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Preface

Dear colleagues,
ladies and gentlemen,

on behalf of the entire wbk Institute of Production Science, | would like to welcome you to this
year's eights edition of the Machine Hammer Peening workshop in Karlsruhe. Launched in
2012 as the "Fachforum Festklopfen" in Darmstadt, the workshop, which alternates annually
between the universities of Darmstadt, Vienna, Karlsruhe and Aachen, is enjoying increasing
popularity.

At the same time this workshop is the 63" meeting of the Working Group Mechanical Surface
Treatments of the Deutsche Gesellschaft fir Materialkunde (DGM). The group meets twice a
year at German industrial and academic sites and discusses new aspects of all mechanical
surface treatments starting with the technologies via the resulting surface states up to the
improvements in the performance of the treated components in application.

Therefore the actual meeting is a kind of an experiment to bring together complementary but
mutually interested groups from manufacturing technology and materials technology. This will
enhance discussions which can be driven from both disciplines or viewpoints which have aims
in common.

We are convinced that the technologies of mechanical surface treatments and especially the
still new variants in the field of machine hammer peening have enormous potential in the field
of finishing highly loaded machine components and tools and will continue to gain in
importance in the future. The interaction of the DGM-group Mechanical Surface treatments
running since a long time and the workshop Machine Hammer peening participants joins two
really active groups and hopefully will glue.

With this in mind, | wish you an exciting and interesting workshop with many stimulating
discussions.

Karlsruhe, 22 October 2019

Prof. Dr.-Ing. habil. Volker Schulze

22 and 23 October 2019, Karlsruhe Il
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Machine Hammer Peening (MHP)

Facing recent challenges

In the course of current and future technological and social trends, new fields of application
are opening up for the MHP. In addition to shortening throughput in production, the MHP
promises an improvement in the service life of dynamically highly stressed components and
an increase in tool life. This results in an increase in productivity while simultaneously reducing
costs. In addition, the MHP will gain in importance in the future in the field of finishing of
additively manufactured components.

WMHP — An innovative exchange platform

The workshop focuses on the personal exchange and discussion between speakers,
participants and scientists about research results, technology developments and successful
applications. In addition, the workshop offers the opportunity to identify previously untapped
potential of the MHP and to make it tangible for future research due to the bundling of
competencies of different specialist areas.

To master machine hammer peening

By bringing together different technical expertise, the technologically complex interactions in
machine hammer peening can be researched and discussed at the highest level. This enables
sound scientific research under industrial boundary conditions.

22 and 23 October 2019, Karlsruhe 11
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DGM Technical Committee — Mechanical Surface
Treatments

Mechanical surface treatments as shot peening and deep rolling are important procedures to
work hardening of surface areas and to induce compressive residual stresses. Mostly the aim
is the improvement of fatigue properties, wear resistance or corrosion resistance of
components of mechanical engineering, automotive and aviation. Alternative processes as
ultrasonic, laser or cavitation peening including modifications using prestressing or thermal
treatments are also included in the committees work. The committee meets every half year at
an industrial member or at university institutes.

Aims of the DGM Technical Committee

= Covering industrial and scientific topics in the area of mechanical surface treatments with
the focus on the improvement of component properties and the further development of the
processes

= Working on a science-based knowledge of correlations of process parameters of
mechanical surface treatments, component states and component properties

= |Initiating of research and development projects: Joint projects of universities, research
institutes and industry

= Exchange of experiences between teams working in the field of mechanical surface
treatments, and networking

22 and 23 October 2019, Karlsruhe Vv
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Workshop History

Darmstadt, 11 October 2012
»= Foundation event “Fachforum Festklopfen” (FFF)
= 15 participants

Vienna, 16 October 2013
= Continuation as Workshop Machine Hammer Peening (WMHP)
= First draft of terminology for MHP
= Development of a Wikipedia entry for MHP
= 23 participants

Aachen, 28 November 2014
= 3'9Workshop Machine Hammer Peening
= Revised terminology
= 30 participants

Karlsruhe, 24 November 2015
= 4" Workshop Machine Hammer Peening
= VDI guideline for MHP for a uniform nomenclature
= 36 participants

Darmstadt, 03 November 2016
= 5" Workshop Machine Hammer Peening
=  Wikipedia entry for MHP online available
= Joint CIRP paper
= 43 participants

Vienna, 22 November 2017
= 6™ Workshop Machine Hammer Peening
= 43 participants

Aachen, 12 and 13 November 2018
= 7" Workshop Machine Hammer Peening
= 29 participants

22 and 23 October 2019, Karlsruhe
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Lecture programme

Reception 1
Prozesssicherheit bei der mechanischen Oberflachenbearbeitung 7
FE Simulation of the HFMI Treatment — Previous and Upcoming Results 20

Influence of mechanical surface treatments on propagation and opening behavior of physically
short cracks in Inconel 718 35

Controlled Pneumatic Needle Peening — New Peening Technology for Aerospace Applications 49

Experimental analysis of the surface integrity of stainless steel modified by robot based machine
hammer peening 65

Analyses of technical and true overlap in hammer peening operations 76

Influence of the process parameters on the penetration behaviour of ceramic particles in
Composite Peening 85

Residual stress relaxation in HFMI-treated fillet welds after single overload peaks 100

Interne Verfestigungsdomanen durch mechanische Oberflachenbehandlung wahrend der
additiven Fertigung 109

Influence of MHP on the material structure of CrNi steels 122
Influence of the hammer head geometry when machining higher strength materials by MHP 135

Optimization of the stream finishing process for mechanical surface treatment by numerical and
experimental process analysis 138

22 and 23 October 2019, Karlsruhe |
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Reception

Prof. Dr.-Ing. habil. Volker Schulze
wbk Institute of Production Science

Karlsruhe Institute of Technology

22 and 23 October 2019, Karlsruhe
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LOCATIONS ﬂ(l'l'

Karlsruhe Institute of Technology

Institute of Production Science

Ehrenhof Campus Nord Shanghai
Karlsruhe Eggenstein- China
Germany Leopoldshafen
Germany
Manufacturing and Machines, AMTC - Advanced
materials technology equipment and Manufacturing
P || process automation Technology Center
: s e o
Fasanengarten Material Research
Karlsruhe Center for Energy ‘ W
Germany Systems
Karlsruhe
Production systems Germany GAMI - Global
Machines, Advanced
equipment and Manufacturing and Manufacturing . #
process automation materials technology > Institute B
3 22.10.2019 Prof. Dr-Ing. J. Fleischer, Prof. Dr.-Ing. G. Lanza, Prof. Dr.-Ing. habil. V. Schulze b 'P"rs.}('};‘:;f S

RESEARCH PORTFOLIO AT

Karlsruhe Institute of Technology

Institute of Production Science

“ 2|8

Machines,

Equipment Production
and Process Systems
Automation

Manufacturing
and Materials
Technology

Lightweight ﬁ /
Manufacturing

Electric Mobility

Addl‘tIVe. Prof. Dr-Ing. Prof. Dr.-Ing Prof. Dr.-Ing. habil ”0‘
Manufactu rnng Jurgen Fleischer, Gisela Lanza Volker Schulze

Industry 4.0

Institute of

. . e
4 22.10.2019 Prof. Dr.-Ing. J. Fleischer, Prof. Dr.-Ing. G. Lanza, Prof. Dr.-Ing. habil. V. Schulze a Wb Production Sclence
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MANUFACTURING AND MATERIALS TECHNOLOGY

PRECISION MACHINING

= Turning, drilling, milling
Stream Finishing

Combined processes for process
chain consolidation

M laser ablation und p milling

Simulation of manufacturing
processes (chip formation, cooling
strategies, particle flow)

Surface Engineering: Load-adapted
adjustment of surface layer conditions
through optimized process control

B |

5 22.10.2019

GEAR ENGINEERING

Soft- und hard machining for skiving

Whirling and special processes for
thread production and polygonal
manufacturing

Special kinematics for precision
gearing

Control of the process chain during
broaching

= Optimized cooling lubricant strategy

= Kinematics simulation for die design
and for analyzing local parameters

Prof. Dr-Ing. J. Fleischer, Prof. Dr-Ing. G. Lanza, Prof. Dr-Ing. habil. V. Schulze

T

Karlsruhe Institute of Technology

ADDITIVE MANUFACTURING

= Analysis and optimization of additive
manufacturing processes

= Laser Beam Melting (LBM)

Lithography-based Ceramic
Manufacturing (LCM)

= Development of metal powders for
high-performance components

= Chipping and mechanical surface
treatment of additive manufactured
parts

= Multi-material processing
Digital process chain analysis

Institute of
Production Science

“whb

MACHINES, EQUIPMENT AND PROCESS

AUTOMATION

MACHINE TOOLS AND
MECHATRONICS

= |ntelligent mechatronic components
for production machines

= Condition Monitoring and predictive
maintenance

= Simulation and optimization of
machines and components

LIGHTWEIGHT
MANUFACTURING

= Development of innovative, hybrid
manufacturing processes

= Joining technologies for hybrid parts

Intelligent tools for fibre composite
manufacturing

Intelligent, sensor based gripping
technologies

Flexible, robot based manufacturing
processes for lightweight construction
applications

ST

Karlsruhe Institute of Technology

ELECTRIC MOBILITY

Gripping, handling and mounting
systems for battery cell, -module,
electric motor and fuel cells

= Process and Prototype development,
simulation and evaluation of
immature manufacturing processes

= Process control and optimization for
energy storage and electric motor
production

6 22.10.2019

Prof. Dr.-Ing. J. Fleischer, Prof. Dr-Ing. G. Lanza, Prof. Dr.-Ing. habil. V. Schulze

Institute of
Production Science

“whb
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PRODUCTION SYSTEMS ﬂ(IT

Karlsruhe Institute of Technology

GLOBAL PRODUCTION PRODUCTION SYSTEM QUALITY ASSURANCE

STRATEGIES PLANNING

= Strategic planning of production = Adaptive production systems = |n-line measurement technology for
networks « Industry 4.0 methods immature processes

= Site-specific production using « Digitalization strategies = Soft sensors for intelligent data

Industry 4.0 ) ) . analysis
* Machine learning and data mining

Agile factory planning

Function-oriented measurements

Information and quality management

in supply chain networks Y ) Autonomous measurement
Order-based production and logistics * Robust, intelligent production control technology
planning in networks = Cost evaluation and simulative Measurement uncertainty evaluation

validation .
Process control based on quality data

= Technology planning

7 22102019 Prof. Dr-Ing. J. Fleischer, Prof. Dr-ing. G. Lanza, Prof. Dr-Ing. habil. V. Schulze :-‘wb Institute of

Production Science

GAMI ﬂ(l'l'

Karlsruhe Institute of Technology

Global Advanced Manufacturing Institute

The Global Advanced Manufacturing Institute (GAMI) tries to deepen the

understanding of global production structures according to the three KIT
pillars research, innovation and teaching and to develop new, robust and
controlled production networks for industrial enterprises for the local

framework conditions.

Suzhou

Global Advanced Manufacturing Institute

Industry Consulting for f Continuing Education /

Applied Research g ; g :
PP German Firms ; Training / Coaching
8 22.10.2019 Prof. Dr-Ing. J. Fleischer, Prof. Dr.-Ing. G. Lanza, Prof. Dr.-Ing. habil. V. Schulze :'“‘-;vb mﬁgxgﬁ:{:men@
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AMTC ﬂ(l'l'

Karlsruhe Institute of Technology

Advanced Manufacturing Technology Center

Founded as a cooperation of the Chinese-German University College (CDHK)
with the wbk (KIT) and the College of Mechanical Engineering (Tongji
University), the AMTC offers practical education and training for engineers
working in China in production engineering, contract research and
development for manufacturing companies in China as well as basic research

in the field of automated manufacturing.

EMNAINEEDS ARMINISTE

ATIOI “NGINEERS ADMINISTR

Shanghai

Advanced Manufacturing Technology Center

Education i Research i Technological Exchange
i i Kot Institute of
9 22.10.2019 Prof. Dr-Ing. J. Fleischer, Prof. Dr.-Ing. G. Lanza, Prof. Dr.-Ing. habil. V. Schulze s Wb Production Sclence
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Prozesssicherheit bei der mechanischen
Oberflachenbearbeitung

Dr.-Ing. Oliver Maif3
Alfred Ostertag

Ecoroll AG Werkzeugtechnik

22 and 23 October 2019, Karlsruhe
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08.10.2019 DGM Fachausschuss, Karlsruhe - O. Maif, A, Ostertag

22 and 23 October 2019, Karlsruhe

-
Prozesssicherheit bei der mechanischen
Oberflachenbearbeitung
Systeme der Prozessiiberwachung beim Walzen und Hammern
Dr.-Ing. Oliver Maif3, Alfred Ostertag
Karlsruhe, 22.10.2019

www.ecoroll.de
Lebensdauersteigerung durch Festwalzen
|
treatment
6
5
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0
Rm [N/mm?2] 750 900 1000 900 900 900 900 900
p/d 0,2 0,2 0,2 0,15 0,2 0,2 0,2 0,2
s/d 0,45 0,45 0,45 0,45 0,45 0,6 0,45 0,45
Process turn. turn. turn. turn. turn. turn. turn. roll.

OM/0020

www.ecoroll.de
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Effekte des Glatt- und Festwalzens

Oberflache

Eigen-

Mikrostruktur Textur Harte
spannungen

N A
Randzone |,

o

== ]

5 Eigenspannungen sind Spannungen im inneren eines

§ Bauteils, die auch vorliegen, wenn keine auBeren ,/
. Krafte, Momente oder Temperaturgradienten anliegen. é
e

e SRR s S, s ¥

OM/0031

08.10.2019 DGM Fachausschuss, Karlsruhe - O. MaiR, A. Ostertag www.ecoroll.de

Motivation

Prozess zur Festlegung von ,richtigen” ProzesseinstellgroRen:

ESP- Lebens- Parameter-
Versuche

Messung dauertests Freeze

Lebensdauertest nicht ausreichend

Wie kann die Eigenspannung in der QS erfasst werden?

08.10.2019 DGM Fachausschuss, Karlsruhe - O. Maif3, A. Ostertag www.ecoroll.de

22 and 23 October 2019, Karlsruhe 9
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Uberwachung der

Digitale Walzkraftmessung fiir mechanische
Walzwerkzeuge

08.10.2019 DGM Fachausschuss, Karlsruhe - O. Maif, A. Ostertag

Schlagenergie beim MHP

Prozessiiberwachung beim Walzen mit
hydrostatischen Walzwerkzeugen

www.ecoroll.de

Uberwachung der

Digitale Walzkraftmessung fiir mechanische
Walzwerkzeuge

08.10.2019 DGM Fachausschuss, Karlsruhe - O. MaiB, A. Ostertag

22 and 23 October 2019, Karlsruhe

Agenda

Schlagenergie beim MHP

Prozessiiberwachung beim Walzen mit
hydrostatischen Walzwerkzeugen

www.ecoroll.de
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Bestimmung der Walzkraft im Prozess

Fehler! Verweisquelle konnte nicht gefunden werden. 26t die mitelbaren Mate fur die Giatt-
walzkraft, die aus Tabele 1 in Abhangigket vom Werkstickdurchmesser und der Werkstofflestig-

Otiginalbetriebsanleliung ket entnommen wurden. Die Federcharakieristi wurde fir ein spezfisches EG5-40M-Werkzeug
Betriebsanleitung Nr. 171001/2 Qemessen, fir andere Werkzeuge konnen die Werte bis 2u + 20%
Eineollen-Glattwalzwerkzeug EGS-40M 20 T ;
600
25
500
20
400
g 300 i
£ g
R N NN NN ™ g
= 05 100 E

00 01 02 03 04 05 06 07 08
Mossuhvanzoige [mm] e
Dal gauvge indication [mm)
Fig. 6 Federcharakteristk (Beispiei)
Falls erfordertich, konnen 2ur Optimienung des Walzergebnisses foigende Parameter verandert
werden

Rautiefe verringermn Rautiefe erhohen
« Vorspannung emohen * Vorspannung reduzieren
Das ECOROLL Einrolien Glattwalzwerkzeug EG5-40M entspricht dem Stand der Technik und den . Vo R o NG
anerkannten sicherhedtstechnischen Regein. Dennoch kinnen bei seiner Verwendung Gefahren M R
fur Leib und Leben des Benutzers oder Dritler bzw. Beemntrachigungen des Werkzeugs und ande-
entstehen

Tabelle 2 Optimierung des Waizergebnisses

rer Sachwerte

Werkzeug nur in technisch Zustand sowie sicherhes- und
gefahrenbewusst unter Beachtung der benutzen! Insbesondere Storungen, die
e Sichemelt besintrachtigen ksnnen, umgehend bessfigen!

Werkzeuge nur mit Original ECOROLL Teden oder von ECOROLL zugelassenen Teilen verwen-

denl
ECOROLL AG Werkzeugtechnik ECOROLL Corporation Tool Technology
Postfach 3142 h 502 Drive Suite ¢
D29231Celle  Strafe 8 Milford, OH 45150

029227 Celle usa
Tel.  +49514198650 Tel  +15132484700
Fax  +495141881440 Fax  +15132484265
Web  www.ecorollde Web  www.ecorollcom
EMail  mail@ecoroll de Email  mail@ecoroll com

08.10.2019 DGM Fachausschuss, Karlsruhe - O. Maif, A. Ostertag

Prozessfehler bei mechanischen
Walzwerkzeugen

— Zustellfehler beim Walzen

Veranderung der Federkonstanten durch Kollision

Geometrieabweichung bei Vorbearbeitung

— Zerspanwerkzeug fehlerhaft eingemessen

08.10.2019 DGM Fachausschuss, Karlsruhe - O. MaiB, A. Ostertag www.ecoroll.de

22 and 23 October 2019, Karlsruhe 11
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Digitale Messuhr

. KSS-bestandiges
Einfache Datenanalyse Gehause

per eigener App

! Kabellose Datenubertragen

Prozessiiberwachung
und -dokumentation

=
4w EMO
Hannover
16-21-9-2019

08.10.2019 DGM Fachausschuss, Karlsruhe - O. Maif, A. Ostertag www.ecoroll.de

Agenda

Uberwachung der
Schlagenergie beim MHP

Prozessiiberwachung beim Walzen mit
hydrostatischen Walzwerkzeugen

Digitale Walzkraftmessung fiir mechanische
Walzwerkzeuge

08.10.2019 DGM Fachausschuss, Karlsruhe - O. Maif3, A. Ostertag www.ecoroll.de

22 and 23 October 2019, Karlsruhe 12
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Verfahren - 3D-Walzen von Freiformflachen

Das Nachfuhrsystem der HG-Werkzeuge ermdéglicht das Glatt- und Festwalzen von
Freiformflachen

£ / \
£z |/ \
s |/ \
=1 \
— e — |
10-30 Zeit [s] 10-30

08.10.2019 DGM Fachausschuss, Karlsruhe - O. Maif, A. Ostertag

www.ecoroll.de

Hydrostatisch gelagerte Werkzeuge

08.10.2019 DGM Fachausschuss, Karlsruhe - O. Maif, A. Ostertag

www.ecoroll.de

22 and 23 October 2019, Karlsruhe 13
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Prozessfehler beim Walzen mit _
hydrostatischen Werkzeugen @

— Drossel verstopft
— Druckeinstellung durch Bediener fehlerhaft

— Aggregat ist defekt

08.10.2019 DGM Fachausschuss, Karlsruhe - O. Maif, A. Ostertag www.ecoroll.de

Prozessuiberwachung mit ToolScope

‘Self—learning of the maximum limit

55
ot
\ e e e

50

/ IProcess fault (fault signal is available)‘

45

Self-learning of
tolerance limit

25

20

1.0 P’

|Detected signal}—ﬁ

7.0 80 100 1.0

9.0
Zeit[s]

08.10.2019 DGM Fachausschuss, Karlsruhe - O. Maif, A. Ostertag www.ecoroll.de
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Agenda

Uberwachung der
Schlagenergie beim MHP

Prozessiiberwachung beim Walzen mit
hydrostatischen Walzwerkzeugen

Digitale Walzkraftmessung fiir mechanische
Walzwerkzeuge

www.ecoroll.de

08.10.2019 DGM Fachausschuss, Karlsruhe - O. Maif, A. Ostertag

Analyse des Schlagvorganges

Rauheitt: P; WILC GS0.8 mm]; |, ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, -,,,,,I

‘ mm entspricht pm

Werkzeugradius R 25

. Mapstab ‘ Einzeleinschlag Nr.1
E R25 42CrModV
gL _1mm Einschlagenergie 2000 mJ
5000 T i ‘
bm ) ) A
‘“'0' A ——— . ,4—’-\;——  —
______________________ _ L
U
5000 eeanozes \
147 mm/Ski \ 2smm mm entspricht pm

Werkzeugradius R16
Einzeleinschlag Nr.3

MaBstab R16 42CrMo4V
Einschlagenergie 2000 mJ
1 mm

08.10.2019 BigbtRasiestapchuss, Karlsruhe - O. Maifl, A. Ostertag

50 um

www.ecoroll.de
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DGM Fachausschuss, Karlsruhe - O. Maif, A. Ostertag

Hammerwerkzeuge ECOpeen (Konzept)

Schlagsystem:

Mechanisch-pneumatisch,
Bekannt aus marktgangigen
Bohrhammern

Ruckstolfrei!

