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The components of modern powertrain and energy conversion  
systems that carry exhaust gas are exposed to high mechanical  
and thermal loads during operation. This can cause the components  
to crack, thereby reducing their service life. Researchers at  
TU Bergakademie Freiberg (TUBAF) and the Federal Institute  
for Materials Research and Testing in Berlin (BAM) have developed  
software that simulates and predicts the path of a fatigue crack.  
Novel metal-graphite composites enable higher service temperatures  
and thus the more efficient operation of machines, motors and  
engines. In an Industrial Collective Research project, researchers  
from TU Dresden devised a process control and design strategy  
for the general methodical development of these materials.

Within the scope of Industrial Collective Research, FVV and  
its projects help companies make their production more efficient  
in terms of resources and costs, increase the performance and  
longevity of components, thereby retaining materials in the circular  
economy for longer.

Resource efficiency  
lowers material  
and energy consumption,   
reducing environmental 
and climate impacts

PROJECT 1444 · Modelling of Metal-graphite Composites (MeGrav II) 
RESEARCH PRIORITY Materials EXPERT GROUP Turbo Machines  
APPLICATIONS Optimised Plain Bearings, Mechanical Seals 
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Looking into the future  
with simulations

Many components in engine and turbine 
construction, in particular hot-running 
components of turbochargers, are sub- 
jected to thermal and mechanical loads 
that vary over time. This leads to thermo-
mechanical fatigue of the material and  
the formation of cracks in exposed places, 
potentially resulting in sub-critical crack 
growth and even component failure. 

Until now, there was no way to predict  
how a detected crack will behave – i.e. 
whether it will grow and, if so, in which 
direction and at what speed. As such,  
there is considerable uncertainty during  
the computational design of components 
subject to such loads. In the field,  
components with detected cracks  
are therefore replaced as a preventive  
action, as the ongoing behaviour of  
the crack cannot be predicted with  

a sufficient degree of accuracy. This 
approach is difficult to justify in ecological 
or economic terms, especially as turbo-
charger housings can develop cracks that 
are not problematic to operation as they  
do not grow beyond a few millimetres. 
There is therefore a need for fracture- 
mechanical methods for evaluating the  
risk of further growth in detected cracks, 
and thereby for deciding whether a 
component can continue to be used or 
whether it needs to be replaced.

In the project  ›TMF Crack Path  
Calculation for Turbocharger Hot Parts‹, 
a powerful calculation tool was developed 
for finite element simulation and predicting 
crack propagation in 3D components  
at TU Bergakademie Freiberg (TUBAF)  
[FIGURE 4]. The ProCrackPlast software  
is based on code initially developed at 
TUBAF for linear-elastic fracture mecha-
nics (ProCrack). »In the field of thermo- 
mechanical fatigue, however, there are 

FIGURE 4 

SENT sample: simulation result achieved using the simulation  
software developed in the project. Specifically, the image shows  
the distribution of stress during the propagation of fatigue cracks  
in a SENT (single-edge notched tension) sample // TU Bergakademie Freiberg | IMFD
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additional effects that need to be taken  
into account, such as a tendency to creep,« 
comments Professor Björn Kiefer from the 
Institute of Mechanics and Fluid Dynamics 
(IMFD). This is why inelastic material 
models were also used in the expanded 
simulation environment, some of which  
had been developed as part of a previous 
project at the Federal Institute for Materials 
Research and Testing in Berlin (BAM).  
The experimental data required by the 
simulation software to calibrate and 
validate the models was gathered at BAM 
during sophisticated investigations   
[FIGURE 5].

Flat tensile specimens with cracks  
were used to determine crack growth  
at temperatures between 20 and 700 
degrees Celsius, thereby creating robust 
data for quantifying crack propagation.  
In addition, the researchers simulated  
all tests using a finite element-based 
calculation procedure.

FIGURE 5 

BAM test bench: all crack  
propagation tests were  
performed in air on a servo- 
hydraulic testing machine   
// Bundesanstalt für Materialforschung  
und -prüfung

ProCrackPlast can now be used in 
development on a cross-application basis 

– i.e., wherever combustion engines with 
turbochargers or turbines with housings 
made of the typical cast iron material 
NiResist D5S are deployed. The material 
parameters are pre-built into the software. 
The user enters the geometry of the 
component, adds the expected mechanical 
and thermal load change, and receives  
a prediction for the probable behaviour  
of a crack. 

