
—
Time shortened fatigue testing 
for identifying critical process 
parameters – benefits and 
limitations

M. Zimmermann, S. Schettler

60 Years RUMUL Symposium

Diessenhofen / Switzerland

© Martin Förster



Seite

My „Lovestory“ with Rumul

Life∞

E
x

p
e
ri

m
e
n

ta
l 

E
x

p
e
rt

is
e

D
a
m

a
g

e
M

e
ch

a
n

is
m

s

M
o

d
e
ll

in
g

A
p
p

lic
ab

ili
ty

Composites

Micro Electro Mechanical Systems

Metallic Materials

Duration 2010 – 2016 (2019)

 16 projects were funded (including a total of 25 participants)

 Steel: 8 projects, 

 Non-ferrous metals: 2 project,

 MEMS: 1 project, 

 Composites: 4 projects, 

 Coordination: 1 project
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60 Years
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2004 2024

50 Years
Rumul

2014

1. 
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Siegen

2. 
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Dresden
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My „Lovestory“ with Rumul
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Activities at TU Dresden

Data-driven design 
of metamaterials

Coatings based on 
High Entropy Alloys

Interactive fibre elastomers

Triply Periodic Minimal 
Surface Structures

Fatigue of clinched joints

Fatigue Crack Growth in 
Mg-Alloys

financed by
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Materials characterization and testing
 Key competences and goals

In-situ 
deformation

Material Design Material Reliability

Digitalization

Alloy Design

Coatings

Implants

Digitalization of the laboratory
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3-D-ReconstructionHigh Frequency Fatigue

„New“ materials: wood
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resonance pulsation 
test bench 

1000Hz - resonance 
pulsation test bench

Fmax < Re

f ≈ 20 kHz

6

Ultrasonic Fatigue 
Test Equipment

Fmax = 50 kN
f ≈ 1000 Hz

Fmax = 100 kN
f ≈ 50 - 200 Hz

Materials Testing
Equipment: High Frequency Fatigue Testing 
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7

Materials Testing
Equipment: Multi-axial Testing
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PVD and Nanotechnology

Materials Characterization and Testing Optical Metrology

PVD and Nanotechnology Chemical Surface Technology Additive Manufacturing and Surface 
Technology

Cutting and Joining

Activities at Fraunhofer IWS
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Any process influences the material condition and hence the fatigue

behavior!

17.04.2024

structure / 

component

representative

material sample

Notch effect

microscopic mesoscopic macroscopic

100 µm

My sincere belief: A reliable fatigue prediction needs an understanding of the underlying 
damage mechanisms and accompanying statistical evaluations!
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Laser assisted processing

Cutting Additive 
Manufacturing

Welding

17.04.2024 Ermüdung im Kontext laserbasierter Fertigungsverfahren
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02

—
Influence of Laser Cutting

11 17.04.2024 Ermüdung im Kontext laserbasierter Fertigungsverfahren
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Process-related material condition: forming process

increase in 
dis location density

surface rougheningtexture

phase
transformation

17.04.2024

structure / 

component

representative

material sample

Forming

e.g. bending
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Process-related material condition: forming process

17.04.2024

structure / 

component

representative

material sample
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Process-related material condition: forming and cutting process

17.04.2024

funded by
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Laser cutting

• The focused laser beam hits the workpiece and melts 

the material locally

• A gas jet coaxial with the laser beam expells the 

material

• Process parameters for cutting:

 Laser power PL

 Gas pressure pgas

 Feed rate v

 Focal position dZ

 Working distance dA

 Nozzle diameter dd

17.04.2024

funded by
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Laser cutting

Cutting edge phenomena: 

 Grooved structure (Roughness)

 Heat-affected zone

 Slope tolerance

 Melt flow stall

 Dross adhesion

The dross is created from the melt film

 Influenced by the process parameters

17.04.2024

Cutting edge phenomena

Workpiece

Heat-affected zone

Grooved structure

(Roughness)

Dross

Slope tolerance

Melt flow stall

funded by
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Laser cutting

Cutting edge phenomena: 

 Grooved structure (Roughness)

 Heat-affected zone

 Slope tolerance

 Melt flow stall

 dross adhesion

The dross is created from the melt film

 Influenced by the process parameters

17.04.2024

Cutting edge phenomena

funded by
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Laser cutting

a) Dross-free

b) Small droplets

c) Large droplets

d) Very coarse dross

17.04.2024

Representative dross shapes

funded by
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Laser cutting

• Feed rate v
• Gas pressure pGas

• Focal position dZ

• Laser power PL

17.04.2024

Influences on dross shapes

funded by
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Laser cutting

17.04.2024

Fatigue behavior depending on the material condition AND the process parameters

funded by
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Laser cutting

17.04.2024

Material: 1.4301 – metastable austenitic steel

funded by

--> dominating notch effect: mesoscopic, however microstructural effect (phase transformation) 
results in true durability in the VHCF regime
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—
Influence of laser beam welding