Ruckhub

Schlag

www.ecoroll.de

Kraft F [N]

Schlagenergie - Schlagkraft

v J, Kinetische Energie (Schlagenergie)

Verformungsweg s [mm]

Schlussfolgerung:

E,. = —=—muv?
kin 2

Umformenergie

Ey=SFs

Schlagkraft

2EU
F=——
N

Schlagkraft ist abhangig von Schlagenergie und Verformungsweg.
Ist als Leistungsangabe von Hammerwerkzeugen ungeeignet.

www.ecoroll.de

22 and 23 October

2019, Karlsruhe
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Schlagenergie — Kennfeld ECOpeen A

600

500

5
8

Schlagenergie [mJ]
w
8

Taumelwinkel [°]

i 3 —i

T Schlagenergie ECOpeen A koaxial

08.10.2019 DGM Fachausschuss, Karlsruhe - O. Maif, A. Ostertag

www.ecoroll.de

Anzeige Taumelwinkel — |

N

—

[
|
| /

- : ,,f_

Steuerung der Schlagenergie

08.10.2019 DGM Fachausschuss, Karlsruhe - O. MaiB, A. Ostertag

(o]

22 and 23 October 2019, Karlsruhe

Antriebsdrehzahl verandert
Schlagenergie und
Frequenz

Manuelle
Taumelwinkelverstellung
Verandert Schlagenergie bei
konstanter Frequenz

www.ecoroll.de
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Messung der Schlagenergie

Schlage

el b din U

Schlagenergiesensor

08.10.2019 DGM Fachausschuss, Karlsruhe - O. Maif, A. Ostertag www.ecoroll.de

Verifizierung der Schlagenergie

« Einbau des Schlagenergiesensors in den
Arbeitsraum der Maschine.

« Zyklisches Anfahren des Sensors fur
Kontrollmessungen.

« Bei Abweichung Korrektur der
Taumelwinkel-Eistellung oder
Antriebsdrehzahl.

08.10.2019 DGM Fachausschuss, Karlsruhe - O. MaiB, A. Ostertag www.ecoroll.de

22 and 23 October 2019, Karlsruhe 18
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Vielen Dank fuir lhre Aufmerksamkeit

ECOROLL AG Werkzeugtechnik
Hans-Heinrich-Warnke-Str. 8
29227 Celle

www.ecoroll.de

Dr.-Ing. Oliver Mai Alfred Ostertag

Leiter Konstruktion Berater

Tel.: 05141 / 9865-51 Tel.: 05141 / 9865-51

Mail: oliver.maiss@ecoroll.de Mail: alfred.ostertag@ecoroll.de

www.ecoroll.de

22 and 23 October 2019, Karlsruhe
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FE Simulation of the HFMI Treatment — Previous and
Upcoming Results

Stefanos Gkatzogiannis
Steel & Lightweight Structures

Karlsruhe Institute of Technology

22 and 23 October 2019, Karlsruhe
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SKIT

Karlsruher Institut fur Technologie

FE Simulation of the HFMI Treatment -
Previous and Upcoming Results

Stefanos Gkatzogiannis, Peter Knoedel, Thomas Ummenhofer

Karlsruhe Institute for Technology
Steel & Lightweight Structures
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The HFMI post-weld treatment process
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Problem Statement

The HFMI Post Weld Treatment

The High Frequency Mechanical Impact or HFMI [Marquis, 2016]
treatment is a post-weld mechanical treatment method applied for the
increase of fatigue life of welded structures.

An appropriate device carrying a pin of hardened steel runs along the weld
toe, deforms it by hammering and introduces compressive residual stresses
at the surface layer; which counterbalance the welding tensile ones.
Therewith, a significant increase of the weldment’s fatigue life is achieved.

There are two manufacturers of HFMI devices in Germany:
HIFIT and PITEC.

PITEC

Stefanos Gkatzogiannis, 8" Workshop Machine Hammer Peening — 22 and 23 October, Karlsruhe Institute of Technology, Germany
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HIFIT treatment of a fillet weld
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The High Frequency Mechanica
treatment is a post-weld mech3
increase of fatigue life of welde

An appropriate device carrying
toe, deforms it by hammering a
at the surface layer, which coun|
Therewith, a significant increasg

There are two manufacturers 9
HIFIT and PITEC.
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reatment of a fillet weld

The HFMI Post Weld Treatment — Experimental
Validation

ST

Karlsruher Institut fir Technologie

[Ummenhofer, 2013]
* The REFRESH project [Ummenhofer, 2009]

* The DASt Richtlinie project [Kuhlman,2018]

* The HFH-Korrosion project [Ummenhofer, 2018]

number of FAT classes
6 kMW s oG o

235-355 >355-550 >550-750
yield strength f, [MPa]

Stefanos Gkatzogiannis, 8 Workshop Machine Hammer Peening — 22 and 23 October, Karlsruhe Institute of Technology, Germany

maximum possible improvement,

500 SN curve of corroded
HFMI treated butt welds
- The method has been thoroughly investigated ;gg [Ummenhofer, 2018]
experimentally and is proven to increase the fatigue = ] -
resistance in the high cycle regime of welded joints E 200 < SfHFH?SSNiAxH-. r
by even more than 100%. & P0150%, m = frei = 5,4
o == =P095%, m=frei=54
< 100 P(i 50%, m = fest = 5,0
- A thorough review of experimental work up to 2013 - - -Pugs%, m=fest=50 | | | e
. . . T - EG Kerbfallklasse 90, m = 3,0
is given in [Yildirim,2013]. 50 :
1E+04 1E+05 1E+06 1E+07
. . . Load Cycles N [-
- The KIT Steel and Lightweight Structures Institute y 0
has as well carried numerous experimental FAT class imp
B . B . . factors for the HFMI
investigations on HFMI efficiency. Some of them are: treated specimens improvementfor

I guideline (needle & hammer peening; m=3; small

HFMI-treated joints
FAT-classification acc. to EC3

Proposal Vildirim & Marquis (HFMI; m=5; £25mm)

KIT transverse attachment (HFMI; t=30mm; m=5)

KIT butt welded joint (HFMI; t=30mm; m=5)

scale specimens, ts25mm)
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The HFMI Post Weld Treatment in Civil Engineering

- The method is applicable in both mechanical and structural civil
engineering fields. Its application is regulated according to:

W Collction

* |IW recommendations [Marquis, 2016] Y —

Zuheir Barsoum

* A new DASt guideline is now active for application as well in

[IW Recommendations
structural engineering [DASt, 2019
¢ £l 1 forthe HEMI
Treatment
- Possible Fields of application in Structural Engineering: erimprovng he FakgueStenqth of

+ Steel and composite bridges

*  Welded Details of Towers and Jacket Structures like in Offshore
Wind Energy Turbines

£\ Springer

* Cranes

and eventually every fatigue loaded structural welded detail.

Stefanos Gkatzogiannis, 8" Workshop Machine Hammer Peening — 22 and 23 October, Karlsruhe Institute of Technology, Germany
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Deutscher
Ausschuss for Stahibau  DASt

DASt ~ Richtiinis 026

Emiidungsbemessung bei
Anwendung hoherfrequenter
Hammervertahron

Stahloaw Verings- und Service GmbH

The HFMI Post Weld Treatment - Practical Aspects

- The two guidelines cover mostly practical aspects:

Table 2 Sample treatment procedure parmmeters for two HEMI tools

SKIT
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Application parameters

according to [Marquis, 2016]

undertreated weld toes
[Marquis, 2016]

H

3

5 100
Properly-treated and i o

° w0

Base metal

P T L

Foramter i it
" " " o High frequency impact | Ults xct
*  Application of the HFMI treatment including angle and e AU (2] _| s 2
- Fower s Preumatc
workmg speed magnetastrictive
Number ofindentes i [
Angle of the axis of the indenters with | 60°-80° 307607 [21]
" respect o the plte surface, ¢ 40°-80° [23]
* Quality control based on groove geometry and surface ec kg 0
: Aage of the swi o e mdemens with 7090 % Gl i should
quality espec 0 the dition of tavel, ¥ contatthe weld toc)
GeeFig ©
w.uui speed 35 mavs 5210 mws 21]
3
» Fatigue design of HFMI treated weldments based on FAT Oober
classes and the approaches of nominal and hot-spot stress
taking into consideration size effects etc.
i o A Proposed fat class
- = —ear 1000

improvement for the HFMI
treated weldments

10t 10 0
Number of Cycies, N
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Simulation of HFMI

Stefanos Gkatzogiannis, 8 Workshop Machine Hammer Peening — 22 and 23 October, Karlsruhe Institute of Technology, Germany 9

Simulation of the HFMI Treatment Q(IT

Karlsruher Institut fir Technologie

* The validation of a simulation model that
predicts the introduced residual stresses can
enable a less conservative design and offer a

bettgr. overview of the method through @w - \@,l Contact Definition I‘
sensitivity analyses \

|+ impact speed / : L tact model
» Coupling with fracture mechanics is possible, in | | intensity b cpn_ac mao e
order to predict with even better accuracy the | I+ frequency 1 I »friction coefficients
fatigue life of a component ! '

HFMI simulation is a multi-parameter analysis

Main aspects of the FE simulation of HFMI

N o '
* Several simulation models have been proposed / -I Material Behaviour \@-I Application Setup |\

in the past neglecting though in most cases 1.3 | Strain rate dependent | |,
significant aspects of the problem I material behaviourin 1 1+ application angle l
| the HAZ 11+ travelling speed :
* Same physical problem with the indentation of I 1+ material model ih |
a semi-infinite plate with a spherical indenter (L - _ - _ _ _ - _ _ _ _ _ e e e e e e == 1

under significant initial velocity (non static case)

Stefanos Gkatzogiannis, 8" Workshop Machine Hammer Peening — 22 and 23 October, Karlsruhe Institute of Technology, Germany 10
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HFMI Simulation — Material Behavior

Strain rate dependency
During HFMI strain rates of up to
400 s™' are referred. Previous
analyses have proven that yield stress
is predominant for the introduced
residual stresses. Its strain rate
dependency under the present strain
rate has to be considered.

Reversed plasticity
During spherical indentation, underneath
the treatment surface, compressive
stresses are introduced which are
counterbalanced by outer tensile ones.
During continuous treatment along a line,
reversal of the plastic strains’ and
residual stresses’ sign takes place.

ri(w/2) 2500 - T
. 9420M

Strain rate sensitivity of a

high strength steel 9420M

Residual hoop stress field during 2000 -

Stefanos Gkatzogiannis, 8" Workshop Machine Hammer Peening — 22 and 23 October, Karlsruhe Institute of Technology, Germany
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Compression / Tension

Previous investigations [Cadoni,

2018] have shown that the
strain rate sensitivity of
structural steel significantly
deviates in tension and
compression.

L \pression) [MPa]

/ L ] 5 Boyce, 2007 =
) spherical indentation [Boyce, 2001] g [Boy 1 g 700 | Strain rate dependency of
H .
2 1500 - = oo $355 in tension and .
£ F5 8 R T F - R 3 compression [Cadoni, 2018] =,
2 7] >
2 | % 800 [ .
£ 1000
? E .
2 2 ss0
2 0n
b} - .
500 E 500 .
0,003 [15] = :
450 N
) . ! | B
4 6 8 10 200 Bl caad ngl sl il nd ool il
Engineering Strain (%) 0001 001 01 1 10 100 10° 10°

Strain rate [1/s]

HFMI simulation — Specimens of Parent Material

investigated component —
dimensions in mm

Specimens of parent material

* Specimens of parent material $355 simulated and measured in a previous
study [Foehrenbach, 2016] were simulated as a first step for the validation
of the method

Highlights of the Simulation
* Simulation is carried out with LS Dyna [LS-Dyna, 2016]

* Coulomb-friction is applied: coefficients in previous studies and from
textbook knowledge deviate from each other significantly,0.30 to 0.15 is
currently applied

* Bilinear material model, with kinematic, isotropic and mixed hardening is
applied

* Strain-rate dependency is taken into consideration with the Cowper-
Symonds model

* Rigid body properties (mass, inertia) attributed to the HFMI Pin

The Cowper Symonds material model
)q
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Simulation of HFMI

Modelling the Pin Motion

Stefanos Gkatzogiannis, 8 Workshop Machine Hammer Peening — 22 and 23 October, Karlsruhe Institute of Technology, Germany 13
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HFMI Simulation — Modelling the Pin Motion

Two methods can be applied for modelling the pin vertical motion, a displacement- and a force-based

Displacement-based Force-based

@ more straightforward to simulate © calibration of the model through trial and error is

o measurement of the trace needed

@ unrealistic strain rate evolution — erroneous @ realistic strain rate evolution

coupling with strain rate dependent material ° measurement of contact force or impact velocity

— 6 _ , 10 _
E E z | £
E. L 5 E z i s £
= AT LR 4z g | z
g (T g 5 [ %
£ A EPETPRTRAR ST 3 5 = [y 5 &
g - RIS 8 £ I 5 8
= L 2 2 | <
E IR Y g | i
2 : - k] | 33
3 ; E | : g
£ r : 03 < TR 1 £
2 : 13 : ;£
pi__ 045 102 025 03 035 § pozs 003 003 B
; e k] ) T 3
:

'
[
]

The displacement-based approach

Stefanos Gkatzogiannis, 8 Workshop Machine Hammer Peening — 22 and 23 October, Karlsruhe Institute of Technology, Germany

° Time [s] Twram  [Gkatzogiannis, 2019 a] 10| Time [s] Force

4 8

2 2nd Pass 6 Longitudinal Displacement|

1
° ———3dPass 5
2
0 00125 0,025 0,0375 0,05 == == Longitudinal Displacement o The force-based
Time [s] 0 000125 0,0025 0,00375 0,005 approach

T bl [Gkatzogiannis, 2019 a]
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Drop Tests

Calibration of Material Behavior Through Drop Tests

Stefanos Gkatzogiannis, 8 Workshop Machine Hammer Peening — 22 and 23 October, Karlsruhe Institute of Technology, Germany 15

Drop Tests ﬂ(IT

Karlsruher Institut fir Technologie

* A series of drop tests was carried out in order to
reproduce a single HFMI impact in the laboratory under The evaluation of the
known impact velocity and force (mass) drop tests drop tests

* Goal was the evaluation of the dynamic yield stress

under the present deformation mode HFMI residual stress tr:;:aas:t;ir:setri]ttu;t)n FE simulation of the
measurements ! drop tests
velocity
* FE analyses would provide the strain rate for each ] l l
impact - -
lidation th h analytical calculation ) .
validation throug of dynamic yield calculatlpn cf strain
comparison imit rate during yielding
* Analytical calculations based on measurements of the | |
trace or the rebound velocity would be applied for the

calibration of strain
rate dependent
material model

calculation of the dynamic yield stress

FE simulation of
HFMI

* |t step validation through comparison with high strain
rate tensile tests [HFH-Simulation], literature — 2™ step validation through

. . . . . . comparison
validation through application of the calibrated material |
model in a HFMI Simulation and comparison with RS
Literature
Stefanos Gkatzogiannis, 8" Workshop Machine Hammer Peening — 22 and 23 October, Karlsruhe Institute of Technology, Germany 16

22 and 23 October 2019, Karlsruhe



Symposium Mechanical Surface Treatment 2019

8" Workshop Machine Hammer Peening
.|

Drop Tests

Test setup for the drop tests

* A wooden bearing structure carries 4 rails — an impact assembly
runs across the rails, the pin on its bottom hits the target

» Satisfactory accuracy:
o impact velocities in the range of the measured for :
HIFIT and PITEC achieved (2 m/s — 5 m/s),
o maximum rotation of + |°
o adequate tolerance, no breaking down of the free fall
o rebound velocity measured with video camera 120 fps,
accuracy of + 0.001 m/s

\
beams

Stefanos Gkatzogiannis, 8" Workshop Machine Hammer Peening — 22 and 23 October, Karlsruhe Institute of Technology, Germany 17

Drop Tests ﬂ(IT

Karlsruher Institut far Technologie

Results

* Determination of the strain rate with FE simulation of the experiment:
o strain rate independent elastic-plastic behavior
o strain rates too high especially at initiation of contact (singularities)
o split Hopkinson bar impact velocities of 9, I8 and 27 m/s lead to strain rates of

_ . 1.728e-02

900 to 7000 s~ [Cadoni, 2018] 6

* Analytical calculation of the dynamic yield stress based on trace measurement ;:::ejj
analogous to cylindrical indentation [Lim, 998]: not possible for present impact 3456005 _
velocities and a spherical indenter T

» Analytical calculation of the dynamic yield stress based on rebound velocity [Tabor,
1948 - Johnson, 1985]:
o measurement of rebound velocity was successful
o satisfactory results for S355 - unsatisfactory results for S690, 5960

* Factors of the method producing errors are:
o the assumption of strain rate independent material behavior in the FE simulation

9.649e+03
7.719e+03

of the experiment 5.789e+03
o the formula for calculating yield strength based on rebound velocity far too g B0
.. 1.930e+03 _|
empirical

1685207 _

Introduction of the plastic strain spherical zone
underneath the impact surface - (a) Von Mises
strain rate - (b) maximum shear strain rate

Stefanos Gkatzogiannis, 8" Workshop Machine Hammer Peening — 22 and 23 October, Karlsruhe Institute of Technology, Germany 18
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Drop Tests ﬂ(l I
Results Dynamic y,eld stress Of 5355 Karlsruher Institut fir Technologie
* Determination 1,6

o strain rate @ Foehrebnach, 2016 (tensile)
o strain rate
o split Hopk 1,5 AForni, 2016 (tensile) o
900 to 700 = et
& 0 Cadoni, 2018 (compression) "‘Bze"-l
. 1.037e-02_|
+  Analytical calculi =
— | ,4 6.9112-03 _|
analogous to cyll v @ Cadoni, 2018 (tensile) 3.4560.03_
velocities and a g 0.000e+00 _
13 & Present Drop Tests
+  Analytical caleulf o 1.3 P
1948 - Johnson, Ag
O measurem{ -o
; o |2
o satisfactor] N *
=
* Factorsofthen g
el 9.649e+03 |
o theassumgj ¢ | N L 2 7.718e+03
of the exp 4 ‘ 5.789e+03 _|
o the formul e ¢ ® oo
. e ‘ J':] 1.930e+03 _|
empirical 1,0 @ = = 1.685¢.07_
0,000001 0,0001 0,01 [ =t
Strain rate [S_'] strain spherical zone
rface - (a) Von Mises
strain rate - (b) maximum shear strain rate
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HFMI Simulation - Results

Results with the displacement-based (DB) method

¢ Two models were simulated, a strain rate
independent (RI) and a dependent (RD)

* Simulated RS results follow qualitatively the pattern
of the measured transverse RS — nevertheless, the
peak lies significantly deeper in the simulatiom

* In the case of the longitudinal RS, the model does
not predict the RS profile not even qualitatively,
especially near the surface

Results referenced as [Schubnell, 201 9] are the same
ones from [Foehrenbach, 2016]

SKIT

Karlsruher Institut far Technologie

* The introduction of the strain rate dependency
seems to improve the agreement between
measurements and simulation, nevertheless its use
with a displacement base approach is questionable
and has no potential for further improvement
(measurement restrictions)

400 400
300 ® 200
°
200 R 0
— 100 7 —
« L h I
& 0 A 7 = % -200
o -100 N / i 0 o -400
£ 900 % i -4 ® Measured Longicudinal (Schubnell, 2019)
\ ® Measured Transverse (Schubnell, 2019) -600
-300 ®  Measured Transverse (X Ray) (Schubnell, 2019) 800 == 355_DB_RD - Longitudinal
-400 355_DB_RD - Transverse - == 355 DB RI - Longitudinal
500 === 355_DB RI - Transverse 1000 —DB_H - Longitudinal
0 | 2 3 4 5 6 7 8 9 10 0 2 3 4 5 6 7 8 9 10
Distance from surface [mm] Distance from surface [mm]
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HFMI Simulation - Results

