrN base coating): 
HTC-1500/4x rectangular Cr cathodes

10 µm a-C:H/Cr € 0,16 € 2.847,00 Configuration derived from single cathode sputter processes ran at 
CRT with full load: top coating on poished CrN coating

TABLE 1: Overview of all cost calculation results for HTC-1500 machines.  
 
 
 
 
 
 
Though cost models are subject to certain assumptions, as has been shown in this 
deliverable, the conclusion to be drawn is that the goal of cost less than CrN + 10% is 
achievable for both CrC/C as well as for CrC/a-C:H.  
This applies for configuration nr. 5 (EIG coating) especially.  
For the MCL sputter coating the goal could be achievable: in fig.9 is shown that cost 
values equal to CrN could be achievable and therefore less than CrN+10%. 
 
 
 

Cost reduction: 33% with 
respect to ref. 2 
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Conclusion: 
 
Blueprints have been delivered as part of upscaling in D33 and D48. 
Cost analysis in D49 showed that cost goals can be met by the CrC/C coating from EIG 
and can be approached by the CrC/a-C:H coating from MCL. 
Plans to further develop the coatings on an industrial scale are existing and will be 
pursued by Mahle. 
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 SECTION 2  –  DISSEMINATION AND USE 

 

EXPLOITABLE KNOWLEDGE AND ITS USE 

 

Exploitation 
knowledge 

Exploitation 
products 

Sectors of 
application 

Timetable for 
 commercial 

use 

Patents or 
other IPR 

application 

Owner & other partner 
involved 

1.New type of 
PVD coating: 
CrC/a-C:H 

Piston ring for 
diesel  and 

gasoline 
engines 

Automotive and 
commercial 

vehicles 
2010 

A patent 
application 
submitted 

MAHLE, MCL 

2 .New type of 
PVD coating: 
CrC/C 

Piston ring for 
diesel  and 

gasoline 
engines 

Automotive and 
commercial 

vehicles 
2010 

A patent 
application 
submitted 

EIG, MAHLE, CRT 

3 New coating 
process CrC/C 
(reactive co-

evaporation) 

Piston ring for 

diesel and 
gasoline 

engines 

And General 
application 

 

Automotive 

and Non 
automotive 

 

2010 
A patent 
application 
submitted 

EIG, CRT 

4. Industrial 

production 
equipment 

(pulsed 

heating) 

 

General 
application 

 

Automotive 
and Non 

automotive 

 

2010 
 

 

Patent 

submitted  EIG, CRT  

 
 

1. New type of PVD coating : CrC/a-C:H  
 

1.1. What the exploitable result is (functionality, purpose, innovation etc.): 
 
The CrC/a-C:H coatings from an unbalanced magnetron  sputter process are hydrogen-
containing ceramic matrix selflubricating nanocomposites.  
 
They have  

o Medium hardness in the range of 12- 15 GPa, matching in that respect state of 
the art CrN coatings 

o Low friction coefficient in the range of 0.2 under dry conditions, out performing 
state of the art CrN (0.4) 

o Low wear, matching CrN 
o Capability to be deposited with large thickness, outperforming all other 

selflubricating coatings.  
o Production cost higher than state of the art CrN (since sputter process is always 

more expensive than an arc process applied for CrN), but lower cost compared 
to other selflubricating coatings like Balinit C or DLC produced by a sputter 
process. 

o Excellent scuffing resistance, outperforming state of the art CrN 
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1.2. Partner(s) involved in the exploitation, role and activities 
 
MCL has set up a project to implement the process into an industrial coater localised at the 
University of Leoben. MCL will coat sample rings for Mahle. Mahle will introduce these 
coatings as a higher performance alternative to its CrN coatings and/or W-DLC coatings 
on piston rings. 
  

1.3. How the result might be exploited (products, processes)  
 

1.3.1. Forms of exploitation directly (spin offs etc) or indirectly (licensing) – on an 
individual basis or as a consortium/group of partners; 
  
The coating will be exploited by the industrial partners including ad hoc 
cooperations among them. No spin-offs or joint ventures are planned. 
 
1.3.2. Any technical and economic market considerations – commercial and 

technical thresholds etc.  
 

The main technical problem for the exploitation is that the development could not be 
brought to the level of reliable reproducibility of the results on an industrial scale. 
Therefore, additional development by the partners is required and planned as a first 
step.  

 
1.3.3. Any obstacles identified which might prove to be barriers to 

commercialization  
 

1.3.3.1. the existence or development of similar or competing technologies / 
solution elsewhere: 
So far the product seems unique and can be positioned as a higher performance to 
the existing CrN and/or W-DLC or DLC. 