22 17.04.2024 Ermüdung im Kontext laserbasierter Fertigungsverfahren
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Process-related material condition: joining process

17.04.2024

funded by

VHCF 8: Fatigue behavior of brazed joints
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Laser Beam Welding
joined steel component

 Fatigue Testing up to NG = 108 loading cycles

 Test frequency: approx. 1.000 Hz

 Test bench: Gigaforte 50 (resonance pulsation test bench)

25 mm

2
5

 m
m

24

laser weld seam

laser weld seam
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Laser Beam Welding
joined steel component

• Parameterset A leads to

higher scatter at low loads

 higher probability of

failure

• Many failures at high 

numbers of loading cycles

(from 107 up to 108)

• Component failure in VHCF 

- range! 

Σ 60 samples / NG = 108 Zyklen

25

S – N – diagram:  Variation of process parameters
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Number of loading cycles (log)

Parameterset A
Parameterset B
Run outs

--> dominating notch effect: combination of mesoscopic and macroscopic effect with failure at 
weld root in the range of the laser entry point
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Laser Beam Welding
joined steel component

• Significant influence of

minor geometrical

changes in weld seam!

• unfavorable weld

position causes earlier

component failures!

• Change of the failure 

location

26
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Number of loading cycles (log)

S – N – diagram:  Variation of geometrical features

Failures – reference
Failures – weld seam 1
Failures – weld seam 2
Run outs
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—
Influence of additive manufacturing

27 17.04.2024
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Fatigue
behavior

AM

Process
Preparation

(system, model)

Material

(quality)

Process/base
material

Process
parameters

(layer thickness, 
Energy density) 

Microstructure

(heat treatment, 
porosity)

Load direction

(anisotropy)

Geometry

(wall thickness, 
volume)

Surface 
condition

(Roughness)

Additive Manufacturing

17.04.202428
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 large scattering, even of 

apparently similar conditions

Prediction of fatigue life 

difficult:

 often incomplete informations

about the manufacturing 

process, material quality and 

causes of failure
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Additive Manufacturing
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 Example: Ti6Al4V

 L-PBF – Process

 Variation of

 L-PBF machine

 Layer thickness

 Laser power 

 Scanning speed

 Orientation

 Heat treatment

Additive Manufacturing

Goals: Process parameters  high density! (consistently > 99,8%)

Heat treatment  application-oriented approach (based on VDI 3405 Sheet 2.4)
 Reduction of process-related residual stresses

17.04.202430
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Methods

 Material: Inert gas atomised Ti-6Al-4V Grade 23 (ELI), LPBF process

Batch 1 
(C1)

Batch  2 
(C2)

Batch  3 
(C3)

Batch  4 
(C4)

Batch  5 
(C5)

Batch  6 
(C6)

Batch  7 
(C7)

Batch  8 
(C8)

Layer thickness 
in µm

30 60 25 50

Power in W 200 300 200 370

Scan velocity 
in mm/s

850 750 1200 1500

Building direction 0° (↕) 90° (↔) 0° (↕) 90° (↔) 0° (↕) 0° (↕)

Heat treatment SR SR SR HIP AN AN

0°
90°

Building direction:

SR … Stress relieved

HIP… Hot Isostatic Pressing

AN … Annealed

A total of 202 specimens manufactured
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Methods

 Material: Inert gas atomised Ti-6Al-4V Grade 23 (ELI), LPBF process

Heat treatment Parameter

Stress relieved (SR) 550 °C / 180 min / Argon / furnace cooling

Annealed (AN)
842 °C / 270 min / Argon / furnace cooling to 200°C, cooling to

RT using Argon

Hot Isostatic Pressing (HIP) 920 °C / 120 min / 1000 bar

α

β

α+β

HIP

AN

SR
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Additive Manufacturing

 C6  HIP-heat treatment leads to significant 

increase in fatigue strength (factor ≥ 2)
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Schwingspielzahl N (lg.)