Results with the force-based (FB) method

* Four different models were simulated

* Simulated RS results follow qualitatively and quantitatively
the pattern of the measured RS, both for the transverse and
the longitudinal case

In the case of the transverse RS, all models provide similar
agreement with the measured stresses

Results referenced as [Schubnell, 201 9] are the same
ones from [Foehrenbach, 2016]
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= Against initial expectations the compressive strain rate
dependent model is less accurate — input data is to be
accounted for [Gkatzogiannis, 2019 a]

* In the case of the longitudinal RS, the strain rate
independent models seem to underestimate the RS
near the surface

¢ The overall evaluation of the results strain rate
dependency is predominant for S355

400 -
rmen® o
- 200 i
o 7'!
P 0 ra ]
: Ld ® Measured Transverse (Schubnell, 2019)
= B Measured Transverse (X Ray) (Schubnell,
H -200 2019)
O N 9O A e Elastic - Perfect Plastic
2
2 -400 R Kinematic Hardening
£ ST
-600 - = = == Strain-rate dependent kinematic
hardening (tensile tests)
= == Strain-rate dependent kinematic
-800 - hardening (compressive tests)
060 O05 10 1,5 20 25 30 35 40

Distance from surface [mm)]

200
A
P e — .
g ° 5
= ‘K,
E -200 A Measured Longitudinal (Schubnell, 2019)
= -400 = = Elastic - perfect plastic
c
=]
g -600 == + =Kinematic hardening
oo
E = Strain-rate dependent kinematic
4 -800 hardening (tensile tests)
—— Strain-rate dependent kinematic
-1000 hardening (compressive tests
00 05 0 1,5 20 25 30 35 40
Distance from surface [mm]
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Summary and Upcoming Results
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HFMI Simulation — Summary of Previous Results Q(IT
and open Questions Karlsruher Institut fur Technologie

Two main aspects of the HFMI Simulation were investigated by modelling specimens of parent material:

- Modelling the movement of the HFMI Pin:
» Two different approaches for simulating the predominant vertical motion of the pin were applied: a displacement- and a force-based

* Introduction of strain rate dependency into the simulation improves significantly the agreement between simulated and measured RS, however
introduction to the displacement-based simulation is questionable

+  Force-based approach provides better agreement with the measured profiles and allows for the consideration of a strain rate dependent behaviour
- Calibration of Material behaviour based on the Dropt Tests:

+  Cowper Symonds strain rate dependent material model was calibrated based on the results of the drop tests

+  Compressive results by [Cadoni, 2018] were taken into consideration as well to increase the sample

+  Simulation of HFMI using the calibrated, strain rate dependent material model, presents much better agreement with the measured RS than the
strain rate independent plasticity models

Open Questions
- Real scale welded components — numerical capacity problems arise [Gkatzogiannis, 2019 b]
- Influence of WRS — coupling with welding simulation [Gkatzogiannis, 2019 b]

- Coupling with fracture mechanics investigations

Stefanos Gkatzogiannis, 8" Workshop Machine Hammer Peening — 22 and 23 October, Karlsruhe Institute of Technology, Germany 24
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¢ Dissertation [Gkatzogiannis, 2019 b] Industrial partners:

* Ongoing research project ends in December, 2019: &Q A‘cc TH YOLVO

Construction Equipment

Schubnell ., Gkatzogiannis S., Farajian M., Knoedel P, UmmenhoferT:

i Forces I
m . VERSUCHSANSTALT ] forces in motion
Karlsruher Institut filr Technologie 07 <AL HoL2 & STEINE

Bautechnik

Funded by: 1
VE @ Eunvdvesmig\sflenum N SENVION
& lir Wirtschaft
und Energie .
A ' Pr7 voestalpine
EINEN SCHRITT VORAUS,
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chweiBverbindungen aus hochfesten Stdhlen el aer'a/./ﬂ
Research partners: %scmmmm
NORDHAUSEN BOMBARDIER

Z Fraunhofls; ﬂ(IT k/\ e DLy e s

HFMI Simulation - Upcoming Results Q(IT
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HFMI simulation of real
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Influence of mechanical surface treatments on propagation and
opening behavior of physically short cracks in Inconel 718
Einfluss mechanischer Oberflachenbehandlungen auf das Ausbreitungs- und
Offnungsverhalten physikalisch kurzer Risse in Inconel 718

Symposium Mechanische Oberflachenbehandlung, 22.10.2019
Alexander Klumpp

Institut fiir Angewandte Materialien - Werkstoffkunde

P OPEN

o L T CRACK

& 7 PARTIALLY

S |Pa OPEN

- § L T—

= CRACK
FULLY
CLOSED

DISPLACEMENT OR STRAIN

KIT - Die F iversitét in der F

KIT

Motivation: Turbine disc material Inconel 718

® Fir tree base (,Tannenbaumful®) ® Low cycle fatigue design
for vibration damping
@ Complex highly-stressed

® Shot peening: SAE / AMS; sa43 s\
Intensity: 0,18 ~ 0,25 mmA [1] >< \

4538

Ti-8Alr10V-1Mo
6350

shot peened __|

Time|gain

Deckband
(Shroud)

Load [kg]

3628

o701| unpeened

1

100 1,000 10,000 100,000 1,000,000

Tannenbaumful

(Fir Tree Base) Cycles to crack initiation [3]

® Scope: Characterization of near-
surface short crack growth

B Focus: Physically short cracks

(0,2 mm <a< 1 mm); K-concept
[1] Polanetzki, H. (MTU AG): DGM workshop material

[2] Braunling, W.: Flugzeugtriebwerke, Springer 2015 [3] Curtiss-Wright Corp., Online-Brochure
. ‘ : LS
2 22.10.2019 Alexander Klumpp: Influence of mechanical surface treatments on propagation and opening \_....’ I A M
o behavior of physically short cracks in Inconel 718 4
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Motivation: Recent developments in machine -I-
hammer peening (MHP) b
400
200 / i
g o — ‘
= - H
@ 200
S
k]
w 400 - Messung
§ = R15 - Messung
8 -600 = R25 - Messung
@ —R10 - Polynom
-800 | —R15 - Polynom
—R25 - Polynom
-1000 -
0 1 : 3 4 > ECOROLLAG/
Distance to surface / mm Fraunhofer IWM

Studies regarding residual stress evolution in Inconel 718:
@ Mechanical MHP system type ,EcoPeen”
® Several millimeters of residual stress penetration depth are feasible

- Investigation of crack behavior after shot peening and other mechanical
surface treatments

q X O]

B 22.10.2019 Ctlaehx;/rilgre‘rjfl(él:lr;;sélllr;ﬂsu';nrfzgc ?:;hlar‘r::::gls;:fgcetrealments on propagation and opening :i !:?AI eMM
Outline ﬁ(".
B Basics of fracture mechanics
® Material and mechanical surface treatments
® Experimental setup for characterization of short crack propagation

and opening
B Results and discussion
® Conclusion
iexander Kium : Influence of mechanical surface treatments on propagation and openin: ;“‘-.‘
¢ DAL glehavigrole:Iihyspisalllyﬂshortcrafcksinhlnoonlel7I:lf8 freat 15 0n propagat dop ¢ ‘!.;' IAM

Institut fir Angewandte Materialien
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K-concept and ,,intrinsic* approach

Karlsruher Institut fur Technologie

W Stress intensity K, / K/ K|, for characterization of
mechanical crack load in mode | 1

GT y“| o, (Ioc:al)~\/—g

| Khom = oWmaY (static load) |

AK om = AovmaY = Kpax — Kmin
Rpom = 22 (cyclic fatigue load)

Kma

Ny

Y
Plasticzone .-~~~ SRR

Image sources:
D. Gross: Bruchmechanik
o M. Sander: Ermidungsrisse

- Mode |
® Cyclic fatigue crack growth governed by the oce

material‘s ,intrinsic” resistance (Ritchie, 1988)
- Against formation of new surfaces

Literature: Ritchie, R. O. (1988). Mechanisms of fatigue crack propagation in metals, ceramics and composites: role of crack tip shielding. Materials

Science and Engineering: A, 103(1), 15-28.
St
L)
‘;g}' I A M

Institut fir Angewandte Materialien

5 Alexander Klumpp: Influence of mechanical surface treatments on propagation and opening
22.10.2019 0 0 i
behavior of physically short cracks in Inconel 718

KIT

Karlsruher Institut fir Technologie

Closure-based (,,extrinsic*) concept

® Paris diagram (1961) for « Ka
. max
long crack propagation
c <
da % S 5 %
1gﬁ g g g % |’<Th=n0m

) 2 g

= Room 8 © oy

8 ®a, 8

G e G Kmm

2 g y
e
g ® Crack closure effect (Elber, 1971)
=
- B E.g. due to plasticity, roughness,

compressive residual stresses
e T
= | NN >
g AR o a) a o
1 AK o 1gAK. W Effective threshold AKy,

—> Dependent on work hardening
B Further effects of residual stresses?

6 22.10.2019 Alexander Klumpp: Influence of mechanical surface treatments on propagation and opening
" behavior of physically short cracks in Inconel 718

S 1AM
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Effects of residual stresses

T

Karlsruher Institut fur Technologie

KA
Knax|" A NAK = K K Ak ) ) o
Koo 42 Koom = Krae = Krn =8Ker . m Residual stress intensity” K,
® Weight function / numerical
Emin determination (FE)
min,rs
K ® No closure, buth with res. stress
* ® Local load ratio (Ryy) affected,
Superposition R but not AK
>t
Kmin,rs
KA AKofr = AKyom Regs = K Riom
max,rs
Koax| """ TCff~" """ ‘
max,rs| =7 SN ® Closure effect with res. stress
" ® Both AK,, and R are affected
op
AKegr = Kmax — Kop Kop,rs
Rogs = R
#_- AKnom eff Kmax,rs nom
op
7N A . S~ *2Z__. > Numerical and experimental
/IR, R S SRS USSR A methods are required!
T 2210200 behavior of phystcally shortsracke InIncanel 18- o o1 Propeg=tion and opening \35 IAM

Institut fiir Angewandte Materialien

Material: Alloy ,,Inconel® 718

Ni Fe Cr Mo Ti

Basis 18,80 18,40 2,91 0,99

B Heat treatment: ASTM B637

@ y“-precipitation hardening with
two step tempering:
955 °C (1h)
720 °C (8h)
620 °C (8h)

behavior of physically short cracks in Inconel 718

R
%% 1 200 .

8 22.10.2019 Alexander Klumpp: Influence of mechanical surface treatments on propagation and opening

SKIT

Karlsruher Institut fiir Technologie

Chemical compositon (mass %)

Nb Al Co Mn (&
5,28 0,58 0,24 0,07 0,03

® Micro hardness: app. 460 HV 0,1
® Tests at 20 °C and 550 °C
® Mechanical properties [1]

1400 T T T T T T T T T

_\
1000

-

800 | -~

s C DT \LUINCONEL 718
600 |- SN0 >\ NIMONIC 901
ondods § “NIMONIC 90
forl20°c  gaaki |
200 } 550 °C St: 12% Cr, Mo

| | | | | | | | |
475 675 875 1075 1275
Temperatur in/K]

[1] Braunling, W.: Flugzeugtriebwerke, Springer 2015

S 1AM

Institut fir Angewandte Materialien
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® Application of:
/ Shot peening: Cut wire G3 @ 0,8 /

Mechanical surface treatments
(Support by OSK Kiefer, Malsch)

® Goal: Variation of profiles of residual
stresses and work hardening
(Measure: Micro hardness)

S170; 0.21 ~ 0.76 mmA intensity;

100 ~ 300 % coverage

Deep rolling: hard metal & 6.35;

200 ~ 250 bar pressure;

0.03 ~ 0.04 mm stepover distance

0.25 mm stepover distance

| Piezo peening: Hard metal & 5;
36 um stroke; 500 impacts/s;

IISI(-I(ieIer GmbH Q(IT
Oberflachien- & SIrahitechnik o o traimobse

— 200 T
©
o ,h,,i'f-l
= 0 g .
® 200] a & 4 250 bar
£ Aee®t 003mm
@ 400 z ,
© 0,76 mmA
=1 i, A okogo
S -600] i, aig® « 2*t98% ]
7} &
o 800 o ddr ee —=— Untreated
g ] st Shot peening P1
5 -1000 L% a— Shot peening P4 | |
% Inconel 718 *— Deep rolling P1
5 -12000———m7——F———F—————————
= 0 100 200 300 400 500 600 700 800
Distance to surface [um]
580 T T T T T T
. 560+ l -u- - Untreated
e N Shot peening P1
© 540+ U 5y 4-- Shot peening P4
E 520 ;i iy »-- Deep rolling P1
o PR ad
@ 500+ LANENE Inconel 718 |
g 480 Y
_‘:L“ % I? e i
460+ LT .
co
S 440 S TT b IR A
=
420 +—

Alexander Klumpp: Influence of mechanical surface treatments on propagation and opening

behavior of physically short cracks in Inconel 718

0 100 200 300 400 500 600 700 800

Distance to surface [um]

‘~‘IAM

ettt f r Angewandte Materialie

behavior of physically short cracks in Inconel 718

(Print version: All results of surface treatments)

KIT

Karlsruher Institut fur Technologie

Deep rolling / piezo peening

Transverse residual stress [MPa]

Micro hardness [HV 0.1]

200 1— T T
.
0 ‘* . * ¥ A
/ . =
-2004 = Lo e
4004 * N 23 A
i
6004 ¢ T
{ .
L] P '/ .
8oo{ * i —=— Untreated
Len$d +— Deep rolling P1
0004 ¢ +— Deep rolling P2 |
| 1718 = Piezo peening
=1200 +— T ncclne T T T T T T
0 100 200 300 400 500 600 700 800
Distance to surface [um]
580 T T T T
560 - —=— Untreated
*— Deep rolling P1
540 : +— Deep rolling P2 |
5204 s = Piezo peening
5001 3 Inconel 718
'o‘ii}*
480+ i
T4
4601 4 + f : t
baga My f A
440 : * ¥ ¢

0 100 200 300 400 500 600 700 800
Distance to surface [um]

® Shot peening
E 200 i_.
NI N
‘@ | i <“~'
@ 2004 ? o4
8 200 # P ¥
2 4001 ‘1.’
S5 i avil o
S 004 “4x, [ 7i% = Untreated
@ U hagl s ALY Shot peening P1
2 goo] B TR < Shot peening P2 | |
g N ¥ Shot peening P3
9 -1000+ 4— Shot peening P4 | 4
7] Inconel 718 *— Shot peening P5
c
& 1200 ——————————F——F———————
= 0 100 200 300 400 500 600 700 800
Distance to surface [um]
580 T T T
—=u— Untreated
—. 5604 %v Shot peening P1
= ¥ )
; ] “ 4 Shot peening P2
g 540 Y ii" +— Shot peening P3
I 520+ L A i 4 Shot peening P4
» * « 13 *— Shot peening P5
o 5004 > S
2 = 4
= : 1 4
T 480 T 3 W 2 1 1
@ ] L+ Tr t i S
< 4601 *‘i f H: : *t; ]
Sap] TR RLATTRR,
= Inconel 718
0 100 200 300 400 500 600 700 800
Distance to surface [um]
10 Alexander Klumpp: Influence of mechanical surface treatments on propagation and opening
22.10.2019
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Experimental procedure AT

® Linear electro motor based test bench (Instron)
- Fine vacuum to avoid oxidation

® Specimen geometry for 3P-bending

96 5
80 Detail A-A
o' Micro notch
i 1 04 exd
-

>

R10_7\ N 40x5mm?2 ! | 4
surface treated ‘
® Crack growth and opening tests
@ |oad ratios: R,,,,=0,01/0,5/0,7
@ Test temperatures: 20 °C; 550 °C

@ Captured crack length: 0,25 mm ~ 1,60 mm
- Necessary: Measurements with very high resolution

: Influ i ul { i "s‘.“

W s ket ke et R A0 SR ’9'} Ml AM
Determination of crack opening loads: gg("-
Classic procedure: Specimen compliance
® Principle: Increasing stiffness ® Actual record for a long crack

due to crack closure (1,56 mm)
2000 L L A L AN B R BN T T
Inconel 718
/CRACK 293 K Displacement gauge
FULLY ,
P OPEN 19009 4= 156 mm ya
ol CRACK e
= 7/ PARTIALLY = /"
< |Ps OPEN = 1000 e 1
ol 7 8 !/‘”
= CRACK 3 e
FULLY s
CLOSED 500 e 1
e
(1] .
DlSPLACEMENT OR STRAIN 00 02 04 06 08 10 12 14 16

Nominal strain [%]
B Resolution is not sufficient for measurements on short cracks after
mechanical surface treatments!

[1] Allison, J. E.; Ku, R. C.; Pompetzki, M. A.: A Comparison of Measurement Methods and Numerical Procedures for the Experimental
Characterization of Fatigue Crack Closure. In: Mechanics of Fatigue Crack Closure, ASTM International, 1988

S
12 22.10.2019 Alexander Klumpp: Influence of mechanical surface treatments on propagation and opening Q.'.} I A M
o behavior of physically short cracks in Inconel 718 S

Institut fir Angewandte Materialien
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Determination of crack opening loads:

Classic procedure: Potential drop method b
® Plateau formation of electrical ® Suitable for long cracks; no
voltage due to crack opening proper resolution for short cracks
1,004 T T T T T T
T < 1,002+ s ST
> = ’
g : SEM'Opéning & 09981 Current: 50 A ]
2 - (In-situ test < osse; Fo 1
*E ST SO, AT & ( situ es) ............ ? ' Inconel 718
= T 09944 Crack length: 1.56 mm |
(] o
S r E 0,992 4 ‘ Potential drop
e E oos0d /L Piecewise linear fit ]
: 11 ' , . . . . . [2]
Stress (MPB) 200 400 600 800 1000 1200 1400 1600

Force [N]
® Other methods: DIC _EddyUHrasonie, tSBGTLaser), Barkhausen

- Get the maximum out of the potential drop method

[1] Andersson, M. et al.: Experimental and numerical investigation of crack closure measurements with electrical potential drop technique.
International Journal of Fatigue 28 (2008), Nr. 9, S. 1059-1068

[2] Klumpp, A. et al.: Influence of work-hardening on fatigue crack growth, effective threshold and crack opening behavior in the nickel-based
superalloy Inconel 718. In: International Journal of Fatigue 116 (2018), S. 257-267

i
13 Alexander Klumpp: Influence of mechanical surface treatments on propagation and opening \_"}} I A M
‘-

22.10.2019 behavior of physically short cracks in Inconel 718
Institut fiar Angewandte Materialien

SKIT

The ,,elevated current potential drop method* .