 
1.3.3.2. third party rights (e.g. patents belonging to competitors), standards, 

Do not exist 
 

 
1.3.4. Any form of non-commercial use or impact, relating e.g. to the development 
of new standards or policies  
 
The coating is not expected to have any impact on standards and policies. Its 
introduction is part of the strive of the European car industry towards lower CO2 
emissions 

 
1.4. Further additional research and development work, including need for 

further collaboration and who they may be 
 

As mentioned above there is the need of further development work. The partners 
MCL and Mahle have set up development projects, which they will finance from 
their own resources. 
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1.5. Intellectual Property Rights protection measures (patents, design rights, 
database rights, plant varieties, etc – include references and details) 
 

The coating has been protected by a patent application in the name of Mahle. 
Further patents are possible to cover applications different from engine parts. 

 
1.6. Any commercial contacts already taken, demonstrations given to potential 

licensees and/or investors and any comments received (market requirements, 
potential etc.); 
 

No. 
 

 
1.7. Where possible, also include any other potential impact from the 

exploitation of the result (socio-economic impact). 
 
No. 

 
 
 
2. New type of PVD coating CrC/C 

 
 
2.1. What the exploitable result is (functionality, purpose, innovation etc.): 

 
The CRC/C coatings from arc evaporation are hydrogen free ceramic matrix selflubricating 
nanocomposites.  
 
They have  

o Medium hardness in the range of 1.4- 1.6 GPa, matching in that respect state of 
the art CrN coatings 

o Low friction coefficient in the range of 0.1 - 0.2, out performing state of the art 
CrN (0.4) 

o Low wear, matching CrN 
o Excellent thermal stability (stability up to 700°C ), outperforming state of the art 

CrN 
o Capability to be deposited with large thickness, outperforming all other 

selflubricating coatings.  
o Lower cost, -40% with respect to state of the art CrN and more against other 

selflubricating coatings like Balinit C or DLC. 
o Good scuffing resistance, outperforming state of the art CrN 

 
They are ideal for the coating of wear parts for the mechanical industry. 
 
Their possible use in multifunctional coatings for dies and molds (replacement of CrN) 
must first be established 
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2.2. Partner(s) involved in the exploitation, role and activities 
 
Mahle has set up a development program to introduce these coatings as an higher 
performance/lower cost alternative to its CrN coatings on piston rings. It is cooperating 
with Hauzer, CRT and other partners for this new development project. 
 
CRT will create a new wear part coating center focussed on automotive applications in 
2009. The CrC/C coatings will be an important new product of this center. The center will 
extend CRT’s leading position in heat treatment and thermochemical treatment for quality 
components and the know-how in the coating of cutting tools, dies and molds. The new 
center will be based in Nerviano. 
CRT will offer these coatings for valve train components and other highly stressed 
components in the mechanical industry. 
 

2.3. How the result might be exploited (products, processes)  
 

2.3.1. Forms of exploitation directly (spin offs etc) or indirectly (licensing) – on an 
individual basis or as a consortium/group of partners; 

 
The coating will be exploited by the industrial partners including ad hoc cooperations 
among them. No spin-offs or joint ventures are planned. 
 

2.3.2. Any technical and economic market considerations – commercial and 
technical thresholds etc.  

 
The main technical problem for the exploitation is, that the development could not be 
brought to the level of reliable reproducibility of the results on an industrial scale. 
Therefore, additional development by the partners is required and planned as a first step.  
The second threshold is that the coating necessitates new respectively retrofitted 
equipment corresponding to an important investment. The necessary decisions will take 
time and therefore the coating will not be available industrially before 2009 
 

2.3.3. Any obstacles identified which might prove to be barriers to 
commercialization  

2.3.3.1. the existence or development of similar or competing technologies / 
solution elsewhere: 

 
So far the product seems unique and can be positioned as a lower price/higher 
performance to the existing CrN 
 

2.3.3.2. third party rights (eg patents belonging to competitors), standards,…  
 
EIG is ready to license the technology to the partners under fair terms. 
 

2.3.4. any form of non-commercial use or impact, relating e.g. to the development 
of new standards or policies 

The coating is not expected to have any impact on standards and policies. Its introduction is 
part of the strive of the European car industry towards lower CO2 emissions. 
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2.4. Further additional research and development work, including need for 
further collaboration and who they may be 

 
As mentioned above the main roadblock to exploitation is the need of further development 
work linked to investment into equipment. Being aware of this the partners have set up 
development + investment projects, which they will finance from their own resources. 
Cooperation between Mahle, CRT, Hauzer and EIG will continue.  
 