Industrial partner Rolls-Royce Solutions 
coordinated the project, and Dr Andreas 
Koch, Senior Manager Structural 
Mechanics & Thermal Analyses, is 
extremely satisfied with the developed 
simulation environment: »For us, it is  
also interesting to know in which direction 
a crack is growing and how it will develop 
if I drive a few thousand cycles more  
than was actually planned.« Engineers  
can take several design-related actions  
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to minimise crack formation: »During  
the design phase, relevant areas can be 
designed for lower thermomechanical 
loads by dimensioning the wall thickness 
in critical areas to suit the respective 
load,« explains Dr Koch. As such, 
ProCrackPlast means maintenance 
intervals can be extended, while expensive 
components no longer need to be replaced 
as a precaution in the event of acceptable 
cracks – saving time in the process. 

The calculation software has already  
been used for design at Rolls-Royce 
Solutions and was applied to a custom 
geometry. Now it is important to gather 
experience according to Koch. In the  
future, the researchers in Freiberg want 
to further improve the software and 
methodology, optimise the models’ 
precision and conduct more reference 
experiments. Although only one material 
was analysed during the project, Professor 
Kiefer sees the need to perform tests 
using other materials to thus validate  
the method’s transferability.

The software including user manual is 
available to all FVV member companies, 
alongside the identified material  
parameters and fatigue crack models.  
A live demonstration of the software  
was conducted and questions answered  
during a workshop. Transferring the 
results to industry is a simple process: 
vehicle manufacturers forward  
the corresponding specifications to  
the turbocharger manufacturers,  
while fabricators of exhaust gas systems 
or computational service providers  
also benefit directly from the software. 
»Until now planning has erred on the  
side of caution, with components being 
designed with thicker walls which are  

then heavier than they need to be,« 
explains Dr Koch. The better the  
simulation, the less conservative 
manufacturers will need to be when 
building parts in the future, saving  
weight, material and costs.

However, the limits of the evaluation 
concept also became apparent during  
the course of the project. One of the 
problematic aspects is describing creep 
strain accumulation, creep damage and 
oxidation-induced embrittlement, which 
primarily occur at high temperatures and 
long hold times. Approximate approaches 
have been suggested for these cases,  
but these still need to be validated through 
appropriate long-term tests. »We were 
also unable to sufficiently investigate the 
influence of alternating loads of tension, 
thrust and torsion (mixed-mode loading) 
on the growth of fatigue cracks. Thus, 
there is certainly potential for a later 
project concerning this,« says Professor 
Kiefer. The ProCrackPlast software 
contains plausible fracture hypotheses  
for such load cases, but these still need  
to be specified.
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FIGURE 6 

Prototype flange sleeves made of graphite  
infiltrated with aluminium or magnesium // TU Dresden | ILK

Modern metal-graphite  
composites for more efficient 
machines and engines

Advances in performance and efficiency  
in mechanical and plant engineering  
mean that materials are exposed to  
higher working temperatures. On plain 
bearings and mechanical seals in 
particular, increasing speeds or system 
pressures mean that higher operating  
and emergency running characteristics 
need to be guaranteed. As the system 
temperature rises, however, increased 
fretting occurs in the friction surfaces, 
which results in high maintenance and 
repair costs and wear-related downtimes 
and failures.

Conventional plain bearing materials  
such as polyimides, bronze or white metals 
reach their mechanical limits at higher 
temperatures: the disadvantage of the 
frequently used polymers is the relatively 
low continuous service temperature  
of no more than 250 degrees Celsius.  

In the future, it will be possible to operate 
machine tools, compressors, combustion 
engines and aircraft engines only through 
using materials that are resistant to wear 
and high temperatures.