® Principle:
® Extremely high currents (>300 A) = reduction of disturbance and noise
B Setting of test temperature directly by Ohmic losses
® Potential probes as near as possible to the crack > maximum sensitivity

3P-bending -> 305Afor 823 K

Fine vacuum [

’ ;'[“A

e |
s V1
&1 P

A
,Ar ]“"
B otential probes

- Distance 0.9 mm
i

- ,hot area“
T(x,t) = const.;
controlled by
infrared pyrometer

- Necessary: Extensive preliminary studies

O
14 Alexander Klumpp: Influence of mechanical surface treatments on propagation and opening ;‘.‘;} I A M

DAL behavior of physically short cracks in Inconel 718
Institut fiir Angewandte Materialien
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Reproducibility of test temperature

Karlsruher Institut fiir Technologie

B Statistical deviations ® Warming during tests

600 1 5561 ]
_ — 554 1
O 550 1 O ] ]
o ! Stable temperature field ) 5524 | 7
35 500 1 2 1 ]
5 © | N
g Inconel 718 ﬁg 550 | Inconel 718 |
GEJ 450 + Current: 305 A - E 548 | Crack growth test |
= ——550+5°C = 1 Current: 305 A

400 A ——550+£10°C | A 546 - | — Exemplary tests |

0 10 20 30 40 50 60 0 50 100 150 200 250 300

Current time [min] Test time [min]

-> Reproducible and nearly constant test temperatures

- Numerical error analyses regarding temperature, work hardening
influence and probe positions: Compromises are necessary

- Measurement of crack opening loads becomes feasible

Alexander Klumpp: Influence of mechanical surface treatments on propagation and opening
behavior of physically short cracks in Inconel 718

S I1AM

Institut fir Angewandte Materialien

22.10.2019

16
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Determination of crack opening loads

® Untreated state ® Deep rolled state

2,0 — , ; ; ; ; 2,0 1— : . .
Inconel 718 . Inconel 718| — Crack opening - - - Fit
. — —— Crack closure - - - Fit
E 1,5 0 Untreated - E 1,5 ; b
B ( z Deep rolling
= /1 Crack opening load F 5 o H
a g ’ o Opening initiation | Jf |
% 1,0 1Closure initiation B % 1.0Closure load F, :Opening load F,,
S T=823K ] ' Closure initiation
g 0,5 Magnification: 1000x - % 0,5 B
E —— Crack opening E T=823K
—— Crack closure z Magnification: 1000x
0,0 T T T T T T 0,0 T T T T T T
0 1 2 3 4 5 0 1 2 3 4 5

Load |F| [kN]
® Bilinear fit, equal to [1]

Load |F| [kN]
® Trilinear fit

® Significant effect of surface treatment:
.complete*/ ,incomplete” crack closure may occur

[1] Andersson, M. et al.: Experimental and numerical investigation of crack closure measurements with electrical potential drop technique.
International Journal of Fatigue 28 (2006), Nr. 9, S. 1059-1068
iS%.
gt
@ 1AM

Institut fir Angewandte Materialien
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Correlation opening - growth

59 Inconel 718 7 -
-#-- Untreated
2| sk T g ] @ Correlation between a, AK ..,
c R =001 e - Shot peening P4
1 Paom =Y SR oD Il i
T i cep oling AK ¢ (by means of FEM)
o = 5 & P - i
e 8 g E . T T T T T T
g Fo 50 1 ]
fad
O [ Rt EE ! I ...................................... gl—|
00 02 04 06] 08 10 12 14 186
Crackrjepma[mm] E 40 1
o Inconel 718 1 sasat =
=} 1E-37 Elevated temperature (823(<) o = 301 i
S e %
@ 2 R, =001 X _ i
2 g qga] Fud=53k Affected depth < 20 Bommald I
5 £ I - Untreated ge] ntreate )
~ 3 | » Shot peening P1 5 —— Shot peening P1
O & 4E- +  Shot peening P4 | | .
g 8 I - besproling g 101Inconel 718 —— Shot peening P4 1|
T T T —— T T T T c = . — i
© 00 02 04 0,6 | 08 10 12 14 16 hd Rnom 0’01’ 823 K Deep rOIIIng
Crack depth a [mm] < 0 T T T T T T T
Emno— — ! : Co . . . 02 04 06 08 10 12 14 16 18
o = E ‘\n‘“ —=— Micro hardness =
© ﬁ 500 Pos 28, I —u—Residual stress | % g Crack depth a [mm]
i
n B {as0 =
© B Inconel 718 @ . . . . )
§ 2 o «£ @ Qualitative correlation exists:
@
= o2 | d £ —u— Untreated S
= 500 W. I > Stot peening Pt 1% FOPT > AKeﬁ‘l' - da/dNJ,
5 —a— Shot peening P4 k<]
% -1000 ! —e— Deep rolling 1% =
2 T T T T T T T T T
Il 00 02 04 06 08 10 12 14 16
= Distance to surface [mm]
St
17 Alexander Klumpp: Influence of mechanical surface treatments on propagation and opening \"Q‘
22.10.2019 behavior of physically short cracks in Inconel 718 ‘!" I A M

Institut fiir Angewandte Materialien

of crack driving forces

MY S

rmed l

Credits: A. Kauffmann, AM-WK

clearer results

18 Alexander Klumpp: Influence of mechanical surface treatments on pr
2zl 2oty behavior of physically short cracks in Inconel 718

® Contribution of ® Localization of
roughness-induced deformation (shear
crack closure bands)

Discussion: Uncertainties during determination N -I-

Karlsruher Institut far Technologie

® Main challenge:
Surface cracks after
surface treatments

‘opagation and opening

-> Further measures are necessary for

S 1AM

Institut fir Angewandte Materialien
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Validation approach: FEM load analysis e it
® Quarter model; evaluation of K ® Relaxed (cyclic-thermical)
using ,contour integral“ method residual stresses as initial
condition
E 200 1nconel 718 . N ]
L] s -
= e 2 2 B X/A/Ai ; 0
g 2001 : ;_y' Ex ]
> ¢ S a4
S 6004 " 4
2 A o © Relax 100 ¢./ 30 m.
58004 o R ,g’* ° a Relax 100 c./ 1e4 m.
4 1000 \‘ b4 *;-/:! ¢ [ ® Untreated ]
Symmeiry planes oot o
Crack front g -1200 4 © Deep ro|||ng : ----Flt
Approx. 100000x C3D20R with contours 0 100 200 300 400 500 600 700 800 900 1000
10 discrete models Distance to surface [um]

- Determination of crack opening loads by using residual stress profiles
approximately prevailing at crack initiation

19 Alexander Klumpp: Influence of mechanical surface treatments on propagation and opening
22.10.2019 behavior of physically short cracks in Inconel 718

GIAM
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Validation and discussion: gg("-
Prediction of crack opening in the crack center =5
Residual
stress Mixed Plasticity / roughness
dominant effects dominant
A 1 A
T T T " T 1 T T T " T T T T T T T
3,5 1 0 4
¥ - 1 . .
30] . 2‘ IAffected depth Inconel 718 1 ®m Coincidence for very
251 ~ 'me'T' ‘1’23"2 1 short cracks
& = . o
. 2,0 1 @ Increasing deviation
£ 151 . 1  with crack depth
2 1,01 P -
[TH 1 A\‘ o
— 0,54 | AL o b .
B oo , B g g - Explanation:
(=} ’ .
— 05. = Expuntreated —Fit multicausal crack
0] Exp. SP-P1 Fit closure; no prediction
! A  Exp. SP-P4 Fit :
15! o Exp.DR Fit ppss:blelby _m?:aEns of
02 04 06 08 10 12 14 16 18 erTaT i_selastlc
IS!
Crack depth a [mm] y
20 22.10.2019 Alexander Klumpp: Influence of mechanical surface treatments on propagation and opening ;.‘ I A M
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B Untreated state

Absence of crack closure forR, ., > 0.5

Karlsruher Institut fiir Technologie

® Deep rolled state

-> No closure regardless of surface treatment and crack size

21 22.10.2019 Alexander Klumpp: Influence of mechanical surface treatments on propagation and opening
T behavior of physically short cracks in Inconel 718

8] — ] 8 1
Inconel 718 - Inconel 718 -
"1 Untreated AT glpenlng = "1 Deep roling Y glpemng
S 61 T=823K osure 1 = 6 T=823K osure 1
o 54 . - > 54 4
9 . o
T 4 Increasing 1 O 44 Increasing 1
S 3] crack size 1 = 3 crack size 1
c —
L 2 g e 24 B
o] []
a1 g o 1 P 1
a
0+ : 0+ :
25 30 35 40 45 50 55 25 30 35 40 45 50 55
Load [kN] Load [kN]

:;:';'HAM

Institut fir Angewandte Materialien

Absence of crack closure forR,,, > 0.5

T T T T T T T T T T T T T T T
T=823K
Inconel 718
= 1E-4 ] §
S 1
x~
>, 4
o
£
E
1E-5 - E
_% * Untreated
3 Shot peening P1
+  Shot peening P4
» Deep rolling
1E-6 —

02 04 06 08 10 12 14 16
Crack depth a [mm]
- No closure regardless of surface treatment and crack size

- But: Marked effect of mechanical surface treatments on crack

22 22102019 Alexander Klumpp: Influence of mechanical surface treatments on propagation and opening
" behavior of physically short cracks in Inconel 718
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Inconel 718 nom

Effective driving forces and crack growth rates A\‘(IT

¢ Rnom = 0’01 T . .
- R =05 . - Partial correlation for

15_3
IF_|=53kN4
max . . .
23 K , w > Resulting lifetimes
\ S
Ry T
| N Inconel 718 g
By N . |F.l=50N p
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| N @ 823 K h
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3 /n’ ® Untreated
5 Mg ¥ Shot peening P1
. A Shot peening P4
4 .
= ;Q 10°4 : ;] Dee'p rolling
~ P 10° 10*
3 5> - .
S N Lifetime experiment [cycles]
5SS
23 Alexander Klumpp: Influence of mechanical surface treatments on propagation and opening _.'0‘
22100 Aty behavior of physically short cracks in Inconel 718 \!)' I A M

Institut fir Angewandte Materialien

Karlsruh

deep rolled Inconel 718 was investigated

® An experimental method for the measurement of crack opening |
was developed

- Good means of characterization despite inherent uncertainties

® Strong effect of mechanical surface treatments even in the case of
non-closure

-> Description of crack propagation in residual stress field requires at
two driving variables

24 22102019 Alexander Klumpp: Influence of mechanical surface treatments on propagation and opening
" behavior of physically short cracks in Inconel 718

Conclusion ﬁ(“‘

er Institut fur Technologie:

® Crack propagation and opening behavior in untreated, shot peened and

oads

® Closure-based crack growth description approach was presented

least

iSTe.
iy

IAM

Institut fir Angewandte Materialien
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SKIT SIAM

Karlsruher Institut fiir Technologie Institut fir Angewandte Materialien

Deutsche
Forschungsgemeinschaft

Thank you. B

Institut fir Angewandte Materialien - Werkstoffkunde
‘ h
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— FULLY
CLOSED
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Controlled Pneumatic Needle Peening — New Peening
Technology for Aerospace Applications

Holger Polanetzki

MTU Aero Engines GmbH

22 and 23 October 2019, Karlsruhe
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Symposium - Mechanische Oberflichenbehandlung 2019
8t Workshop Machine Hammer Peening
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22.0ktober 2019 Holger Polanetzki

Pneumatic Needle Peening
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Pneumatic Needle Peening
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Objective

+ Develop new technique that could fulfill requirements:
» Comparable or better results than conventional shot peening

+ Surface Finish

+ Residual Stress Distribution

+ Fatigue Life
* Acceptable on Rotating Parts

« Small head for better accessibility

+ No risk of Foreign Object Damage (FOD)
* Very reproducible process

» No operator influence

Pneumatic Needle Peening 3

T MTU Aero Engines AG. The information contained hersin is propristary to the MTU Aero Engines group companies.

SPIKER® Features
i —

Different Heads and End

Peening Control
Need Oh:04m:44s

Each needle monitored in

real time Interface guides operator, record

Caps for different 3 - ol process parameters and makes
Geometries e E

intensity calculations

Standoff distance
maintained at all times

L—

Comparable or better
results than flapper or
conventional peening

Portable unit for easy - Save Data to USB ke
0 > . y for
s =
transportation B quick reporting

Pneumatic Needle Peening 4

©MTU Aero Engines AG. The information contained herein is proprietary to the MTU Aero Engines group companies.

22 and 23 October 2019, Karlsruhe
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@..

SPIKER® 4 Needle Linear Head with 3 End Caps

Pl

Needles $230 tip (0.60mm), Tungsten Carbide, 4 needles
End Caps 3 included end caps: Flat surface, Corner radius down to 0.09”

(2.3mm) and edge radius
Sensors Individual tracking for each needle
Input Proprietary air and electrical input
Maintenance Replaceable needles and end caps
Intensity range 0.004A - 0.016A — Inch (0.10A - 0.40 mmA )
Pressure range 5-60PSI (0.34 —4.08 bar)

Preumatic Nesdle Peening 5

©MTU Aero Engines AG. The information contained herein is proprietary to the MTU Aero Engines group companies.

TN

SPIKER® - Radius 0.09 requirements interchangeable caps

Pneumatic Needle Peening 6

©MTU Aero Engines AG. The information contained herein is proprietary to the MTU Aero Engines group companies.
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SPIKER® 1 needle Corner Head

eUsed on corner,

pocket, radius

surface enables
accurate intensity
and repeatability
eCan meet radius of
0.09 inch

eReach intensity

between 4A to 16A

Pneumatic Needle Peening 7

©MTU Aero Engines AG. The information contained herein is proprietary to the MTU Aero Engines group companies.

Cru...
SPIKER® Performance Testing

+ Test program was performed at Technology University Clausthal
in Germany under Prof. Dr. L. Wagner's supervision

+ Testing was done under the leadership of MTU Aero Engines AG

» Testing looked at surface roughness, residual stress distribution
and fatigue life

Pneumatic Needle Peening 8

& MTU Aero Engines AG. The information contained herein is proprietary to the MTU Aero Engines group companies.

22 and 23 October 2019, Karlsruhe
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Experimental Procedure
* Peening Equipment

CNC Conventional Controlled Rotary Flapper ~ Controlled Needle
Peening Peening using the Peening using the
FlapSpeed® Controller Spiker® tool

Pneumatic Needle Peening

©MTU Aero Engines AG. The information contained herein is proprietary to the MTU Aero Engines group companies.

Experimental Procedure
+ Controlled Rotary Flapper Peening

Almen Intensity vs. RPM Curve
y=-0,0145x%+17,962x
R?=0,9695 e -

4500
4000 P
Flap 3500 S
£ 3000 opE
E
S 2500 -
> .
2 2000 vrie
Mandrel = L’
E 1500 el
R o 1000
: e 500
= 0
X 0 50 100 150 200 250 300 350
Magnetic Block Intensity (mmA)

Pneumatic Needle Peening

©MTU Aero Engines AG. The information contained herein is proprietary to the MTU Aero Engines group companies.
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Experimental Procedure

Almen Intensity vs. Pressure Curve

nn [utal
= 03
_E y =0,2928x - 0,0021
£ . N
e A R* = 0,9789
. o

| 76.4 min JI |._ “‘ _J " ///"///

T 38 min y
Almen strip N: x = 0.79 -0.05 mm 0.2 ,,/z/
Almen strip A: x = 1.29 -0.05 mm &
Almen strip C: x = 2.39 -0.05 mm  * =T
§ 0,15 o
- 2 d
g B 2=
i E[ "
Lo g
- P - 0,05
600202
0
Almen strip holder for 0.1 0.5 0.6 0.7 0.8 0.9 1
Controlled Pneumatic Needle Peening and Forming Pressure (bars)

(all dimensions are in millimeter)

Pneumatic Needle Peening

©MTU Aero Engines AG. The information contained herein is proprietary to the MTU Aero Engines group companies.

Experimental Procedure
* Material

Ti-6Al-2Sn-4Zr-6Mo DA718
* Near-B-Alloy Nickelbase-Superalloy
Lamellar Microstructure

Pneumatic Needle Peening

©MTU Aero Engines AG. The information contained herein is proprietary to the MTU Aero Engines group companies.

22 and 23 October 2019, Karlsruhe
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Experimental Procedure
» Coupon Design

Prifstrecke und Kanten 3'%/ (oy o‘g/)
in Lu;g::l:hiung pa%ml
/\1)7:4‘_1

R
0.8
15 (£]0,2T4]
10

/ ‘_ = | souf
. % g N
% 43:0,3 |

58101

(#]0,1]8]
8.5¢0,3
; 60+0,8
Flat Specimen for: Flat-Bar Bending Test
* Roughness measurement Specimen for Cyclic Bending
Residual stress measurement Test

+ Metallographic Examination

Pneumatic Needle Peening
©MTU Aero Engines AG. The information contained herein is proprietary to the MTU Aero Engines group companies.

Experimental Procedure
+ Specimen Holder

Specimen
Holder

Specimen P 1

surface area of
strengthening

Flexible fastener for
assemble /
disassemble

of the specimen

Pneumatic Needle Peening
© MTU Aero Engines AG. The information contained herein is proprietary to the MTU Aero Engines group companies.
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Results
*Surface Finish: A strip, 0.006-0.008A Intensity

10x

Pneumatic Needle Peening 15
©MTU Aero Engines AG. The information contained herein is proprietary to the MTU Aero Engines group companies.

Results
« Surface Roughness Ti-6246

28
26
24
22
20

= Rmax
mRz
mRa

Rauhigkeit [pm]
S

*Roughness rises with Intensity.

*Roughness achieved by the Flapper Peening is an order of magnitude lower than Shot
Peening.

*Pneumatic needle peening tool gives roughness in the same scale as Flapper Peening.

Pneumatic Needle Peening 16

©MTU Aero Engines AG. The information contained herein is proprietary to the MTU Aero Engines group companies.
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@

Results
*Surface Roughness DA718

14
13 mmme

N

11.27

o

Rauhigkeit [um]

O = N W Bk o O N ® O

Pneumatic Needle Peening 17

T MTU Aero Engines AG. The information contained hersin is propristary to the MTU Aero Engines group companies.

Results
* Residual Stress Distribution Ti6246, Intensity = 0.004A

200

0 2
= / W""f
-200 ,"
J-‘ W geschliffen
/ ®5P0,1mmA
-400 ’,‘ # FP 0,1mmA
/ A SNP 0,1mmA
¢ /
00 o
1\ 1 /
-800 \s'
0 50 100 150 200 250 300 350 400 450 500
Abstand von der Oberfldche [um]

*Graph shows no significant difference between the different
techniques.

Spannung [MPa]

Pneumatic Needle Peening 18

G MTU Aero Engines AG. The information contained herein is proprietary te the MTU Aero Engines group companies.
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Results
* Residual Stress Distribution Ti6246, Intensity = 10A

200

P~ 2 e =
% /’_/x/"_r_’r_—r
200 ‘—

= 400
w0 M geschliffen
£
H] @®5P0,25mmA
c
2 ¢ FP0,25mmA
n *
A SNP0,25mmA

0 50 160 1‘50 ZISD Z‘SD 360 350 460 4‘50 SI;)D

Abstand von der Oberfldche [um]
+ Conventional Peening produced the greatest depth of compressive layer.
+ The Spiker® produced the most negative stress level on the surface.

Pneumatic Needle Peening

T MTU Aero Engines AG. The information contained hersin is propristary to the MTU Aero Engines group companies.

(..

Results
* Residual Stress Distribution DA718, Intensity = 0.004A

Eigenspannungstiefenverlaufe
DA718

-200
T mgeschliffen
Z 400 @5P0,1mmA
E +FPOIMmA
§ -600 ASNPO,1mmA
2
&a
800
-1000
500
-1200
-1400

Abstand von der Oberfliche [um]

Pneumatic Needle Peening

G MTU Aero Engines AG. The information contained herein is proprietary te the MTU Aero Engines group companies.

20

22 and 23 October 2019, Karlsruhe

59



Symposium Mechanical Surface Treatment 2019
8" Workshop Machine Hammer Peening

Results
* Residual Stress Distribution DA718, Intensity = 0.008A

Eigenspannungstiefenverldufe
DA718

T
a
2
w M geschliffen
2 ®5P0,2mmA
<
\% #FP0,2mmA
ASNP0,2mmA
0 50 100 150 200 250 300 350 400 450 500
Abstand von der Oberfliche [um]
Pneumatic Needle Peening 21

©MTU Aero Engines AG. The information contained herein is proprietary to the MTU Aero Engines group companies.

Results
+ Fatigue Results Ti6246, Intensity = 0.004A

Wechselbiegeversuche Ti-6246
800
W unverfestigt
750
@ Shot Peening 0,1mmA
700 =
+ Flapper Peening 0,1mmA
g o0
s A Spiker Needle Peening
- 0,1mmA
g 600
3
s
5 550
o
]
o
D so0
m
450
400
350
1.E+04 1.E+05 1.E406 16407 1.E408
Bruchlastspielzahl Ng

+ Conventional Peening and Flapper Peening produced similar results
» The Spiker® provided the most significant fatigue life improvement

Pneumatic Needle Peening 22

©MTU Aero Engines AG. The information contained herein is proprietary to the MTU Aero Engines group companies.
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Results
+ Fatigue Results Ti6246, Intensity = 0.010A

Wechselbiegeversuche Ti-6246
800
munverfestigt

70 @ Shot Peening 0,25mmA

700 n-u # Flapper Peening 0,25mmA
= A
o 650 T ASpiker Needle Peening
= 0,25mmA
2 600 =
3
£
g 550 L
-3
o
@
D s00
[

450

400

350

1.£+04 1E+05 1E+06 1.E407 1E+08
Bruchlastspielzahl Ng

+ Higher intensity peening confirms the trend shown in the previous slides.

Pneumatic Needle Peening 23
©MTU Aero Engines AG. The information contained herein is proprietary to the MTU Aero Engines group companies.