 
 

2.5. Intellectual Property Rights protection measures (patents, design rights, 
database rights, plant varieties, etc – include references and details) 

The coating has been protected by a patent application in the name of EIG. It has been put 
at an international level in the form of a PCT. Further patents are envisaged to cover the 
applications.  
 

2.6. Any commercial contacts already taken, demonstrations given to potential 
licensees and/or investors and any comments received (market requirements, 
potential etc.); 

 
No, see 2.4 
 
2.7. Where possible, also include any other potential impact from the 

exploitation of the result (socio-economic impact). 
It is expected, that the new coating centre for mechanical components of CRT will create 
new jobs and that its products will enhance the performance of mechanical equipment and 
cars improving the leadership of the European automotive, food processing and packaging 
industries,  
 
 
3. New coating process (CrC/C): reactive coevaporation 
 
 

3.1. What the exploitable result is (functionality, purpose, innovation etc.): 
 
Reactive coevaporation is a new vapour deposition process, where coatings are 
synthesized by the simultaneous evaporation of 2 compounds, that will react on the 
surface to form the coating. It has many advantages over state of the art reactive 
processes that use gas in particular for carbides and borides. Stoichiometry can be varied 
and graded precisely and continuously over a wide range. Access to substoichiometric 
coatings or metal/ceramic nanocomposites and to “superstoichiometric” composites or 
carbide/carbon nanocomposites is straightforward.  
When used with cathodic arc evaporation a cost advantage with respect to gas based 
reactive deposition results. 
 

3.2. Partner(s) involved in the exploitation, role and activities 
 
Hauzer has developed a retrofit for this technology for its machines. Ideally the first 
realisation would be the pilot production of piston rings at Mahle.  
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Projects are underway at EIG and CRT to use the process for other automotive 
components like bearings and valve-trains.  
CRT will use the process in its new component coating centre. 
 

3.3. How the result might be exploited (products, processes)  
 

3.3.1. Forms of exploitation directly (spin offs etc) or indirectly (licensing) – on an 
individual basis or as a consortium/group of partners; 

 
The process will be exploited by the industrial partners including ad hoc cooperations 
among them. No spin-offs or joint ventures are planned. 

 
3.3.2. Any technical and economic market considerations – commercial and 

technical thresholds etc.  
 

None 
 

3.3.3. any obstacles identified which might prove to be barriers to 
commercialization  

 
None 
EIG is ready to license the technology to the partners under fair terms. 

 
3.3.4. any form of non-commercial use or impact, relating e.g. to the development 

of new standards or policies 
 
None 

 
3.4. Further additional research and development work, including need for 

further collaboration and who they may be 
 

The full potential of this new technology has only been scratched during the NAPILIS 
project. Being a new technology with wide range applications, the new applications will 
be complete development projects in their own right. 

 
3.5. Intellectual Property Rights protection measures (patents, design rights, 

database rights, plant varieties, etc – include references and details) 
 

The process has been protected by a patent application in the name of EIG. It has 
been put at an international level in the form of a PCT.  

 
3.6. Any commercial contacts already taken, demonstrations given to potential 

licensees and/or investors and any comments received (market requirements, 
potential etc.); 

 
No. EIG will offer the process patent rights to PVD coating equipment manufacturers 
outside the NAPILIS consortium. 
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3.7. Where possible, also include any other potential impact from the 
exploitation of the result (socio-economic impact). 

None 
 
 
4. PVD equipment with pulsed heating 
 
 

4.1. What the exploitable result is (functionality, purpose, innovation etc.): 
 
Pulsed heating is a technology to grow coatings at a temperature significantly higher than 
the substrate temperature, typically by 150 - 300°C. It can be realized through a simple 
retrofit to the equipment. It can be applied to all types of plasma assisted vapour 
deposition process including sputtering, arc evaporation and PACVD.  
In the case of tool coatings it will allow the growth of coatings in the 600 - 700°C 
temperature range in state of the art equipment, which is usually limited to operation at 
500°C.  
In the case of decorative coatings, it will allow the growth of coatings at temperatures 
typical for tool coatings - with the ensuing benefits to the quality - while being able to use 
temperature sensitive substrates like Zamac, Brass and polymers.  
In the case of automotive components it will facilitate the coating of parts made from 
100Cr6 and aluminium alloys.  
 