In the project ›Metal-graphite Com- 
posites for Plain Bearings (MeGrav I)‹  
(FVV project number 1330), aluminium  
or magnesium alloys were pressed into  
the pores of graphite under high pressure 
using a squeeze-casting process. This 
metal-infiltrated graphite is seen as a 
promising alternative thanks to its self- 
lubricating properties, its high-temperature 
stability and its good mechanical  
characteristics. In the follow-up project 
›Modelling of Metal-graphite Composites 
(MeGrav II)‹ René Füßel and his team  
from the Institute of Lightweight  
Engineering and Polymer Technology (ILK) 
at TU Dresden are now evaluating how 
high temperatures influence the material. 
In addition, a process control and design 
strategy for developing metal-graphite 
products is being drawn up for the first 
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time. As the industrial partner,  
Rolls-Royce Deutschland is providing the 
sample material and the requirements 
catalogue [ABBILDUNG 7]. One typical field  
of application for metal-graphite com- 
posites is plain bearings in compressors, 
explains Dr Susanne Schrüfer from 
Rolls-Royce Deutschland: »If we can 
achieve a continuous service temperature 
of 300 degrees Celsius or more in the 
future, that would be a big step forward. 
But everything above 250 degrees is a 
success.«

FIGURE 7 

High-temperature friction test bench  
with in-built block-on-ring tester // TU Dresden | ILK

The influence of the manufacturing 
parameters on the final product should  
be investigated in the design phase:  
»We want to determine how the manu- 
facturing parameters vary and identify  
their influence on the characteristics,« 
says Füßel, adding: »In other words, if the 
material is infiltrated at 670 bar, it will 
have a certain sliding friction coefficient.« 
The different infiltration grades are to  
be evaluated in terms of their physical 
properties in order to develop an appro-
priate quality method. To this end, semi- 
finished products with different parameters 
were manufactured from the raw graphite. 

Load cell 
(torque)

Load cell 
(normal force)

Ring

Friction  
surface

Specimen
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René Füßel’s team has performed  
around 450 friction tests and  
250 mechanical tests, including three- 
point bending tests, over the last few 
months. With a cycle time of approxi- 
mately one day per test specimen, this  
is a time-consuming process, despite 
having two machines running in parallel. 
The researchers are conducting the  
tests from room temperature up to 
approximately 300 degrees Celsius  

– and even up to 450 degrees Celsius  
for different ageing conditions [FIGURE 8]. 
One goal of the modelling is to predict  
wear rates based on parameter variations 
in the process. »At a low infiltration 
pressure, the sliding friction coefficient 
should be lower, while at higher  
pressures it should be higher,« says  
Füßel. He believes this will make it 
possible to predict the required main- 
tenance intervals in the future: how  
long can machines be operated before  
they need servicing and before wear  
parts need to be replaced?

According to René Füßel, it is already 
becoming evident that there are no 
expected significant differences in 
mechanical or tribological characteristics 
thanks to the extremely robust manu- 
facturing process. Even fluctuating 
manufacturing parameters barely impact 
the performance of the material. »This  
is a very positive result for the application 
itself, as we always achieve consistently 
high quality. But it makes modelling more 
difficult,« explains Füßel. 

With the gathered data, the team will  
press ahead with the modelling over  
the coming months. Without wanting to 
pre-empt the final report, Füßel makes  
the following comment: »There are hard 
application limits, but within these limits  
the system is highly stable.« During the tests, 
it was revealed that although the magnesium-
infiltrated graphite has a lower wear rate, 
magnesium is less resistant to heat than 
aluminium. Moreover, it has a tendency to 
spontaneously ignite at very high temperatu-
res of more than 500 degrees due to its 
reactivity – which is why several companies 
are reluctant to process magnesium. 

The research results will benefit bearing 
manufacturers, but also mechanical and  
plant engineers and material suppliers  
that manufacture the metal-infiltrated plain 
bearings and seals in an injection moulding  
or die casting process. The machines used  
to produce polymer or graphite seals up  
to now can continue to be used in the future. 
While, as Dr Schrüfer explains, the first plain 
bearings and seals made of the new material 
could be used relatively quickly in the 
mechanical and plant engineering or auto- 
motive industry, it will take several years to 
transfer the results to the aviation industry: 
»This requires suppliers that deliver the 
desired quality, acceptance standards  
and suitable quality assurance methods.  
Depending on the application, this can  
take at least three years.« //
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1318 › Air Insulation Diesel Engine: Efficiency  
increase by means of air insulation through  
targeted spray and combustion chamber  
design and reduction of combustion duration  
in diesel engine