Results
* Fatigue Results DA718, Intensity = 0.004A

Wechselbiegeversuche DA 718
1100 -
W unverfestigt
@ Shot Peening 0,1mmA
1000 -
+ Flapper Peening 0,1mmA
w 2 ;
a 900 - || A Spiker Needle Peening
s 0,1mmA
=
o
c
2
£ 800
@
Q.
0
)
Q 700 §
o
600
¢
500 } } }
1.E+04 1.E+05 1.E406 1.E407 1.E+08
Bruchlastspielzahl Ng
Pneumatic Needle Peening 24

©MTU Aero Engines AG. The information contained herein is proprietary to the MTU Aero Engines group companies.
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Results
+ Fatigue Results DA718, Intensity = 0.008A

Wechselbiegeversuche DA 718
1100 T
munverfestigt
@ Shot Peening 0,2mmA
1000
+ Flapper Peening 0,2mmA
w . .
o 900 A Spiker Needle Peening
g 0,2mmA
o
c
=
£ 800
e
©
(=3
w
&
o 700
2]
600
]
500 t
1.E+04 1.E+05 1.E+06 1.E+07 1.E+08
Bruchlastspielzahl Ng
Pneumatic Needls Peening 25

T MTU Aero Engines AG. The information contained hersin is propristary to the MTU Aero Engines group companies.

Spiker® Applications
A ,, Y e—

Pneumatic Needle Peening 26

©MTU Aero Engines AG. The information contained herein is proprietary to the MTU Aero Engines group companies.
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Spiker® Applications

I .
BERgRLT T

Ahpe

V2500 Turbine Exhaust Case CF6-80 HPT Blades Bulhead Pockets and
Save of 40 man hours Tip-Repair difficult to reach geometries
Pneumatic Needle Peening 27
©MTU Aero Engines AG. The information contained herein is proprietary to the MTU Aero Engines group companies.
(G
\ Aero Engines

AMS 2545 Controlled Pneumatic Needle Peening,
Straightening and Forming

Issued 2017 - 11

Nadcap Checklist AC7117/6 for Needle Peening

Ballot for Approval 2019 - 07

Prneumatic Needle Peening 28
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Conclusion

* In this study, the new Spiker® Needle Peening Tool has
shown:

+ A Surface Finish that is equivalent to flapper peening and
usually better than conventional peening

* Residual Stress Distribution that can be deeper on the
surface that conventional or flapper peening

+ Fatigue Life that are equivalent and often much better than
conventional or flapper peening

« Easy application on aero-engine components with
significant cost saving potential

Pneumatic Needle Peening 28

T MTU Aero Engines AG. The information contained hersin is propristary to the MTU Aero Engines group companies.
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Experimental analysis of the surface integrity of stainless
steel modified by robot based machine hammer peening

Lars Uhlmann

Laboratory for Machine Tools and Production Engineering WZL
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: ‘ Experimental analysis of the surface
, integrity of stainless steel modified by
robot based machine hammer peening

| Thomas Bergs, Lars Uhimann*, Robby Mannens, Daniel Trauth

| Laboratory for Machine Tools and Production
Engineering (WZL) of RWTH Aachen

Symposium Mechanical Surface Treatment 2019,
Karlsruhe, 22.10.2019

© WZL/Fraunhofer IPT —
e ~ Fraunhofer W2
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Motivation

=% active environments, e.g. for shafts of

seawater pumps. y
®m The surface layer is exposed to I
4 — high tribological loads and

— dynamic loads leading to the formation of
microcracks.

m This results in the following surface
A E: i requirements:
5, NG, iy 7 § — hard and wear-resistant surface layer and
e "" - 4l . . .
s — soft and ductile inner material.
. 3 D o

¥ Source:www:nationalgeographicrge =

© WZL/Fraunhofer IPT Slid; 2.
~ Fraunhofer VAL, | RWTHAA
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Introduction
Machine hammer peening (MHP)

Casing

Process parameter Symbol
0 Permanent ! Impact angle Bi
k magnet B Stepover distance s
: Inductor *Q/_‘ (Hammer) head diameter d
O Hammering frequency f
Bearing i Stroke h
Plunger m Projected area of indentation A
w»gﬂﬂg Distance of indentations a
Workpiece A 5

(acc. to VDI 3416)

————

® Work hardening and compressive residual m Surface of the specimen may be structured or
stresses are induced into the surface layer. smoothed.
Source: [VDI18]
©® WZL/Fraunhofer IPT - Slide 3
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IPT

Agenda

Introduction

n Experimental set-up
Surface integrity of peened surfaces
Description model for the Vickers hardness

Summary and outlook

© WZL/Fraunhofer IPT Slide 4
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Experimental set-up

Processing of X5CrNi18-10 with a robot based MHP system

Experimental design

Full factorial experimental design with variation of the
factors:

Head diameter d [mm] 6 12
Stroke h [mm] 0.3 1.2
Distance of indentation a [mm] 0.05 0.4
Impact angle f, [°] 0 30

In addition:

Experiment with multiple processing (n = 5):
d =6mm;h = 1.2mm;a = 0.05mm; ; = 0°

Center point experiment:
d = 8mm; h = 0.75mm; a = 0.225mm; §; = 15°

n: number of processing

MHP system adapted to an industrial robot
Industrial robot C | -
IRB6660-
250/1.9 (ABB)

Hammer head
type 2002
(ACCURAPULS)

Plunger

Specimen
(95 x 40 x 30)

Force
measuring
platform §
9257B &
(KISTLER) =

Hammer
bench

© WZL/Fraunhofer IPT ?

~ Fraunhofer

Slide 5

W/Z L

IPT

Experimental set-up

Robot based machine hammer peening

Velocity profile of a linear robot movement

| — Measured Regression |

300
aQ L ]y [ ] i[m]
E 250 1 M
E
& 200 A
2
8 150 -
2

100 T T T T T

0 10 20 30 40 50 60 70

X-position x [mm)]
m The velocity profile consists of three characteristic
areas.

m The highest set speed was reached sufficiently fast.

Path accuracy

| % Measured position Set path |
T 30
=9
‘;" x
a 15| x p—
g 1
.‘g 01 ®ox x % *® x
S * x x ®
3 15,
E 3
& -30 —
0 5 10 15 20 25 30 35
X-position x [mm]
® The maximum path deviation was Ay = 21 pm.
m Overshoot in opposite direction after maximum
deviation was observed.

Consideration of the robot acceleration is necessary. The high path accuracy is reached due to a high
robot stiffness.

© WZL/Fraunhofer IPT L —=

~ Fraunhofer

Slide 6
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Experimental set-up
Peening force

Specimen

Force
measuring
platform

® The specimen was fixed by clamping.

m MHP at the center of the specimen to
ensure a direct force application.

m Specimen (42CrMo4) was treated by
MHP in advance to the tests.

N
3]

g
o

—_ -
o (4]

Max. peening force F,,, [kN]
o
3]

o
=

0.0

0.4
Stroke

0.6

0.8 1.0

h [mm]

1.2

f: hammer frequency, d: head diameter, P,,: percentage of electrical power

Up to a frequency of 60 Hz the maximum force rises with frequency. Between 60 Hz and 200 Hz the
maximum force does not vary much. Results qualitatively in accordance with TRAUTH [TRAU16].

© WZL/Fraunhofer IPT

\

~ Fraunhofer
IPT
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Slide 7

Experimental set-up

Limitation of the adjustable stroke by the frequency (Video)

Stroke h,.. [MmM]

e o = = M DN
o u o wu o o
. . . L

—— Experimental results
Proximity function:

16390
h(f) =—

o

200
Frequency f [Hz]

100 300 400

frequency.

stroke.

m Free stroke decreases with increasing

B The stroke may not be greater than the free

m Restriction of the combination of the stroke and

the frequency exists.

m For frequencies smaller or equal f = 100 Hz the

stroke may be h < 1.955 mm. For f = 200 Hz the
stroke may only be h < 0.416 mm.

© WZL/Fraunhofer IPT L —=

~ Fraunhofer
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Agenda

Introduction
Experimental set-up

E Surface integrity of peened surfaces
Description model for the Vickers hardness

Summary and outlook
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Surface integrity of peened surfaces
Evaluation of the residual stresses

Source: www.stresstech.com

ESPI hole drilling method 400
(PRISM System of STRESSTECH) o 200
\ 0
® 0
4
! 5w -200
- L " o
N : E £ -400
: Le i ] -
: , Dy n 3 600
/ . R 12 -800
) e ] 0.0 0.1 0.2 0.3 0.5
— Surface layer depth z [mm)]
) . ) Initial state
® Removing material results in a . ) ) ) )
new stress equilibrium Line type: Line color: Symbol:
achieved by deformation. d =6mm h=0.3mm WM a=040mm
m Deformation is measured by d=12mm h=12mm A a=005mm
using optical interferometry. — — - - -
# Removed stress is calculated m Raising the stroke results in inducing compressive residual
from measured displacement. stresses into a deeper surface layer depth.
m Decreasing the distance of indentation a results in higher
compressive residual stresses until a depth of z = 0.11 mm.

© WZL/Fraunhofer IPT L —=
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Surface integrity of peened surfaces
EBSD analysis

0—-100 um 0—100 um 200 — 300 pm 400 — 500 ym 900 — 1000 ym
(initial state) (peened) (peened) (peened)

0° 38
/100 nm /100 nm

KAM: Kernel average misorientation, IPF: Inverse pole figure

Subgrain refinement in the surface layer until a depth of z = 900 um observed. Misorientation maps
suggest an increase in dislocation density.

© WZU/Fraunhofer IPT ] Slide
B Z Fraunhofer [V 71 | RWIHAACHEN ™"

IPT

Surface integrity of peened surfaces
Evaluation of the surface roughness

@=04mm The surface is smoothened by adjusting the parameter settings as
4 Hm followed:
g 16
¢ \ : 14 ® Head diameter d 201 o
- ; 12 10 oo I=--
- v ¢ 10 O  h =03mm;a=0.05mm : o - T=-== '.g
‘ 2 8 A~ h =03 mm;a = 0.40 mm 0.0 T T T T
E: > 6 =% =h =1.2mm;a = 0.05mm 4 6 8 10 12 14
N 4 -@-h =12mmia= 040 mm Head diameter d [mm]
: ) :
0 m Stroke h 2.0 - Y
a=0.05mm O d—6mma—005mm 1.0 1 | i —— !

d = 6mm;a = 0.40 mm 0.0
- -d 12mm;a = 0.05mm
— @ —d = 12mm;a = 040 mm

00 03 06 09 12 15
Stroke h [mm]

m Distance of 2.0 -
indentation a 1.0 - &

Arithmetical mean height Sa [um]

-

O d =6mm; h =0.3mm 0.0 . T
A—d =6mm; h =1.2mm 0.0 0.1 0.2 0.3 04 05
—¢-=-d=12mmh= 03mm Distance of indentation a [mm)]

- @ —=d = 12mm;h = 1.2 mm

© WZL/Fraunhofer IPT 5/; Fraunhofer M} ‘ mm Slide 12
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Surface integrity of peened surfaces
Evaluation of the surface hardness

Work hardening is influenced by the investigated process parameters

as followed:
500 =
® Head diameter d 400 4 A S=-al —
[
O  h =0.3mm;a=0.05mm 300 - o —T=9
&—h =03mmja=040mm g 200 . : : I
—4-h=1.2mm;a=0.05mm; 4 6 8 10 12 14
- @—-h =12mm;a= 0.40 mm ‘;‘ Head diameter d [mm)]
T 500 o
m Stroke h % 400 A
@ b--—--- £
O d=6mma=005mm 5 300 - === -— @
A—d = 6mm;a = 0.40 mm }:'5 200 T T T -
-0-d=12mm;a=040mm $£ Stroke h [mm]
_ S 500 13
= Distance of 400 4
indentation a 300 | e - Smmo .A
O d =6mm; h =0.3mm 200 . T : ;
—¢—d =12mm;h= 0.3mm Distance of indentation a [mm]

- @ —d = 12mm;h = 1.2 mm

© WZL/Fraunhofer IPT

Fraunhofer
IPT
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Surface integrity of peened surfaces
n Description model for the Vickers hardness

Summary and outlook
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Description model for the Vickers hardness
Developing the description model

Equation of a description model acc. to KLOCKE .
m The regression model was developed

POt ) = o - xC1 - £ ufs ()0 from the friction model of FiLZEK and
LubwiG.

Y

- Quality feature
7 y m KLOCKE extendet the existing model to

be suitable for general use. Therefore
Cg, €1, Ca, C3 : Coefficients of the regression model the model is suitable to be used to
describe the behavior of the Vickers

L S—— hardness after MHP.

® The experimental parameters and
results served as data to determine the
coefficients of the regression model
Cg, C1,C2 and cz.

x,tu : Input variables

AV(d,ha,B) =co-d - k% - a® - Bf*

: Vickers hardness as quality feature

: Hammer diameter
® The parameters and results of the

B T Ao
<

- Stroke center point experiment was not used
: Distance of Indentation to determine the coefficients of the
B : Impact angle regression model. Instead they were
Cp, €1, €2, C3 : Coefficients of the regression model used for the validation.
Source: [KLOC15], [FILZ13]
©® WZL/Fraunhofer IPT = Slide 15
Z Fraunhofer [V 71 A RWIH

IPT

Description model for the Vickers hardness
Accuracy of the description model

AV(d,h,a,B;) = 2.19 - d-0393 . 0227 . g=0285 . 1057

)

HV : Vickers hardness as quality feature a : Distance of Indentation
d : Hammer diameter Bi : Impact angle

h : Stroke

— 15%

5 10% A

.g 5% -

/]

9 0% .

1 2 3 4 5 6 7 8 9 10 M 12 13 14 15 16 17
Experiment [-]

The Vickers hardness of the center point experimental measurement and the model prediction deviates
by 9.6 %. The highest deviation of the model and the measured value is 10.3 %.

Slide 16
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Agenda

Introduction

Experimental set-up

Surface integrity of peened surfaces
Description model for the Vickers hardness

H Summary and outlook
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Summary and outlook
Conclusions from the investigations

Outlook

B The positioning accuracy of the industrial B |nvestigation of the cause-effect relations
robot is high during MHP. between process parameters, grain
refinement and dislocation density.

® Grain refinement due to MHP was

observed up to a depth of ® Developing an accurate description model
z =~ 900 pm. for the roughness by extending the linear
description model to a quadratic model.

® Compressive residual stresses of maximal

=—-820M induced. . -
a pa were induce | [mproving a finite element model to

support the experimental results by
B The linear description model has a high predicting the dislocation density and
prediction accuracy with a maximum grain size.
deviation of 7.6 % within the considered
process room.

h

~ Fraunhofer WE} \ RWTH

IPT
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ANALYSES OF TECHNICAL AND TRUE
OVERLAP IN HAMMER PEENING
_OPERATIONS

U, i T e —— ——< T —— e —

E. Seebad A Hjlllgardt V Schulze

e

Institute of Production Science

KIT — The Research University in the Helmholtz Association

MOTIVATION S(IT

Karlsruhe Institute of Technology

What is overlap?

stepover  projected area of
» Qverlap of indentations in hammer peening operations defines distance s indentation A,
the resulting percentage overlap of surface. .

w © ;
= Itis the main factor to control in order to reach defined treatment o8 i
intensities or surface textures. e { | o '
o C
]
N © g
As per the definition in VDI 3416: %" >
= Percentage overlap of surface o; = YA /A E H- - =
= |n the following: “Technical Overlap” % *E D 4 &
= “ it has to be mentioned, that o, can reach values of 2 ﬁ : E
= 100%, even if not all of the surface was hit at least once.” E s l : A} e
5 s £

lengitudinal overlap
of indentation

= Technical Overlap is not accurate for complex indentation shapes.
* |s it accurate for simple indentation shapes?

2 2210.2019 Prof. Dr-Ing. J. Fleischer, Prof. Dr-ng. G. Lanza, Prof. Dr-Ing. habil. V. Schulze :’wb m";‘::;g science
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METHODS

METHODS

Technical overlap vs. kinemati

Technical overlap
Simple calculation of area of indentation:
= Calculate secant
* 5= \Jideptn * (d — lgeptn)
= Calculate area of indentation
= A= (s/2)* =m
= Calculate oy
*0s =n* A /Ao

)

3 22.10.2019

c overlap vs. true overlap

Kinematic overlap

Numerical calculation in Matlab:

* Load .stl geometry

» Create master-indentation (dexel)
» Create translation matrix

= Calculate new surface with (w) and
without (w/o) consideration of former
indentations

Prof. Dr-Ing. J. Fleischer, Prof. Dr.-Ing. G. Lanza, Prof. Dr-Ing. habil. V. Schulze

SKIT

Karlsruhe Institute of Technology

True overlap

Full thermo-mechanical FEM:

Material model

= Voce-Kocks-Véhringer (AISI 4140)
Body boundary conditions

= 5x5x 5 mm elastic body

* 0.5x0.5x 0.1 mm elastic-plastic body
» Rigid tool, constant Temperature: RT
Surface element edge length

= 0.005 mm, no remeshing

Tool movement

= Position & velocity based

= Kinematic overlap w/o consideration of former indentations and technical overlap should be the same.
= Elasto-plastic FE-simulation result should be closest to the truth and higher than kinematic overlap (w).

Institute of
Production Science

‘b

TECHNICAL

Exemplary calculation

Technical overlap
Simple calculation of area of indentation:
= Calculate secant
= 5= Jigepen * (d — lgepen)
= Calculate area of indentation
= A, =(s/2)* =m
» Calculate o4
o, =n=4 /At

)

4 22.10.2018

TECHNICAL OVERLAP

Example:

» Ball diameter d = 2 mm,

" Agia = 0.5x 0.5mm = 0.25 mm?
= n= 25 (55 indentations)

* a=s=0.05mm

d=2mm

SKIT

Karlsruhe Institute of Technology

5 x 5 indentations

£ af;f'H
sl i
lotht s

Xx=05mm

idepth =0.01 mm

= A =0.029mm?, 0, =5x 5 xA /Apta = 6.252
= Technical overlap in our example totals 625.2% as per VDI 3416.

Prof. Dr-Ing. J. Fleischer, Prof. Dr-Ing. G. Lanza, Prof. Dr-Ing. habil. V. Schulze

Institute of
Production Science

‘b
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KINEMATIC OVERLAP

Exemplary calculation

Kinematic overlap

Numerical calculation in Matlab:

= Load .stl geometry

= Create master-indentation (dexel)
= Create translation matrix

= Calculate overlap with and without
consideration of former indentations

KINEMATIC

0mm

-0.01 mm

3D master-indentation

5 22.10.2019 Prof. Dr-Ing. J. Fleischer, Prof. Dr-Ing. G. Lanza, Prof. Dr-Ing. habil. V. Schulze

y-direction

Karlsruhe Institute of Technology

_stl — ball segment

X X

x-direction

tool translation-matrix

oo b Institute of
W Production Science

KINEMATIC OVERLAP

Exemplary calculation

Kinematic overlap

Numerical calculation in Matlab:

» Load .stl geometry

= Create master-indentation (dexel)
= Create translation matrix

= Calculate overlap with and without
consideration of former indentations

KINEMATIC

Main sources of errors
= stl element edge length (eel)
= x-y surface resolution (res)

@
m
=]

800

o
]
=]

ES
c
g
=
o
&
2
5
=
(o]
It
®
E
5
=
[+

10 860
eel in pm

stl element edge length convergency

6 22.10.2019 Prof. Dr-Ing. J. Fleischer, Prof. Dr-Ing. G. Lanza, Prof. Dr-Ing. habil. V. Schulze

Kinematic Cwverlap (vio]in %

Karlsruhe Institute of Technology

125 25 & 10 25
x-y resolution in pm

resolution convergency

FEF b Institute of
w Production Science
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KINEMATIC

KINEMATIC OVERLAP

Exemplary calculation

- . 23 contacts
Kinematic overlap

Numerical calculation in Matlab:

* Load .stl geometry

= Create master-indentation (dexel)
= Create translation matrix

= Calculate overlap with and without
consideration of former indentations

= eel=5pm

= res =1.25 um o
H x-direction

y-direction

0 contacts

Kinematic Overlap (w/o)
without consideration of former indentations
=2 0, = 622.3%

= Kinematic overlap considering former indentations is significantly lower: 252.7%
= Maximum number of tool contacts is also very different (23 w/o vs. 8 w)

7 22102019 Prof. Dr-Ing. J. Fleischer, Prof. Dr-Ing. G. Lanza, Prof. Dr-Ing. habil. V. Schulze

y-direction

D@ | AT

Karlsruhe Institute of Technology

x-direction

Kinematic Cverlap (w)

with consideration of former indentations

= 0= 2527%

= Kinematic overlap w/o consideration of former indentations ~ technical overlap (622.3% vs. 625.2%)

o Institute of

: Wb Production Science

8 contacts

e 0 contacts

NEMATIC TRUE

TRUE OVERLAP

Exemplary calculation

rigid ball segment

True overlap

Full thermo-mechanical FEM:
Material model elastic-plastic workpiece

= Voce-Kocks-Véhringer (AlSI 4140)
Body boundary conditions

* 5x5x5mm elastic body yv%?lzl)iseect:%ompnsed of “glued”
= 0.5x0.5x 0.1 mm elastic-plastic body elastic and elasto-plastic bodies
= Rigid tool, constant Temperature: RT
Surface element edge length

= 0.005 mm, no remeshing

Tool movement

= Position & velocity based

elastic body

Elastic body
Persistent tetmesh comprised
of 38k elements.