4.2. Partner(s) involved in the exploitation, role and activities 
 
Hauzer has developed a retrofit for this technology for its machines.  
Projects are underway at EIG and CRT to use the process for tool coatings.  
EIG and a French (surface synergie) and a Swiss (LAC) jobcoater will apply it to 
decorative components.  
 

4.3. How the result might be exploited (products, processes)  
 

4.3.1. Forms of exploitation directly (spin offs etc) or indirectly (licensing) – on an 
individual basis or as a consortium/group of partners; 

The process will be exploited by the industrial partners including ad hoc cooperations 
among them. No spin-offs or joint ventures are planned. 
 

4.3.2. Any technical and economic market considerations – commercial and 
technical thresholds etc.  

None 
 

4.3.3. Any obstacles identified which might prove to be barriers to 
commercialisation  

 
None 
EIG is ready to license the technology to the partners under fair terms. 
 

4.3.4. any form of non-commercial use or impact, relating e.g. to the development 
of new standards or policies 

None 
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4.4. Further additional research and development work, including need for 

further collaboration and who they may be 
 
The full potential of this new technology has only been scratched during the NAPILIS 
project. Being a new technology with wide range applications, the new applications will be 
complete development projects in their own right. 
 

4.5. Intellectual Property Rights protection measures (patents, design rights, 
database rights, plant varieties, etc – include references and details) 

The process has been protected by a patent application in the name of EIG. It has been 
put at an international level in the form of a PCT. A European patent application is 
pending. 
 

4.6. Any commercial contacts already taken, demonstrations given to potential 
licensees and/or investors and any comments received (market requirements, 
potential etc.); 

No. EIG will offer the process patent rights to PVD coating equipment manufacturers 
outside the NAPILIS consortium. 
 
4.7. Where possible, also include any other potential impact from the 

exploitation of the result (socio-economic impact). 
None 
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PUBLICATIONS 

 
Several actions have been performed by the Consortium to illustrate the objectives and the 
results of the project, conference participation and papers.  
 
The Universities involved into the project organized a meeting for “young people”  in order 
to disseminate the previous technical results and exchange experiences and know-how. 
 
The Consortium managed to create a project web-site, consisting into a public section  and 
a reserved section. The public section contains description of the project, the list of the 
partners involved and public documents correlated to the project. 
 
Papers 
 
The publications submitted or in preparations are: 
 
G. Gassner, J. Patscheider, P.H. Mayrhofer, E. Hegedus, L. Tóth, I. Kovacs, B. Pécz, V. 
Srot, Ch. Scheu, C. Mitterer, Structure of sputtered nanocomposite CrCx/a-C:H thin films, 
Journal of Vacuum Science and Technology B 24(4) (2006) 1837-1843. 
 
L Tóth, É. Hegedűs, I. Kovács, B. Pécz, K. Budna, C. Mitterer; Structure determination of 
nanocomposite Cr-B-N thin films by transmission electron microscopy  NANOVED 2006 
14-17 /5/2006 Stara Lesna, Slovak Republic 
 
G. Gassner, P.H. Mayrhofer, J. Patscheider, C. Mitterer, Thermal stability of 
nanocomposite CrC/a-C:H thin, Thin Solid Films, 515 (2007) 5411-5417. 
 
G. Gassner, J. Patscheider, P.H. Mayrhofer, S. Šturm, Ch. Scheu, C. Mitterer, Tribological 
properties of nanocomposite CrCx/a-C:H thin films, Tribology Letters, 27(1) (2007) 97-104. 
 
É. Hegedűs, I. Kovács, B. Pécz, L. Tóth, K.P. Budna, C. Mitterer, Transmission electron 
microscopy of nanocomposite Cr-B-N thin films, Vacuum, 82 (2008) 209-213. 
 
K.P. Budna, P.H. Mayrhofer, J. Neidhardt, É. Hegedũs, I. Kovács, L. Tóth, B. Pécz, C. 
Mitterer, Effect of nitrogen-incorporation on structure, properties and performance of 
magnetron sputtered CrB2, Surface and Coatings Technology, submitted. 
 
K.P. Budna, J. Neidhardt, P.H. Mayrhofer, C. Mitterer, Synthesis-structure-property 
relations for Cr-B-N coatings sputtered reactively from a Cr/B target with 20 at% B, 
Vacuum, submitted. 
 
K.P. Budna, C. Walter, R. Spicak, C. Mitterer, Synthesis and characterisation of sputtered 
hard coatings within the system Cr-N/MoS2, Surface Engineering, submitted. 
 