› FVV

› Prof Dr Jesús Benajes  
(CMT, Universitat Politècnica de València) 
Prof Dr Thomas Koch (IFKM, KIT Karlsruhe)

› Dr Patrick Gastaldi  
(Aramco Fuel Research Center)

› R604  
(pp. 348 – 394)

› H1332 (2023)

1321 › Working Cycle Dissolved Turbine Efficiency  
in Turbochargers: Transient efficiency,  
modeling for engine process simulation,  
one- and double-flow turbine housing

› FVV/DFG

› Prof Dr Bernd Wiedemann (ILS, TU Berlin)

› Dr Mathias Vogt (IAV GmbH  
Ingenieurgesellschaft Auto und Verkehr)

› R604  
(pp. 67 – 99)

› H1330 (2023)

1350 › Fatigue Influence Braze Quality:  
Development of design concepts for the  
assessment of the fatigue strength of brazed  
joints under consideration of process-related  
brazed joint conditions

› BMWK/AiF

› Prof Dr Tobias Melz (Fraunhofer LBF) 
Prof Dr Kirsten Bobzin (IOT, RWTH Aachen) 
Prof Dr Wolfgang Tillmann (LWT, TU Dortmund)

› Prof Dr Matthias Türpe  
(MAHLE International GmbH)

› R604  
(pp. 37 – 66)

› H1309 (2022)

1351 › TMF Crack Path Calculation  
for Turbocharger Hot Parts: Numerical  
simulation and evaluation of crack propagation  
in time and space of exhaust turbocharger  
hot parts under thermomechanical fatigue  
loading with finite element programs

› BMWK/AiF

› Prof Dr Ulrich Panne  
(Bundesanstalt für Materialforschung  
und -prüfung, Berlin) 
Prof Björn Kiefer  
(IMFD, TU Bergakademie Freiberg)

› Dr Andreas Koch  
(Rolls-Royce Solutions GmbH)

› R604  
(pp. 579 – 613)

› H1320 (2023)

1354 › Industrial Radial Compressor  
with Wide Operating Range: Experimental  
investigation of the flow instabilities in the  
part-load range of an industrial radial compressor 
controlled by inlet swirl with a high map width

› BMWK/AiF

› Prof Dr Peter Jeschke (IST, RWTH Aachen)

› Dr Matthias Schleer (Howden Turbo GmbH)

› R604  
(pp. 428 – 454)

› H1310 (2022)

1371 › Robust Fracture Deformation Parameters:  
Robust evaluation of fracture deformation  
parameters to use the creep ductility within  
advanced lifetime assessment concepts

› AVIF/FVV

› Prof Dr Matthias Oechsner (IfW, TU Darmstadt) 
Prof Dr Arjan Kuijper (GRIS, TU Darmstadt)  
Prof Dr Stefan Weihe (Materialprüfungsanstalt 
(MPA), Universität Stuttgart)

› Dr Torsten-Ulf Kern  
(Siemens Energy Global GmbH & Co. KG)

› R604  
(pp. 677 – 710)

› H1342 (2023)

1374 › Fuel Influence on Particulate Characteristics:  
Influence of oil and fuel components on soot  
formation in gasoline engines

› BMWK/AiF

› Prof Dr Thomas Koch (IFKM, KIT Karlsruhe)

› Dr Wolfgang Samenfink (Robert Bosch GmbH)

› R604  
(pp. 241 – 277)

› H1325 (2023)

1379 › Tribomaps Friction Enhancing Laser Structures: 
Development of tribomaps for friction enhancing  
laser structures

› BMWK/AiF/FVV

› Prof Dr Alexander Hasse (IKAT, TU Chemnitz) 
Prof Dr Udo Löschner  
(LHM, Hochschule Mittweida)

› Dr Anton Stich (AUDI AG)

› R604  
(pp. 6 – 36)

› H1329 (2023)

1383 › Acoustic Emissions into Discharge Pipes II:  
Development and validation of a measurement  
method for determining the sound power radiated  
into the discharge line by a centrifugal compressor