8 22.10.2019 Prof. Dr-Ing. J. Fleischer, Prof. Dr-Ing. G. Lanza, Prof. Dr.-Ing. habil. V. Schulze

n
il

Karlsruhe Institute of Technology

Elasto-plastic body:

Persistent hexmesh comprised of 26k elements

with 10.2k nodes on relevant surface.

Rigid body:
Persistent surface mesh comprised
of 65k tri-facets.

o b Institute of

Production Science
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ION TECHNICAL

TRUE OVERLA

Exemplary calculation

True overlap

Full thermo-mechanical FEM:

Material model

= Voce-Kocks-Véhringer (AISI 4140)
Body boundary conditions

= 5x5x 5 mm elastic body

= 0.5x0.5x 0.1 mm elastic-plastic body
= Rigid tool, constant Temperature: RT
Surface element edge length

= 5 pm, no remeshing

Tool movement

= Position & velocity based

Animation: tool movement

ContactCount

ST

Karlsruhe Institute of Technology

True Overlap
> 0y = 3785%

= Full thermo-mechanical FEM enables calculation of true overlap considering material displacement

= True overlap is significantly lower than technical overlap (378.5% vs. 625.2%)

= True overlap is significantly higher than kinematic overlap considering former indentations (378.5% vs. 252.7%)

9 22.10.2019

Prof. Dr-Ing. J. Fleischer, Prof. Dr-Ing. G. Lanza, Prof. Dr-Ing. habil. V. Schulze

Institute of
Production Science

“wb

COMPARISON

Is technical
Technical overlap
Simple calculation of area of indentation:

* 625.5%

Kinematic overlap

= 622.3% w/o consideration of former indentations

= 252.7% w

True overlap

= 378.5% full thermo-mechanical FE-simulation

consideration of former indentations

COMPARISON

d=2mm

igepn = 0.01 mm

5 x 5 indentations

phith

x=0.5mm

0.5 mm

y=

= Technical overlap severely overestimates the contact area!
= True overlap is closer to kinematic overlap (w) than technical overlap.

- Kinematic overlap (w) features the best time invested vs. accuracy ratio.

10 22.10.2019

Prof. Dr-Ing. J. Fleischer, Prof. Dr-Ing. G. Lanza, Prof. Dr-Ing. habil. V. Schulze

Calculated Overlap in %

T

Karlsruhe Institute of Technology

overlap accurate enough for simple indentation shapes?

700+
625.5

622.3

Technical Kinematic Kinematic — True
Overlap  Overlap  Overlap  Overlap
(w/o) (w)

Overlap: differences by calculation method

Institute of
Production Science

‘whb
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COMPARISON

T

Karlsruhe Institute of Technology

COMPARISON

Is kinematic overlap accurate enough for complex indentation shapes?

Technical overlap 5 x 5 indentations

= Supposing an area comprised of two r, = 0.4 mm

half-ovals _

) ) rg = 0.04 mm
Kinematic overlap B =90° c at + 444
* w/o consideration of former indentations y=-7° I + 14144
= w consideration of former indentations a=7° g +t1+t1+1t14
True overlap I t+t1t1¢
* Thermo-mechanical FE-Simulation > f-sbf-bf-b"-bf

X =0.5mm

idepth =0.01 mm

Institute of

1
Production Science

22.10.2019 Prof. Dr-Ing. J. Fleischer, Prof. Dr-Ing. G. Lanza, Prof. Dr-Ing. habil. V. Schulze .“wb

COMPARISON

T

Karlsruhe Institute of Technology

v

True overlap
Full thermo-mechanical FEM:

COMPARISON

Exemplary calculation

Kinematic overlap

Numerical calculation in Matlab:

* Load .stl geometry

= Create master-indentation (dexel)
» Create translation matrix

Technical overlap

Simple calculation of area of indentation:
Material model

= Voce-Kocks-Véhringer (AISI 4140)
Body boundary conditions

= Calculate half-ovals area:
= A= (ay * b +a;*by) /2
= Calculate Overlap

"O0s=1n *Ai/AroraI

= Technical Overlap = 144.5%

4

12 22.10.2018

= Calculate new surface with and without
consideration of former indentations

= Kinematic overlap (w/o0) and technical overlap should be the same.
= Elasto-plastic FE-simulation result should be closest to the truth and higher than kinematic overlap (w).

Prof. Dr-Ing. J. Fleischer, Prof. Dr-Ing. G. Lanza, Prof. Dr-Ing. habil. V. Schulze

* 5x5x 5 mm elastic body

* 0.5x0.5x 0.1 mm elastic-plastic body
= Rigid tool, constant Temperature: RT
Surface element edge length

= 0.005 mm, no remeshing

Tool movement

= Position & velocity based

Institute of
Production Science

‘b
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COMPARISON

COMPARISON

Technical overlap
Simple calculation of area of indentation:
= 144.5%

Taopn = 0.01 MM

Kinematic overlap 5 x 5 indentations

= 139.5% w/o consideration of former indentations
w 72.8% iderati ff indentati
ow consideration of former indentations el at 4444
HIESEES:
True overlap ‘,"" ttttt
= 117.5% full thermo-mechanical FE-simulation > L_c,’t’t’t’f
x=0.5mm

a=s5=0.05mm

= Technical overlap is harder to calculate for complex indentation shapes.

13 22102019 Prof. Dr-Ing. J. Fleischer, Prof. Dr-Ing. G. Lanza, Prof. Dr-Ing. habil. V. Schulze

T

Karlsruhe Institute of Technology

Is kinematic overlap accurate enough for complex indentation shapes?

200

1504 144.5 139.5
117.5

100
72.8

Calculated Overlap in %

Technical Kinematic Kinematic  True
Overlap  Overlap QOverlap  Overlap
(wfo) (w)

Overlap: differences by calculation method

= Analogous to simple indentation shapes, kinematic overlap (w/o) is closest to technical overlap.
- Kinematic overlap (w) is less accurate for the indentation shape we analyzed!

o Institute of

: Wb Production Science

COMPARISON

VDI 3416 EXTENSION?

Deterministic, recurring surface topographies

* Depend on all process parameters (distance of indentation, stepover
distance, indenter shape etc.)

= Result in calculable technical and kinematic percentage overlap of
surface

Representative percentage of overlap o,
» Calculated as per VDI within A,

= Allows comparison of processes or process parameters without defining
arbitrary areas or including peripheral phenomenon in the calculation

14 22.10.2019 Prof. Dr-Ing. J. Fleischer, Prof. Dr-Ing. G. Lanza, Prof. Dr-Ing. habil. V. Schulze

T

Karlsruhe Institute of Technology

Considering deterministic surface topographies produced by hammer peening

“representative, recurring area A,

i b Institute of
W Production Science
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OUTLOOK Q(IT

Karlsruhe Institute of Technology

g

We did 6255 6223
= Calculate overlap of indentations in different ways considering @

g

®
£ 500
arbitrary indentation shapes é‘m
&
T 300
We found £
S 200
= Technical overlap is neither accurate, nor comparable regardless ;:m
. . 5]
of indentation shape f}uﬁ .
: Technical Kinematic Kinematic True
* All overlap values calculated so far require knowledge of the Overlap  Overlap  Overlap  Overlap
surface area caonsidered wio)  w)

g

We propose

= Extension of VDI 3416 considering deterministic surfaces:
representative percentage of overlap o,

.
&
S

139.5

What comes next

wn
S

Calculated Overlap in %
=
8

= Compare calculated overlap and surface topography with
experimental results using different indentation shapes it
1Tttt
» Refine tool movement in FE-simulation and in kinematic o Technical Kinematic Kinematic  True
| | t | t & b d Overlap  Qverlap  Overlap  Owverlap
calculations (e.g. acceleration & energy based) PO
i Institute of
15 22.10.2019 Prof. Dr-Ing. J. Fleischer, Prof. Dr.-Ing. G. Lanza, Prof. Dr-Ing. habil. V. Schulze H wb Production Science

K

Karlsruhe Institute of Technology Institute af Production Science

Thank you for your kind attention!

Institut of Produktionstechnik
Kaiserstrale 12
76131 Karlsruhe
https:/www.wbk.kit.edu/

Eric Segebade M.Sc.
Research Associate

Tel.. +491523 9502615
E-Mail: eric_segebade@kit edu

16 - i - - i i Institute of
22.10.2019 Prof. Dr-Ing. J. Fleischer, Prof. Dr-Ing. G. Lanza, Prof. Dr-Ing. habil. V. Schulze = wbk o T T P

22 and 23 October 2019, Karlsruhe

84




Symposium Mechanical Surface Treatment 2019

8" Workshop Machine Hammer Peening
.|

Influence of the process parameters on the penetration
behaviour of ceramic particles in Composite Peening

Michael Seitz
IAM-WK - Institute for Applied Materials

Karlsruhe Institute of Technology
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Influence of the process parameters on the penetration behaviour of ceramic particles in
Composite Peening

Symposium Mechanische Oberflichenbehandlung 2019, Karlsruhe
Michael Seitz
Hybrid and Lightweight Materials

Institute for Applied Materials (IAM-WK)

Motivation
Composite Peening e e e
Metal Matrix Composites (MMC) Micro Shot Peening
® |mprovement of specific properties, @ Surface strengthening process
for instance by particle reinforcement ® Increase in fatigue strength
® Strengthening of the surface layer ® Lower roughness compared to shot
® Functionally graded materials (FGM) peening

@ Ceramic blasting particles < 100 ym
@ Embedment of blasting particles [2]

Composite Peening

@ Manufacturing of a metal matrix
composite by peening process

@ Introduction of particles without liquid
phase

O
2 23.10.2019 Michael Seitz — Influence of the process parameters on the penetration behaviour of ceramic particles in Composite Peening {g E:g;aéfglfims ;‘...’:‘, I A M

Institute for Applied Materials
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Motivation
Peneration behaviour

@ Observation from current research [3-5]
| After composite peening a hill-valley profile is formed
@ The ceramic particles are mainly located in the valleys
® Penetration depth is up to 30 um
® Particles are significantly smaller than their initial size

‘:> What happens to the blasting particles

during the composite peening process? “

. o
& 23.10.2019 Michael Seitz - of the process on the iour of ceramic particles in Composite Peening 5} g::‘é :: ::" ggg 9.":} I A M
., @

5] Seitz etal., 2019 joguute for Appiied Materiss

Agenda

@ Manufacturing

® Penetration behaviour Process

® Deep Impact in Metals il
® Solid Particle Erosion o
® Composite Peening

Structure

i L 5

Aluminium 50pm 1

@ Conclusion
l Composite Peening o
Pressure p Es 4 : » |
Feed rate v V
o \ Property / N ED
8
. .
Number of 2 :Yotrkmg I
operation z o istance a

— 8
./ — —
A 50 pm
Path distance b &) 4
aSSe,
23.10.2019 i itz — i . - . >
4 10.2(¢ Michael Seitz of the process on the of ceramic particles in Composite Peening \i.!;' I A M

Institute for Applied Materials
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Manufacturing

i
5 23.10.2019 Michael Seitz — Influence of the process parameters on the penetration behaviour of ceramic particles in Composite Peening »_...,:‘, I A M
‘-

Institute for Applied Materials

Manufacturing
Experimental setup

AT

Karlsruhe Institute of Technology

Work chamber —\[

AccuFlo
MicroBlasting
System

Temperature

controller
Control unit PC
Heating device J
4
6 23.10.2019 Michael Seitz — of the process on the of ceramic particles in Composite Peening \.‘3’:} I A M

Institute for Applied Materials
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Manufacturing
Temperature profile

Cooling during machining

Karlsruhe Institute of Technology

Higher velocity

Dwell time between
machining operations

¥

Process parameters for Composite Peening

AW 1050 AW 6082
p Feed rate v Pressure p
" — ¥
W/
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i% »
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2 operation z :{ 1 distance a
= o — —
" / ” —
Al,O4 — 3
Path distance b
S Working Path Feed rate Angle
> distance distance
(mm) (mm) (mm/s) )
9 [10]
wWeC 10 1 8 90
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of ceramic particles in Composite Peening
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Pressure Number of Temperature
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Deep Impact in Metals

Michael Seitz — Influence of the process parameters on the penetration behaviour of ceramic particles in Composite Peening

AT

Karlsruhe Institute o

Technology

Deep Impact in Metals
Determination of the penetration depth

@ ,Deep penetration of a non-deformable projectile with
different geometrical characteristics* [11]
@ Single particle impact
B Penetration depth depends on momentum conservation,
geometry of the projectile and dynamic-cavity expansion.

=
Q.
o 2M BpN,V¢
a X = | G2 ete
( o T[dzBpNz AYNl
o
E Angular projectile,
5 M, Vo N
c
a N
0.3 0.4 0.5 0.6 0.7 0.8 0.9
Temperature in TITS
10 1 Michael Seitz - of the process on the ion behavi

of ceramic particles in Composite Peening

Particle properties
M Mass of the projectile
d Diameter of the projectile
N;, N,  Projectile Shape
Target properties
A B Material constants
P Density
Y Yield strength
|
Process properties
V, Velocity of the projectile

X Penetration depth

o— MV,
® &—— 4NN,

R

[11] Chen etal., 2002 @%5% I
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Deep Impact in Metals
Particle properties

1" 23.10.2019 Michael Seitz —

Karlsruhe Institute of Technology

Credits: E. Seiler, ICT

No significant reduction in
grain size

on the

of the process

of ceramic particles in Composite Peening

Z
® Shape and Size
® Fracturing of the particles during processing? el
. e ALO,
@ Average Diameter and size distribution
® Before Peening: ~ 12.8 +/- 0.2 pm 10 % 90 %
m After Peening: 12.2 +/- 0.1 pm 5.38 um 20.47 ym

S 1AM

Institute for Applied Materials

Deep Impact in Metals
Particle properties

d

AT

Karlsruhe Institute of Technology

(8]
Al,O,

Messung: Comco Inc.

® Shape and Size
& Angular Shape i
® Conical nose geometry o "
® N1=1.30 ' '
maN2= 013 (1
® Calculated weigth of a particle _ ot
® M = 1.9 ng (double cone) % 2001
2 180
10 % 90 % % 1601
5 0.2 ng 8.9ng %’ 140
2M BpN,V, £ 120l S
X=2—ln<1+ on) £
nd?BpN, AY N, 8 100{ *
. & w
@ Velocity of the particles 80 ,
® V= 195 m/s v
12 23.10.2019 Michael Seitz — of the process on the of ceramic particles in Composite Peening

:% 5 6 % bar 8
Strahldruck 12)

[12] Weingértner et al., 2015 @¥50,
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Deep Impact in Metals

AT

Karlsruhe Institute of Technology

—AW 1050
—AW 6082

Target properties o
. . . Dﬂf 250 -
® Certain material properties depend =
on the process temperature during =
composite peening 2 e
~ 100 -
® Yield Strength g
80 -
® Young’s modulus o ,
0
High temperature ©
tensile test 0 3C
(2 30
® B = 1.041 for Aluminium [13] s
=
Bp, =2.7 g/cm? L
g 15
P 2M nl1+ BpN, V¢ @0
nd2BpN, AYN, D5
>3
9 00.5

0.55

0.6

Michael Seitz — Influence of the process parameters on the penetration behaviour of ceramic particles in Composite Peening
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[13] Forrestal et al., 1988

=4
[14] TA Instruments, Inc ‘<@g’
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Deep Impact in Metals
Penetration depth

Influence of the target material

—AW 1050
—AW 6082
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-
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N w
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Penetration Depth in um

10 |
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40 +
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Influence of the projectile size
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Deep Impact in Metals

Penetration depth 60 sl
—AW 1050
50 -
: w -
-
=
= 40
o
A
Mounting Resin s a0
d s
" £20F
[ =
[5)
o
Aluminium 10 ¢
0 | e re—
0.32TMs 0.2 0.4 0.6 0.8 1 0.83T/Ts 50 pm

Temperature in T/Ts
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aSSe,
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Deep Impact in Metals

Penetration depth e e e
® Penetration depth along a blasting path m
& Cooling from 0.95 T/T5 t0 0.75 Tg
0.95T/Tg 0.75TITg
[ T 1
.
35! Temperature 0.95T/Mg |
P Pressure 7 bar
LI Feed rate 2 mm/s
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o g -
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5
o
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0 ] ]
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Solid Particle Erosion (SPE)

AT

Karlsruhe Institute of Technology

v —

Michael Seitz — Influence of the process parameters on the penetration behaviour of ceramic particles in Composite Peening ,‘_‘..::‘, I A M
Solid Particle Erosion \\‘(IT
Composite Peening S el
¢
L]
®

100 pm
1
. . . . . . 100 ——=
m Difference: Single particle impact — Composite Peening _a--="%
® During compound blasting, ~ 100 million particles / mm? hit ~  * A
the surface. < 60 ;
9 @
g 40 .
Multiple Particle Impact o =
20
@ Similar to Solid Particle Erosion %0 10000 20000 30000 40000 50000
Number of particles / mm?
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Solid Particle Erosion
Overview

Karlsruhe Institute of Technology

@ Field of research since WW |1 [16]

® Power plant vessel

® Pneumatic transportation systems

® Helicopter rotor blades
@ Occurs when granular particles hit a material surface
® Impact angle is an important factor in SPE

nurcToR
HOUSING

18]

® Maximum erosion of brittle materials at 90°
@ Maximum erosion of ductile materials at 15° - 45°
® Kinetic energy is mainly converted into elastic-plastic TN
deformation and fracture energy 5_ / kY .
b N rittle
® Luminescence can also be observed [17] L )
_I’ T .
_.I
|
Composite Peening, ; N S PP
ALO, & AW 1050 L e %
mpact angle [19]
19 23102019 Michael Seitz — of the process onthe of ceramic particles in Composite Peening {}‘;} .’F::fs:‘e:',gggs il Huichlngs.1992\,';:’:: I A M
[18] Deng et al., 2008 nstitute for Applied Materials
Solid Particle Erosion N(IT

Aluminium

@ With aluminium, no erosion rate can be observed at an impact angle of 90° because blasting
particles are embedded [16]
® SPE at AW 1100 showed a hill-valley profile and embedded particles [20]

Temperature 0,9T/Tg g
Pressure 7bar
Feed rate 8 mm/s
Number of operation 10

8

210um Silico
‘spheres.