C. Mitterer, M. Lechthaler, G. Gassner; Self-lubricating nanocomposite CrCx/a-C:H 
coatings: an alternative to WC/C, manuscript in preparation  
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Conferences 
 
K.P. Budna, C. Mitterer, P. Ramminger, P.H. Mayrhofer, E. Hegedũs, L. Tóth, I. Kovacs, B. 
Pécz; Structure and properties of magnetron sputtered Cr-B-N coatings, International 
Conference on Metallurgical Coatings and Thin Films, 1 – 5 May 2006, San Diego, CA. 
 
C. Mitterer; Neuartige Konzepte für verschleißbeständige Niedrigreibungs-Schichten im 
Automobilbau, Nanomobil, 7 September 2006, Graz, Austria 
K.P. Budna, P.H. Mayrhofer, J. Neidhardt, C. Mitterer; PVD hard coatings within the 
system Cr-B-N, abstract submitted to the International Conference on Plasma Surface 
Engineering, 11 – 15 September 2006, Garmisch-Partenkirchen, Germany. 
 
C. Mitterer, G. Gassner, K.P. Budna, Nanocomposite coatings for piston rings, 
International Conference on Metallurgical Coatings and Thin Films, 23 – 27 April 2007, 
San Diego, CA. 
 
C. Mitterer, Neuartige Konzepte für verschleißbeständige Niedrigreibungs-Schichten im 
Automobilbau, ASMET Forum, 14-15 May 2007, Leoben, Austria. 
 
B. Pécz, L. Tóth, É. Hegedűs, I. Kovács, G. Gassner, C. Mitterer, Structure of self-
lubricating nanocomposite layers for piston rings, International Symposium on Reactive 
Sputter Deposition, 6-7- December 2007, Leoben, Austria. 
 
É. Hegedűs, B. Pécz, L. Tóth, I. Kovács1, K.P. Budna, C. Mitterer, Microscopy of CrBN 
nanocomposite coatings, International Symposium on Reactive Sputter Deposition, 6-7- 
December 2007, Leoben, Austria. 
 
B. Pécz  Structural Characterization of Selflubricating Nanocomposites Designed for 
Engine Applications  INTERNATIONAL CONFERENCE ON METALLURGICAL 
COATINGS AND THIN FILMS, April 23 - 27, 2007, San Diego, USA, INVITED talk, 
Session G2 
B. Pécz  Structural Characterization of Selflubricating Nanocomposites Designed for 
Engine Applications  INTERNATIONAL CONFERENCE ON METALLURGICAL 
COATINGS AND THIN FILMS, April 23 - 27, 2007, San Diego, USA, INVITED talk, 
Session G2 
 
Tóth L, Hegedűs É, Kovács I, Pécz B, Budna K, Mitterer C Structure determination of 
nanocomposite Cr-B-N thin films by transmission electron microscopy  Oral talk at Int. 
Conf. NANOVED 2006-NENAMAT, Stará Lesná, Slovakia (May 2006) 
 
Hegedűs É., Kovács I., Pécz B., Tóth L., Budna K., Mitterer C. Transmission Electron 
Microscopy of Nanocomposite Cr-B-N Thin Films  
Poster at 11th Joint Vacuum Conference, September 24 – 28, 2006, Prague, Czech 
Republic 
 
G. Wahli, G. Pannatier, E. Bergmann, B. Pecz, L. Toth, E. Hegedus, Synthesis of CrCN/C 
nanocomposite coatings for piston rings with a  novel PVD process Oral talk at ICMCTF, 
San Diego, USA, April 23-27, 2007 
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Hegedűs Éva, Pécz B., Tóth L, Kovács I  TEM investigation of Cr-B-N nanocomposite 
coatings Seminar talk at the Roland Eötvös Physical Society, 18th Sept. 2007 
 
B. Pécz Nanocomposites in the car engine Oral talk at the Nano-Club of the Hungarian 
Academy of Sciences Budapest, 25th January 2007 
  
B. Pécz, É. Hegedűs, I. Kovács and L. Tóth  Nanocomposite coatings in the car engine  
Oral talk at the Annual Conference of the Hungarian Society for Microscopy, 
Balatonalmádi, 24-26th May, 2007 
   
Other dissemination 
 
Both the 2005 and 2006 Yearbook of MFA (MFA Yearbook 2006, pp 28-29 reported on 
NAPILIS results.  
Media briefing 22/2/2005 and 3/3/2005 with regional press , TV, radio, industry  in 
Switzerland by EIG. 
 
 
 
 
 