 Large number of failures beyond the knee point 

(N ≈ 106) of the S-N curve

 Scattering over several decades within individual 

batches

Analysis of the S-N curve is subject to great 

uncertainty 

C1 Fractures
C1 Run-outs
C2 Fractures
C2 Run-outs

C5 Fractures
C5 Run-outs
C6 Fractures
C6 Run-outs

C7 Fractures
C7 Run-outs
C8 Fractures
C8 Run-outs

C3 Fractures
C3 Run-outs
C4 Fractures
C4 Run-outs

L-PBF, Ti-6Al-4V

Ø4.5mm, grounded

R = 0, f ≈ 1000 Hz C1-C5: LTA (550°C)   |   C6: HIP   |   C7-C8: HTA (843°C)

stochastic distribution of the defect 

population within the batches

17.04.202433

S-N curve – Overall comparison

load cycles
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Additive Manufacturing

100 µm

500 µm

100 µm
100 µm

𝑎𝑟𝑒𝑎 = 230 µ𝑚

𝑎𝑟𝑒𝑎 = 110 µ𝑚

area = 215 µm
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σw… Estimated fatigue strength according to Murakami (σw = σa )

C…  Constant (surface defects: 1,43  /  volume defects: 1,56)

HV… Microhardness of the material in the direct area of the defect

𝜎𝑤 =
𝐶(𝐻𝑉 + 120)

𝑎𝑟𝑒𝑎 1/6

17.04.2024 Ermüdung im Kontext laserbasierter Fertigungsverfahren34

Evaluation of the failure-causing defects according to the √𝑎𝑟𝑒𝑎 - concept
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Application of Kitagawa-Takahashi diagramm

El-Haddad approach

 Estimation of 𝛥𝜎1𝐸8,0 and 𝛥𝐾𝑡ℎ,𝐿𝐶

Δ𝜎1𝐸8 = 𝛥𝜎1𝐸8,0
𝑎0

𝑎 + 𝑎0
= 𝛥𝜎1𝐸8,0

𝑎𝑟𝑒𝑎𝑒𝑓𝑓0

𝑎𝑟𝑒𝑎𝑒𝑓𝑓 + 𝑎𝑟𝑒𝑎𝑒𝑓𝑓0
𝑎0 = 𝑎𝑟𝑒𝑎𝑒𝑓𝑓0 =

1

𝜋

𝛥𝐾𝑡ℎ,𝐿𝐶
𝐶 ∗ 𝛥𝜎1𝐸8,0

2

with

𝛥𝜎1𝐸8,0 = 6,4𝐻𝑉
1 − 𝑅

3 − 𝑅

𝛥𝐾𝑡ℎ,𝐿𝐶 = 1,82 ∙ 𝑙0,165+53,5 ∙ HV-0,52 According to Rigon et al. (2022)

Kitagawa-Takahasi diagram

Δσ1E8,0

log fatigue limit Δσ1E8,0

log effective defect size √areaeff
log effective defect size √areaeff

a0

ΔK = Δσ √π∙a∙Y

l is a length parameters and can be correlated to the
martensite lath width or alpha grains in Ti6Al4V
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Conclusions

17.04.2024 Ermüdung im Kontext laserbasierter Fertigungsverfahren

• High to very high cycle fatigue of materials in the process-related condition is always related to a 

competition and / or a combination of notch effects on different length scales

• Slightest changes in the process parameter settings can have a significant effect on the fatigue strength

• In order to fully exploit fatigue strength in the high to very high cycle range of materials in processed

conditions generalized S-N curves in combination with safety factors (as are suggested in many fatigue

assessment directives) do not mirror the potential of process optimization strategies

While a basic understanding of
the true fatigue mechanisms are
essential, to predict the VHCF 
strength of real components in 
process-related states this is only
the tip of the iceberg!
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Many thanks to the members of my team in Dresden involved in the work

presented!

J. Kaspar

A. T. Zeuner M. Kuczyk A. Ostwaldt

S. Schettler J. Bretschneider

A. Reck

L. Stampa

S. Schöne

© Icon made by Freepik from www.flaticon.com 

R. Kühne

Many thanks to YOU for listening!
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Hope to see you again in Dresden in 2025!

© Icon made by Freepik from www.flaticon.com 

Many thanks to YOU for listening!



Kontakt

—
Prof. Dr.-Ing. Martina Zimmermann

Kompetenzfeld Werkstoffcharakterisierung und –prüfung, 

Fraunhofer IWS

Professur für Werkstoffmechanik und Schadensfallanalyse

TU Dresden

Telefon +49 351 83391-3573

Martina.zimmermann@iws.fraunhofer.de



#lightatwork
—
Follow us!

Fraunhofer-Institut für Werkstoff- und Strahltechnik IWS
Winterbergstraße 28
DE-01277 Dresden

Social media icons created by Freepik – Flaticon

www.iws.fraunhofer.de

https://www.instagram.com/fraunhofer.iws
https://www.youtube.com/channel/UCzkxD0_FfwnG9nMdW33j6hw
https://www.linkedin.com/company/fraunhofer-iws/
https://twitter.com/FraunhoferIWS