3

70pm Sitica
pheres

~—
—~——

2

8
T

Al 1100 eroded at 90°
and 3 velocity of 122ms"

700 800

TARGET WEIGHT CHANGE (mgf em™2)

200 300 400 500 600
TOTAL ERODENT RPACTED (ot om™

é o

[20]
>
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Solid Particle Erosion
Particle Fracturing A\‘(I«T

@ Several authors have proven that particles fracture on

impact (according to Bousser [21])
® Wada presents the thesis that particles fragment upon ! . . .
impact when the hardness of the particles < hardness
target material [23]
@ Particle toughness is also important

Sand particle on tungsten carbide surface [22]

@ After Composite Peening, nanoscale aluminium oxide
particles can be found in the surface layer

Multiple impacts cause the particles to
fracture

aS%
21 23.10.2019 Michael Seitz — of the process on the iour of ceramic particles in Composite Peening g;} 3‘;}?‘?:;?;"'2%8;4 »..":? I A M
5 NG
[23] Wada, 1992 Institute for Applied Materials

Karlsruhe Institute of Technology

Composite Peening

Ot
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Composite Peening m S(IT

Determination of penetration depth

L=10mm
;
0.8
o 06
g
£ 04
g 0.2-
10 OA) A|203 7
0 5 10 15 20 25 30 35 40 45
Penetration depth in um
23 23.10.2019 Michael Seitz — Influence of the process parameters on the penetration behaviour of ceramic particles in Composite Peening
Composite Peening
Penetration depth
100 [ | ; :
® The penetration depth of Composite %0 —Calculated
Peening is slightly above the ® p=7bar,z=2
penetration depth of the single 80 ep=7bar,z=4
particle impact E .o
£ 2M BpN,V¢
£ 60 X = 5 In{1+
® The model of Chen [11] can be used & nd?BpN, AYN,
to estimate the influence of the 8 50 i
process parameters during 2 a0l
Composite Peening g
c
@ 30-
o
@ Penetration depth of up to 30 um is 20 -
achieved 100
. ot - . |
@ The penetration depth can be 03 0.4 05 06 07 08 09 1
increased by multiple processing Temperature in T/T,
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@ Estimation of penetration depth during compound peening based on a ballistic model
@ Influence of individual process parameters on the penetration depth

@ Correlation between Composite Peening and Solid Particle Erosion

® Adaptation of the model to other material combinations
® WC and SiC as blasting particles

Conclusion & Outlook

Michael Seitz

.. Institute for Applied Materials
=" IAM-WK

]
? Hybrid and Lightweight Materials
Vi
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AGENDA  Residual stress relaxation at HFMI-treated fillet welds after single
overload peaks

IIW — Document XIlI-2829-19

B Motivation
B Experimental set-up
Material and weld detail

B Residual stress analysis

X-ray-diffr. Neutron-diffr. FEA

Experimental study
Numerical study
B Conclusion

\

l:f:s HZBHelmhollz ﬂ(IT Z Fraunhofer

Zentrum Berlin  xarsruner mstitat & wm

22 and 23 October 2019, Karlsruhe 101



Symposium Mechanical Surface Treatment 2019
8" Workshop Machine Hammer Peening

Motivation

B Significant fatigue life improvement of HFMI-treated welded joints is statistically proved (Marquis
and Barsoum 2016) based on numerous studies under constant amplitude (CA) loading

B Studies have shown that the fatigue life benefit decreases at variable amplitude (VA) loading
(Marquis 2010, Leitner et al. 2018).

B |t is assumed that this decrease is strongly related to the compressive residual stress relaxation under
high peak stresses

= 100
500~ )
400~ )
° L
- % 0 Py 4
g L - -
B o0 RN . E ol d
2 - =} ‘-\x\u l
< 04
3 200 ! L
£ T2
E L
2 L aswelded R=0.1 -40 | 8 o
as.welded R=-1 60
—: UIT/ UP wealed R=-1
LT R=-1
=% UIT | UP rrealed VA . -80 N
100— O TvA Marquis 2010 -100 Marquis 2010 |
1,E+04 1E+05 1.E408 1E+07 1,650 time

cyclesto failure

':fs HZBHclmhohz _\g(IT Z Fraunhofer

Zentrum Berlin  xadsuner ittt tor WM

Motivation .. . 53555690 . .
B Multiple recommendations exist to limit the RS-relaxation: ~__~ \/:/
-~
Smax/Smin =+/—0.45f, Marquis et al. (2013)* (R<-0.125)  Improvement factor = Adypmk=free/A0AW k=3

Smax/Smin =+/—0.6f, Mikkola et al. (2017) R=-1)

2,5 ¢ Roforenzwert $1.16_600

Smax/Smin =+/—0.8f, Haagensen and Maddox (2013)**

Smin = —0.8f, / Snax = f, Kuhlmann et al. (2018)***

Vorschlag: 1
Anwendungsgrenzgn -0,8f <0 51,0,
Aim: Quantify the compressive residual stress 7
relaxation

42 4 08 06 04 02 0 02 04 06 08 1 12

Kuhlmann et al. 2018
Smax = Maximum nominal stress, f, = nominal yield of the base material Smax ! fyreal

R = Stress ratio
*Current lIW-Recommendation (HFMI) / ** Hammer & Needle Penning / *** German DASt guideline (not realesed yet)

m HZBHe\mhollz A“(IT ZZ Fraunhofer

Zentrum Berlin  xarun fclogie WM

|
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Material and specimen details

Steel: S355J2+N /S960QL

Weld detail: Transverse stiffener

Weld type: Single layer fillet weld*

Weld process: GMAW (135)*

HFMI: Pneumatical Impact treatment (PIT)

10

50

*J. Schubnell, D. Discher, and M. Farajian, “Static, dynamic and cyclic
properties of the heat affected zone for different steel grades,” Mater.
Test., vol. 61, no. 7, 2019

Materials Yield strength Ultimate Strength  Elongation Hardness
[MPa] [MPa] [%] [HV10]

S$355J2+N 420 538 25* 169

S960QL 1011 1060 14* 316

*data sheet

$355J2+N

$960QL

50,00

3500

1000 1500 2000 2500 3000 000 4500

Hardness [HV1]

ifs HZB...... XIT

Zentrum Berlin

4
Z Fraunhofer
Iwm

Karlsruher Institut far Technologie

.Stress peaks” from VA loading were approximated
by single static loads (majority of residual stress

relaxation occurs at N=1 (Farajian et al. 2010, Leitner
et al. 2018)
Load set-up (IFS)
PLm 630N
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— —
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Experimental test set-up / residual stress analysis
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Experimental test set-up / residual stress analysis

.Stress peaks” from VA loading were approximated
by single static loads (majority of residual stress

relaxation occurs at N=1 (Farajian et al. 2010, Leitner 5355 Distance from max. indentation [mm] 5355 Distance from max. indentation [mm]
et al 2018) 0 1 2 3 4 5 0 1 2 3 4 5
. " 0+ + & 0 bbb 4
Load set-up (IFS) § 100 . Tension E 100 Compression
1 2 '] » .
PLm 630N § 200 5 2wg \a/
" B 2
Tension §§-300 5 §§-300 A\
0.9 8 400 E_'_400
0.75 s . —e—Unloaded E E L - —e—Unloaded
oF 2 500 L 00751y 5 500 a--075fy
045 P N R 11
5960 Distance from max. indentation [mm] 5960 Distance from max. indentation [mm]
- —_— 4 5 0 1 2 3 4 5
0
H H E\/N/“_—_‘
£ £ 100 3
3 5 T 2001 Pgoe ="
3 3 - ¥
-0.45 b=t 3. £
-0.6 H % 55-300 : %
-0.75 8 8= | /
-0.9 g —e—Unloaded ] -400 +
2 £ a-075fy 2 500 - —e—Unloaded
.'_3 ° Tension 09y E 1 Compression a--0.75fy

0
Compression -600 ;/;_ 'GOOM
mm Exp. Num.

ifs HZB Helmholtz ﬂ(IT % Fraunhoﬁﬁ;

Zentrum Berlin  carisruner mstict or Technologee

Material modelling: Heat affected zone*

1200 4 1195°C S$355J2+N 500 +
—— Measurement Gleeble-specimen
1000 -==-Gleeble = 400 |
>
=
~ 800 =
2 2
£ 60 2
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H ke
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— 400 |
E 800 ;
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e
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o
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Time [s] L \
*J. Schubnell, D. Discher, and M. Farajian, “Static, dznami( and cyclic pr(merlies of the heat affected zone for different steel grades,” Mater. Test., vol. 61, no. 7, 2019

ifs HZBHeImholtz ﬂ(IT Z Fraunhofer

Zentrum Berlin  karsruner sttt for Technologee wm

Distance [mm]

22 and 23 October 2019, Karlsruhe 104



Symposium Mechanical Surface Treatment 2019
8" Workshop Machine Hammer Peening

Numerical simulation: Constitutive model (implemented as VUMAT-Subroutine by Maciolek 2017*)

Filler material (FM) Heat affected zone (HAZ) Base material (BM)
1000 500
| 600 oo gl
4 _ Modelt
= o0 fy =656 MPa - a0 4 fy =420 MPa ;\
3
% E % 2001 —
@ @ 04 @ ] k
2 2 g 0
= £ B 200 ]
5004 o
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» e 04 @
g o 2 8 nach Chaboche (1986)**
I "
g 0 g, 500 3 @ k = isotropic term
2 2
a0 = = 4, Q, = kinematic terms
Béhler Union X90 =1 000
5960 HAZ . . .
0 B " . . . $960QL &P = equ. plastic strain rate
0 02 04 06 08 1 12 .02 -0.01 0 0.01  0.02 . ;

T T T
=0.02  -0.01 a 0.01  0.02

True strain [-] hardeni "
n = hardening exponen

* A. Maciolek, ion of a elasto-vi ic material model of the simulation of shot peening at components of 41CrMaS4 steel, KIT Karlsruhe, 2017, g exp

** J.-L. Chaboche, “Time-independent constitutive theories for cydlic plasticity,” Int. J. Plast., vol. 2.2, pp. 149-188, 1986

N ifs HZBHeImholtz ﬂ(IT Z Fraunhofer

Zentrum Berlin  cersuner sttt for Tecmaiogie WM

True strain [-] True strain [ k = hardening coefficient

Numerical simulation: Residual stress analysis Transverse residual stress contour plot
S96 Finite-Element simulation according to Hardenacke et al. (2015), Féhrenbach et. al (2016), Schubnell et al. (2017) and

Ernould et. al (2019)
' Smax = 0.9f, Smax = -0.9f,
X
-
Q &

S, 511
(Avg: 75%)

5355 Smax = 0.9f, Smax = 0.9f,

& &

S ifs HZB...... ﬂ(IT Zi Fraunhofer

Zentrum Berlin  carsruner mstn sor reennoiogie WM

g, €11
(Avg: 759%)
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Numerical / Experimental residual stress analysis S355

—— Sim. Smax /fy =0
--Sim. Smax / fy = 0.45
Sim. Smax/fy =0.6
Sim. Smax / fy = 0.75
—— Sim. Smax/ fy =0.9
—e—Exp. Smax /fy = 0.9
——Exp. Smax /fy =0

600 - Tensile load 600 ~ Compressive load

400 - 400

200 - 200 -

o

Related to diameter on
surface of @ 1 mm

iz

N
=]
S

Transverse residual stress [MPa]
Transverse residual stress [MPa]

A
<)
S

'
[+2]
o
o
'
[o2]
o
o

0 1 2 3 4 5 0 1 2 3 4 5
Distance from surface [mm] Distance from surface [mm]

Related to measurement
volume 2x2x5 mm?

i s HZBHelmholtz ﬂ(IT %Fraunhofer

Zentrum Berlin Wh

Numerical / Experimental residual stress analysis S960

—— Sim. Smax /fy =0
--Sim. Smax / fy = 0.45

600 — Tensile load 600 Compressive load
F ~—-8im. Smax/fy = 0.6
w © Sim. Smax / fy = 0.7
2400 %400 fm max / fy =0.75
= = Sy —— Sim. Smax / fy = 0.9

—e—Exp. Smax /fy = 0.9

N
o
o

—e—Exp. Smax /fy =0

Related to diameter on
surface of @ 1 mm

iz

Transverse residual stress
Transverse residual stress

-200
(z)
-400
-600 : ce | -600 . s o 1
0 1 2 3 4 5 0 1 2 3 4 5
Distance from surface [mm] Distance from surface [mm]

Related to measurement
volume 2x2x5 mm?

ifs HZBHelmholtz ﬂ(!m[ %Fraunhc’fﬁ;

Zentrum Berlin  xartsruner istitt for
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Residual stress analysis: S,,,« ~ AGRrgs

Transverse residual stress maximum o gesmax

1

: . A —=—5960 Sim.
0.8
= 5960 Exp.
0.6 +
— E —4—S5355 Sim.
R A S355 Exp.
G 02 -+ x
-
5 0+ = A ©
g L
“ 0.2
04 +
-0.6
Related to
-0.8 + measurement
; L A volume 2x2x5 mm?*
0 02 0.4 0.6 0.8 1

GRES,maxljfy,reul [']

Smax= Maximum nominal stress, f,, = yield strength of the base material

ifs HZBHCIthHZ ﬂ(IT

Zentrum Berlin  xarisruner imstitut for Technaiogie

® —-—
=
' s HZB Helmholtz -\“(IT # Fraunhofer
Zentrum Berlin  kersuber istitut e Technologie WM
Residual stress analysis: S,,,x ~ AGgEs
Smax/Smin =+/_0'45f3’ Smax/Smin =+/_D'6fy . S = _O'ny [ Smax = fy
Transverse residual stress maximum ogesmax Transverse residual stress at surface oggs surs
'y S960 Si
. o i - im. -=-5960 Sim.
. m 5960 Exp. = S960 Exp.
- o E —&—S5355 Sim. — —a—S355 Sim.
= 04 ¢ \ Y =
E b A SIBEwp. i A S355 Exp.
& 02 3 ;
~ ~
g 0 t = A o § )
“ 02 “
-0.4 £ A !
-0.6
3 Related to Related to diameter
-0.8 1 measurement on surface of @ 1
p L] A volume 2x2x5 mm? mm
0 0.2 0.4 0.6 0.8 1 1
GRES,maxl / fy,real ['] URES,surfl "fy,real [']
Smax= Maximum nominal stress, f, . = real yield strength of the base material
=}
Z Fraunhofer

WM
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Conclusion

® Compressive overloads close to the base materials yield strength (-0.9f,) lead to

nearly full residual stress relaxation for S960 and around half residual stress
relaxation for $355.

W For tensile overloads close to the base materials (0.9f) yield strength only minor
residual stress (-10% to -35%) relaxation was observed for both steel grades.

B Significantly less residual stress relaxation was determined for 5355 than for S960 at
the same normalized nominal stress S,/ -

B lIW-recommendation of S,,.,/f, shows a clear over-conservatism.

{)‘5’ HZBHP_WW _&g(IT Z Fraunhofer

Zentrum Berlin wm
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durch mechanische

der additiven Fertigung

Symposium Mechanische Oberflichenbehandlung
am
22. und 23. Oktober 2019

Dr.-Ing. D. Meyer
M.Sc. N. Wielki

Interne Verfestigungsdomanen

Oberflachenbehandlung wahrend

1

Scope of this presentation

Parts with limited surface quality
and complex microstructures

Additive Manufacturing

layer boundary

Post-Processing influencing
the Surface Integrity
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Potential of milling and deep rolling
in post-processing of AM parts

Distance from the surface z

Distance from the surface z

Printing parameters Top face—
Layer thickness | 50 pm P
*Laser power P_ 235 W
+Scan velocity v 700 mm/s i
+Hatch distance h 150 pm, 120 pym Lateral face
illi .
Milling parameters Milled—
» Cutting speed v, 80 mm/min >
+ Feed speed v 100 mm/min >
+ Depth of cut a, 0.3 mm ) (
Milled -~
Deep rolling parameters ‘
+ Ball diameterd, 6 mm
» Deep rolling pressure p, 100, 200, 400 bar PN
* Rolling speed v, 100 mm/min /\;\'}’
<
» Stepover s; 0.1 mm Deep £ 1, “
rolled =S
Cube after processing
3
Hardness depth profiles
after milling and deep rolling of AM parts
nfuenceof S ' h=120um | —p= 100 bar 2 %% h=150ym  —p=t00bar  Deep
> \\ ——p,= 200 bar > ——p,=200 bar rolled *~
hatch T 300 - p,=400 bar T 300 p,=400 bar Y |
distance § 250 e 8 250 ] <
S 200 v £ 200
k] 0O 200 400 600 pm 1000 & 0 200 400 600 um 1000 Top face
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Distance from the surface z

Distance from the surface z

Hardness depth profiles = IWT
after milling and deep rolling of AM parts e
2 -— . : Deep
Influence of * Increasing hardness with increasing deep rolling pressure for both rolled ™~
hatch hatch distances e
distance » Hatch distance influences the density/prositiy and thus the hardness /
depth profiles
R Top face
5
Hardness depth profiles e IWT
after milling and deep rolling of AM parts b
, e . , Deep
Influence of * Increasing hardness with increasing deep rolling pressure for both rolled g
hatch hatch distances e
distance » Hatch distance influences the density/prositiy and thus the hardness /
depth profiles
R Top face
400
Influenceof 2 . Ne=120um p=a00bar 2 *%° =120 ym p=200bar  Milled—sn
milled > : milled S
post- £ 300 P 4(00I . T 300 ——p= 200 bar <
processing 2 250 @ 250 o~
2 200 £ 200 ;
= 0 200 400 600 pm 1000 g 0 200 400 600 pm 1000
£
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Distance from the surface z

Distance from the surface z

Hardness depth profiles = IWT
after milling and deep rolling of AM parts e
3 _— . . Deep
Influence of * Increasing hardness with increasing deep rolling pressure for both rolled e
hatch hatch distances e
distance » Hatch distance influences the density/prositiy and thus the hardness /
depth profiles
R Top face
Influence of » Hardness values are comparable for both post-processing strategies ~ Milled—...
post- =L
processing
7
Hardness depth profiles e IWT
after milling and deep rolling of AM parts ot
; . . . Deep
Influence of * Increasing hardness with increasing deep rolling pressure for both rolled il
hatch hatch distances e
distance » Hatch distance influences the density/prositiy and thus the hardness /
depth profiles
R Top face
Influence of » Hardness values are comparable for both post-processing strategies ~ Milled—...
post- s
processing
v 400 = = 400
2 hy=120 ym  ——p,=100 bar b2 hy=120 pym ——p,=100 bar
Influence of L - }\\\ 61200 Bk s - o M 0 Top
layer L 900 /\Mﬂoo bar T 300 ~ p=400 bar face. = -
orientation g =0 —— @ 250 v\/\—'* - &
5 200 £ 200 |
s 0 200 400 600 upm 1000 % 0 200 400 600 pm 1000 =

Lateral face
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after deep rolling of AM parts

Top face

Sa =6423.0 nm
'(

-

Nobhodsoi

Height [um]

10 20 30 40 50 60 70 80 90 100
Material Ratio [%]

As printed

Sa= 162.7 nm

-12 0.2

X [,7,”,/ 0.2

10 20 30 40 50 60 70 80 90 100

Material Ratio [%] 04

As printed + 400 bar

Hardness depth profiles W IWT
after milling and deep rolling of AM parts et
3 _— . . Deep
Influence of  Increasing hardness with increasing deep rolling pressure for both rolled et
hatch hatch distances =
distance « Hatch distance influences the density/prositiy and thus the hardness / |
depth profiles
R Top face
Influence of » Hardness values are comparable for both post-processing strategies ~ Milled—...
post- =&
processing
Influence of » Increasing hardness with increasing deep rolling pressure for both Top .~
layer faces of the cube faceb >
orientation + The courses differ more from each other at the lateral face g,
s
Lateral face
9
Surface topography w IWT

Lateral face

-

NdhodoN

Height [um]

10 20 30 40 50 60 70 80 90 100
Material Ratio [%)]

As printed

Sa =390.2 nm

-

Do bhosro

, Height [um]

T 02
Fa
“'/m,"/ 02

As printed + 400 bar

10 20 30 40 50 60 70 80 90 100
Material Ratio [%)]

10
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Surface topography
after deep rolling of AM parts

Deep rolled only

1

10 20 30 40 50 60 70 80 90 100
Material Ratio [%]

As printed + 100 bar

Sa =3053.6 nm

~T
&

Sa =162.7 nm
12
e B
Es
jS; _2 400
[} 200
Tg o £
12 0 N
Xl 02 R0
10 20 30 40 50 60 70 80 90 100 G )
Material Ratio [%]
As printed + 400 bar
1"
IY-T
Surface topography W IWT
after deep rolling of AM parts
Deep rolled only Milled + deep rolled
Sa = 3053.6 nm Sa =60.6 nm
12 gher 12
T 3 /10 T 8
= € 0 5 4
0 %,10 400 ~Z 0 400
=3 e 200 5, i 200
06 g 3 - o F
T-8 02 200 = T 02 S
12 X [ 02 S 12 X [y, 02 jo2o S
'm) 04 /--a00 'my 04 i 400
10 20 30 40 50 60 70 80 90 100 4] 10 20 30 40 50 60 70 80 90 100 95
Material Ratio [%] . Material Ratio [%] .
As printed + 100 bar Milled + 100 bar
Sa=162.7 nm Sa=54.9nm
12 12
v B 8
= —
4 10 € 4l —10
:‘1 0 € o0 :—3 0) Ea 9
5 4 210 £ N 10 400
o} w 200 o 4 200
T g 13 T -g| 085 o F
= -0.2 =4
12 %50 200 > -12 x7n0 200 =
[my,,, 02 [""77 02 >
1020 30 40 50 60 70 80 90 100 A ) 10 20 30 40 50 60 70 80 90 100 7 0a
Material Ratio [%] Material Ratio [%]
As printed + 400 bar Milled + 400 bar
12
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Scope of this presentation