› FVV/DFG

› Prof Dr Lars. Enghardt (ISTA, TU Berlin) 
Prof Dr Peter Jeschke (IST, RWTH Aachen)

› Vera Kress (MAN Energy Solutions SE) 
Dr Irhad Buljina (MAN Energy Solutions SE)

› R604  
(pp. 395 – 427)

› H1335 (2023)
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1386 › Turbo High Temperature Steel: Increase of  
power density in turbo applications by new material 
concepts for high temperature conditions and  
functional integration in planetary gear stages

› BMWK/AiF

› Prof Dr Christian Brecher (WZL, RWTH Aachen) 
Prof Dr Rainer Fechte-Heinen (IWT, Leibniz-Institut  
für Werkstofforientierte Technologien Bremen)

› Dr Markus Dinkel  
(Schaeffler Technologies AG & Co. KG)

› R604  
(pp. 614 – 644)

1392 › Materials Applications FeAl (WAFEAL):  
Material applications for iron aluminide (FeAl),  
(WAFEAL)

› BMWK/AiF

› Dr André Schievenbusch  
(Access e.V. (ACC), Aachen) 
Prof Dr Ulrich Panne (Bundesanstalt  
für Materialforschung und -prüfung Berlin)

› Susanne Mosler, Dr Dan Roth-Fagaraseanu  
(Rolls-Royce Deutschland Ltd & Co KG)

› R604  
(pp. 645 – 676)

› H1322 (2023)

1397 › Prediction of Gas Turbine Emissions:  
DNS-driven development of predictive LES  
models for gas turbine emissions

› DFG/FVV

› Prof Dr Heinz Pitsch (itv, RWTH Aachen)

› Dr Ruud Eggels  
(Rolls-Royce Deutschland Ltd & Co KG)

› R604  
(pp. 455 – 489)

› H1337 (2023)

1400 › Deposits from AdBlue II: Investigation and  
modelling of deposit formation during exhaust  
gas aftertreatment by injection of AdBlue into  
the SCR catalytic converter

› BMWK/AiF-CORNET, BMK/FFG, FVV

› Prof Dr Olaf Deutschmann (ITCP, KIT Karlsruhe) 
Prof Dr Bernhard Geringer (IFA, TU Wien)

› Raimund Vedder (ehemals Atlanting GmbH)

› R604  
(pp. 210 – 240)

› R1324 (2023)

1403 › eSpray: Injection, mixing and autoignition  
of e-fuels for CI engines

› BMWK/AiF-CORNET, BMK/FFG, FVV

› Prof Dr Michael Wensing  
(FST, FAU Erlangen-Nürnberg) 
Prof Dr Christof Schulz  
(EMPI, Universität Duisburg-Essen) 
Prof Dr Bernhard Geringer (IFA, TU Wien) 
Dr Paul Miles (CRF, Sandia National  
Laboratories, Livermore, California) 
Prof Dr Dong Han  
(IAEPT, Shanghai Jiao Tong University)

› Dr Uwe Leuteritz  
(Liebherr Components Deggendorf GmbH)

› R604  
(pp. 312 – 347)

› H1333 (2023)

1411 › FC Cold Start: PEM-FC cold start simulation

› FVV

› Dr Peter Beckhaus (ZBT Duisburg) 
Prof Dr Stefan Pischinger (tme, RWTH Aachen)

› Dr Stefan Kaimer (Ford-Werke GmbH)

› R604  
(pp. 278 – 311)

› H1336 (2023)

1412 › Zero Impact Tailpipe Emission Powertrains:  
Particulate emissions with regard to the complete 
vehicle

› FVV

› Prof Dr Stefan Pischinger (tme, RWTH Aachen)

› Dr Frank Bunar (IAV GmbH  
Ingenieurgesellschaft Auto und Verkehr)

› R604  
(pp. 185 – 209)

› H1334 (2023)

1422 › Extended Operation Range of YSZ:  
Extension of the YSZ thermal barrier coating  
loading temperature by alternative spraying  
technology and modification of the chemical  
composition

› DFG/FVV

› Prof Dr Robert Vaßen  
(IEK-1, Forschungszentrum Jülich GmbH) 
PD Dr Mathias Galetz  
(DECHEMA-Forschungsinstitut Frankfurt) 
Prof Dr Matthias Oechsner (IfW, TU Darmstadt)

› Dr Arturo Flores Renteria  
(Siemens Energy Global GmbH & Co. KG)

› R604 
(pp. 729 – 758)
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1423 › Combined Dynamical Analyses – Analytics:  
Non-linear blade vibration analysis with combined  
mistuning effects of geometry and excitation for  
stationary and transient operations

› BMWK/AiF

› Prof Dr Jörg Wallaschek  
(IDS, Leibniz Universität Hannover)

› Dr Andreas Hartung (MTU Aero Engines)

› R604 
(pp. 546 – 579)

1428 › Modular Hybrid Powertrain: Modular  
object-oriented architectures for scalable  
hybrid powertrains

› FVV

› Prof Dr Christian Beidl  
(vkm, Technische Universität Darmstadt)

› Dr Veit Held  
(formerly Stellantis Opel Automobile GmbH)

› R604  
(pp. 140 – 143)

1433 › Hy-Flex ICE: Highly-flexible internal  
combustion engines for hybrid vehicles

› FVV

› Prof Dr Stefan Pischinger (tme, RWTH Aachen)

› Marc Sens (IAV GmbH  
Ingenieurgesellschaft Auto und Verkehr)

› R604  
(pp. 144 – 184)

› H1338 (2023)

1434 › ICE2030: Limits of SI engine efficiency  
in hybridised powertrains

› FVV

› Prof Dr Christian Beidl (vkm, TU Darmstadt)  
Prof Dr André Casal Kulzer, Prof Dr Michael  
Bargende (IFS, Universität Stuttgart)  
Prof Dr Peter Eilts (ivb, TU Braunschweig) 
Prof Dr Stefan Pischinger (tme, RWTH Aachen)

› Arndt Döhler (Stellantis Opel Automobile GmbH)

› R604  
(pp. 100 – 139)

1440 › Constraint Effect in Component Design:  
owance for the crack-tip constraint  
in the design against ductile failure

› BMWK/AiF

› Prof Dr Peter Gumbsch  
(Fraunhofer-Institut für  
Werkstoffmechanik IWM Freiburg) 
Prof Björn Kiefer  
(IMFD, TU Bergakademie Freiberg)

› Dr Christian Amann  
(Siemens Energy Global GmbH & Co. KG)

› R604  
(pp. 711 – 728)

1444 › Modelling of Metal-graphite Composites:  
Modelling for the design of metal-graphite  
composites under consideration of application- 
related operating conditions (MeGraVII)

› BMWK/AiF

› Prof Dr Niels Modler (ILK, TU Dresden) 
Prof Dr Matthias Busse  
(Fraunhofer IFAM Bremen)

› Dr Susanne Schrüfer  
(Rolls-Royce Deutschland Ltd & Co KG)

› R604  
(pp. 558 – 578)

1451 › Aeroelastic Cascade DELTA II: Experimental  
and numerical investigations on the influence  
of aerodynamic loading and stagger angle  
on aeroelastic stability of combined bending  
and torsion mode shapes of compressor blades

› BMWK/AiF-CORNET

› Prof Dr Dieter Peitsch (ILR, TU Berlin) 
Prof David Nowell  
(VUTC, Imperial College London)

› Dr Sabine Schneider  
(Rolls-Royce Deutschland Ltd & Co KG)

› R604  
(pp. 490 – 523)
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Transfer // Industrial Collective Research (IGF) empowers companies to solve joint  
research and technology problems on a science-based approach. It provides access to a continuous  

stream of new knowledge they can use to create their own products, processes and services.  
Industrial research and development benefits from the fact-/field-based collaboration with the science  

community, universities and non-profit research institutions, on the future of technology.  
This creates innovative power in industry and excellence in research, teaching and learning.

Networking // The research implemented by the FVV is based on a long-term cooperation between the  
partners. In spring and autumn, around 300 experts meet regularly at the FVV Transfer + Networking Events. This 

report from the science series FVV PrimeMovers. Technologies. summarises the main results.
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