Additive Manufacturing

Post-Processing influencing
the Surface Integrity

et IWT

Parts with limited surface quality
and complex microstructures

surface

A

S
layer boundary

Influence the bulk material
or inaccessible areas locally

13

The concept of internal reinforced domains

« Make use of temporary accessibility
of all areas during the build phase in AM

* Perform mechanical surface treatment
with high depth effect locally

« Apply additional layers

by Additive Manufacturing Sel. Laser Melting

=

* Generate three-dimensional
internal reinforced domains

with adapted Material Integrity

Laser
VS
vf%?/

Deep
rolling tool

F. l
Plastic
deformation

Deep Rolling Sel. Laser Melting
HV o
‘ t“V q" Internal
reinforced
Domains

14
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The vision behind the concept W IWT
Internal domains
in 3D-printed parts
Schematic microstructure
™. Local fatigue strength (domains)
B .
»
7]
Load
Depth below the surface z
15
Approach W IWT
; Deep Rolling
Sel. Laser Melting in CNC Machine
‘ Surface Integrity
« Surface roughness
» Hardness and residual stress alterations
* Porosity
§ Sel. Laser Melting
% Material Integrity within
E internal reinforced domains
Q
= « Attachment of additional layers
* Remaining hardness alterations
« Resulting microstructures
16
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Surface Integrity after deep rolling of AM-parts
Surface Topography

As printed, top face

S

Lo o

Height [pm]

N &

10 20 30 40 50 60 70 80 90 100
Material Ratio [%]

=956 N, top face

124

,Height [pm]
LAo+d o

2y
N ©

10 20 30 40 50 60 70 80 90 100
Material Ratio [%]
-400

Sel. Laser Melting

Deep Rolling
in CNC Machine
»

Selective Laser Melting

Material

Part dimensions
Laser power P
Layer thickness t,
Hatch distance h
Scanning velocity v,

Deep rolling

Ball diameter d,,
Rolling pressure p,
Rolling force F,
Feed f

Rolling velocity v,

AISI 316L

50 x 50 x 50 mm
235W

50 pm

120 pm; 150 pm
700 m/s

6 mm

100 bar; 200 bar; 400 bar
205 N; 441 N; 956 N

0.1 mm

100 mm/min

Attachment of additional SLM-layers

Surface

5 after initial
- B AM-step
3.8LM —— ¥ o
©
5 Deep / g
rolling %
1. SLM Q

Sel. Laser Melting

Deep Rolling
in CNC Machine
»

Selective Laser Melting

Material

Part dimensions
Laser power P
Layer thickness t,
Hatch distance h
Scanning velocity v,

Deep rolling

Ball diameter d,
Rolling pressure p,
Rolling force F,
Feed f

Rolling velocity v,

AISI 316L

50 x 50 x 50 mm
235W

50 ym

120 pm

700 m/s

6 mm

400 bar
956 N

0.1 mm

100 mm/min

18

22 and 23 October 2019, Karlsruhe

118




Symposium Mechanical Surface Treatment 2019

8" Workshop Machine Hammer Peening
.|

Surface Integrity after deep rolling of AM-parts et IWT
Hardness depth profiles -

Deep Rolling
in CNC Machine

Sel. Laser Melting

Top face Lateral face
400 T ! [
® p,=100 bar
@® p.=200bar
’ Pr= 400 B8 . Selective Laser Melting
0 Material AISI 316L
o Part dimensions 50 x 50 x 50 mm
> Laser power P_ 235W
I Layer thickness t; 50 um
3 300 Hatch distance h 120 pm
qc) Scanning velocity v, 700 m/s
T
a Deep rolling
=
Ball diameter d,, 6 mm
250 Rolling pressure p, 100 bar; 200 bar; 400 bar
Rolling force F, 205 N; 441 N; 956 N
Feed f 0.1 mm
Rolling velocity v, 100 mm/min
Bulk hardness = 235 HV0.5
200
0 200 400 600 pm 1000 0 200 400 600 pm 1000
Distance from the surface z [um] 19

Remaining strain hardening after continued SLM

Deep Rolling .
in CNC Machine Sel. Laser Melting

Sel. Laser Melting

Remaining
Annealing  hardness

100 Layers added ~ ©ffects  alterations

o in continued SLM [ A . L 1 Selective Laser Melting
Material AISI 316L
Surface fart dimensic:)ns gg;VSVO x 50 mm
R aser power P
g - after Im’:ll.al Layer thickness t, 50 pm
> deep rolling Hatch distance h 120 pm
= = Scanning velocity v, 700 m/s
7]
7]
2 300 Deep rolling
°
& Ball diameter d, 6 mm
> 2 Rolling pressure p, 400 bar
50 Rolling force F, 956 N
- Y ikl ] e = ———, Feed f 0.1 mm
Rolling velocity v, 100 mm/min
Bulk hardness = 235 HV0.5
200
-500 -250 0 250 500 pum 1000

Distance from the initially deep rolled surface z

200
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Remaining microstructural effects after continued SLM

Boundanes: Rotation Angle
Mn Max  Fracton
—2 5 046
150 0554
" 180" 0375

Boundaries: Rotation Angle
Min Max  Fraction
2 5 0.383
5

Building direction

Dislocation slip and twinning effects

Selective Laser Meltin

Material AISI 316L
Part dimensions 50 x 50 x 50 mm
Laser power P 235W
Layer thickness t; 50 ym
Hatch distance h 120 pm
Scanning velocity v, 700 m/s
Deep rolling

Ball diameter d, 6 mm
Rolling pressure p, 400 bar
Rolling force F, 956 N

Feed f 0.1 mm
Rolling velocity v, 100 mm/min

21

Conclusions and Outlook

» Smooth surfaces do not cause issues regarding attachment of
additional layers

» Parts of the strain hardening effects after deep rolling are
preserved after continuation of SLM

» Recrystallization effects occur due to re-heating effects

» Internal reinforced domains with enhanced Material Integrity
can be generated using conventional machines and printers

» Reduce the depth effect of re-heating by adaptation of SLM
parameters

» Generate specific hardness profiles in an alternating operation
mode

» Consider effects of varying temperature in the building chamber
» Integrate the deep rolling process into the 3D-printer

Internal domains
in 3D-printed parts

Laser.

Enclosure
under inert~__
gas

Portal for
yX,z- —
movement of
the deep
rolling tool

Scraper for

Re-coating — Laser beam

Powder —
reservoir
SLM
specimens

222
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Thank you
for your kind attention!

Interne Verfestigungsdomanen durch mechanische
Oberflachenbehandlung wahrend der additiven Fertigung

Contact

Dr.-Ing. Dipl.-Biol. Daniel Meyer

Leibniz Institute for Materials Engineering (IWT)
Badgasteiner Str. 3

28359 Bremen, Germany

Tel.: +49(0) 421 218 51149

Fax:  +49(0) 421 218 51101

E-Mail: dmeyer@iwt.uni-bremen.de
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Influence of MHP on the

material structure of
CrNi steels

Workshop Machine Hammer Peening
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Markus Priefnitz
Institute of Production Engineering
and Photonic Technologies

Institute of Production Engineering and Photonic Technologies
Univ.Prof. DI Dr.techn. habil. Friedrich Bleicher

v!uls.{ IFT

@

Background

Metastable austenitic stainless steels
Martensitic transformation in stainless steels
Experimental investigation

Material selection

Sensor

Setup

QOutcomes

Application examples and outlook

w N |
= N =

TU Wien | IFT Institute of Production Engineering and Photonic Technologies Page 3
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Background of the research

M Previous work @
B Krall S., Reiter M., Bleicher F.. "Influence of the S— .
machine hammer peening technology on the m UNERSITAT Feripunguiechk ind
. . IEN Hochieistungslasertechnik
surface near material structure of stainless steel ’
X5CrNi18-10." Materials Today: Proceedings 5.13 Bachelorarbeit

(2018): 26603-26608.

B Magnetic properties of stainless steel can be EGSETISRIE COREs g st s kst

affected by MHP

ausgefhrt zum Zwecke der Ertangung des akademischen Grades eines

. |nterest Bachelor of Science unter der Leitung von
Univ.-Prof. Dipl. Ing. Dr. Friedrich Bleicher
B Materials science behind the process — e
o o s o Projektass. Dipl.-Ing. (FH) Ste Krall MS¢
M Systematization and application Tojeidant: ek ongc R Shemten Jal Mo
(Institut for und
B Code material and detect code Vedatven zur sines oinen Bautel
Bauteil mit einem und
M Dissemination b
B Bachelor thesis Die Erfindung betrif ein Verfahren zum Ausbiden eines Informationsbereichs eines ‘
— Bauteils gemal dem Oberbegriff des Patentanspruchs 1, ein nach einem derartigen
. Verfahren Bauteil und ein um Auslesen des
B Patent protection bereichs sines derarigen Baulels ‘
TU Wien | IFT Institute of Production Engineering and Photonic Technologies Page 4

Types of magnetism

BT EETTTTT——
[\

Graphite plate - I

T Molecular magnet ~__ f"-:‘ 4,,_4

Magnetic field line \l '._;- o
4§ L ——a
el S .

4 P ~ P> D oy
a5 " lea® |
Permanent magnet Source: [2]

Ferromagnetism
% —_> ‘ iCS
R . . . Source: [3]
Grain boundary Domain wall Magnetic spin
TU Wien | IFT Institute of Production Engineering and Photonic Technologies Page 5
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Magnetic properties of stainless steels

v’nH IFT

Ferritic stainless steels Martensitic stainless steels @
L\

M Crystalline structure bcc M Crystalline structure bcc

B Magnetically soft behaviour

B Induction

B Magnetically hard behaviour

B Regulation of magnetic properties
B Shielding of magnetic fields through alloying and heat treatment

B Regulation of magnetic properties

through alloying and heat treatment
cfc-cell
Austenitic stainless steels
M Crystalline structure cfc a
M Diamagnetic behaviour a
B Neutral exposed to magnetic fields
a a
a
a

B Paramagnetic properties due to plastic

bec-cell
deformation and residual ferrite

Source: [3]

TU Wien | IFT Institute of Production Engineering and Photonic Technologies

Page 6

Metastable austenitic stainless steels TU

WIEN
Stabilisation of austenite Avoiding magnetisation @
B Mechanically M Ferrite: Heat treatment N

B Increase in volume during austenite to
martensite transformation

M Strain-induced martensite: special
alloys with manganese

B Chemically

B Nickel, carbon and cobalt widen
austenitic phase field

Relative permeability after cold working
3 Nickel-Chrome phase diagram at 0,1 wt% C steel

prel prel prel
2 Steel grade
1050°Clwater ($=0,1) 0,2) | ($=0,3)
28 cfe-cell

X8CrNis18-9 (1.4305) 1,003

e 1,050 1,620 3,420
PE& X5CrNi18-10 (1.4301) 1,012 1,046 1,626 3,090
E 20 av austenite N
= 1.4301 X2CrNiMo18-14-3
5 16
z

1,007 1,008 1,024 1,130
(1.4435)

X3CrNiCu18-9-4
1,005 1,005 1,012 1,082
(1.4567)

4 {ferrite +
pearlite

martensite + ferrite

0 4 8 12 16 20 24
Chromium [%]

Source: [4]

TU Wien | IFT Institute of Production Engineering and Photonic Technologies

Page 7
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Martensite transformation - Initiation

B Thermal initiation B Effect in sheet metal working known @
1N

B Driving force due to supercooling and undesired

M Targeted control of the introduced

B Mechanical initiation
enthalpy possible through MHP

B Deformation induced
Bl Targeted exploitation of the regionally

M Strain induced changed magnetic properties

M Initiating the transformation by
introducing the necessary enthalpy

difference ]
>
M If MS<RT no thermal initiation at RT Bl — AG"A
5 ?\- artensite
B Additional mechanical enthalpy § N Martensit
enables transformation at RT i i F
B Martensite quantity dependent on a1 Austenite
stacking error energy - R’T -
Temperature—— Source: (31
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Material selection TU
wieng IFT

W X5CrNi18-10 (1.4301) @
L\

MW 125x60x2mm

. B E-MHP accurapuls
Ferromagnetic

steel j|g M Haas VF3

0

Hammer-
movement

_d Hammer-

C/ head

. Machining
Value and Unit path
Diameter of hammerhead d 6mm
Hammering frequency f 200Hz Jig with
specimen
s200mmmi

Distance between impressions a 0,1mm

TU Wien | IFT Institute of Production Engineering and Photonic Technologies Page 10

Detection of magnetic permeability

B Magnetic induction @
M Coil on core >

B Magnetic flux density Helk-Efloct sensor Freiie cafe
I’
B Hall-Effect Field coil
B Magnetoresistance [ ]‘7 Specimen
B Ferromagnetism Reading head Magnetic barcode L -
Source: [6] Source: [7]

B Magnetic scale

Iil o Scale

A Permanent magnet
{ / Specimen
S

Source: [8] L . Source: [9]

TU Wien | IFT Institute of Production Engineering and Photonic Technologies Page 11
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Sensor design

Field coil Spring Upper housing Shaft @
[N\

@ ——1 — d 2Field coil
E E 2 Exploring coil
O— —®
Sensor 1

Exploring coil Lower housing E-Core

Windings of field coil 2x 30 windings I
Windings of exploring coil 30 windings # Field coil
=

Resistance of exploring coil 0,43760 Se nsor 2
Inductance of exploring coil 106,92pH

TU Wien | IFT Institute of Production Engineering and Photonic Technologies Page 12

=

Experimental setup

HSK-63 adapter Spindle nose Specimen

Excitation wire Measuring wire Machine table Vice

Frequency generator

o ||

Vpp=20V

IMeasurmg board

TU Wien | IFT Institute of Production Engineering and Photonic Technologies Page 13
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Outcomes — Sensor 1 TU

wieny IFT
-%: Probing point 1 .:%: @

Probing point 0 Probing point 2

Static level C-Core
580
——1x —e—2x —o—3x
570
560

550

RMS-level in mV
g 8 2
s & 8

a
s

500
490

480

0 1 2 3 4
Probing point

TU Wien | IFT Institute of Production Engineering and Photonic Technologies Page 14

Outcomes — Sensor 2 TU
wieny IFT

‘ [ L —T 1 @
Probing point 2

Probing point 1 Probing point 3
Edge detection E-Core

—a—1x —8—2x —o—3x

MV-adjusted RMS-level in mV

-40 N
Probing point

TU Wien | IFT Institute of Production Engineering and Photonic Technologies Page 15
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Outcomes — Sensor 2 TU
wieny IFT

Schematic trend

160

140

120

=3
S

RMS-level in mV
8

@
=3

40

18 20 25 30 35 40 45 50 55
Distance in mm

TU Wien | IFT Institute of Production Engineering and Photonic Technologies Page 16

Outcomes — Sensor 2
WIEN

Single field probing without jig

180
X p—OX  |e—3X
160
140
120
>
5
£ 100
g
2 \
& 80
=
o
60
40
20
0
0 5 10 15 20 25 30 35 40 45 50 55

Distance in mm
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Outcomes — Sensor 2 TU
wieng IFT

Double field probing (1x — 2x)

RMS-level in mV

Distance in mm

TU Wien | IFT Institute of Production Engineering and Photonic Technologies Page 18
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- - il
Application examples TU
wieng IFT
B Treatment with MHP system on @
conventional NC systems N
Key
2 lS locked
B Removal of machining marks by surface 7 Reates MR o
removal or coating possible T
B Codification, marking 555 5505500
M Position measuring systems s
unlocked W‘
B Locking systems v -—m )
B Protection against operating errors ‘ ;
. OEM pal’tS monitoring Locking system — unlocked state
unlocked —‘R " Key
-— o
|
TU Wien | IFT Institute of Production Engineering and Photonic Technologies Page 20
Intellectual property protection TU
wieny IFT
W Patent application 2018111316194000DE @
M “Verfahren zur Bearbeitung eines einen b
Informationsbereich aufweisenden Bauteils, Bauteil mit
einem Informationsbereich und Messsystem”
M Area-wise applied information area on metallic surface
with varied intensity
W Application using elastic/plastic forming
B Strain-induced microstructure transformation
B Use of information area
B Codification, marking
B Metrology
B Locking systems
n .
B Reading head for decoding the workpiece
TU Wien | IFT Institute of Production Engineering and Photonic Technologies Page 21
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Outlook

B Miniaturisation and testing of spatial resolution

M Sensor
B MHP-Process
B Combined sensors
M Static measurements
B Edge detection
B Contactless detection
B Detection on smooth surfaces

B Alternative approaches for detection

M Hall-Effect sensor

TU Wien | IFT Institute of Production Engineering and Photonic Technologies Page 22
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Thank you for your attention!
Questions?

Influence of MHP process on the material structure of CrNi steels We thank the Machine Tool Technologies Research ' = g =
Markus PrieRnitz Foundation (MTTRF) for the loaned equipment, on -/jm ’J
priessnitz@ift.at which part of the presented work has been carried out. J_/ _/
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Influence of the hammer head geometry when machining
higher strength materials by MHP

Peter Sticht

Institute for Production Engineering and Forming Machines

Technische Universitat Darmstadt
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Machine hammer peening (MHP) is a dynamic process to smoothen tool surfaces, increase
hardness and introduce residual compressive stresses into the surface layer. Additionally,
MHP can be used to apply surface textures that act as lubricant pockets onto tools with
specifically shaped hammer heads. MHP-treated surfaces have proven to minimize friction
and decrease wear and tear of sheet metal forming tools. As of now, the applicability on higher
strength materials in the context of bulk metal forming processes has not yet been investigated
sufficiently.

The presentation focuses on the application of MHP in the field of cold forging tools. High
strength materials as hardened tool steel, powder metallurgical steel and cemented carbide
are treated by MHP and the surface characteristics by means of roughness are investigated.

It is shown that MHP allows for a mechanical treatment of higher strength material and that
adapted hammerhead geometries can lead to enhanced surface characteristics.

Forming processes and their reliability are heavily affected by the surface integrity of the tools
used. Therefore, high effort is put into the finishing of tool surfaces. [1] MHP is commonly used
for smoothing technical surfaces [2] and introducing residual compressive stresses [3] as well
as causing strain hardening in the surface layer of the components treated [4]. By using
specially shaped hammer heads, surface textures, which serve as lubricant pockets, can be
applied onto the surface in the same process step [5]. The aforementioned effects are caused
by an oscillating hammerhead that is deterministically guided over the surface by an industrial
robot or a machining center [6].

Within the modern industrial environment, mainly electro-magnetic [7] or pneumatic [8]
systems are used, whereas piezo-electric [9] actuators are used in current research
applications. Primarily, MHP is used in the tool and mold making industry to ensure the surface
integrity of the tools that will be involved in production processes such as deep drawing. It has
been shown that micro textures can lower the friction coefficients by about 30 % compared to
manually polished surfaces [5]. Also, wear phenomena and locations change, as particles that
would be able to move in process direction are being caught by the micro textures and
prevented from causing further abrasive wear on the tool [10]. Not only sheet metal forming
processes, but also cold forging processes can benefit from hammer peened surfaces. The
tribological loads in these processes are considerably higher and therefore, higher strength
materials are selected to meet the criteria regarding durability.

So far, the effect of different hammerhead diameters on the smoothening behavior on tool
steel and nodular cast iron has been investigated extensively whereas always spherical
hammerheads have been used.

Different tool materials are measured in a variety of conditions. These values define the
benchmark for the ongoing surface treatment by machine hammer peening.

In the next step, higher strength materials commonly used in the cold forging industry are
treated by machine hammer peening with different parameter settings and an increasing
number of repetitions, where necessary. It is shown that, for the most materials, it is possible
to reach the desired characteristic surface values.

Following the study an approach to improve the MHP-treatment of higher strength material is
presented, taking different hammer head geometries into consideration. The latest
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developments regarding the MHP treatment of higher strength materials as well as an outlook
on further investigations conclude the presentation.

The authors would like to thank all participating industrial partners as well as the funding
organizations for their contribution to the MHP technology.
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mechanical surface treatment by numerical and
experimental process analysis
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OPTIMIZATION OF THE STREAM FINISHING
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EXPLANATION OF THE STREAM FINISHING
PROCESS ﬂm(!.l;

Process properties

= Rotating bowl filled with granular material (media)
= Types of media
= Bonded media: abrasive particles fixed in a matrix
= Unbonded media

= Defined positioning of workpiece
- relative velocity between media an workpiece’s
surface

Turbinenschaufel
turbine blade

youtube.de/OTEC Prazisio

. 3 , ( ~ = sy L Stream Finishing of a turbine blade
: B 5N STEC prazsionstiisn ibH|

Differenttypes of bonded media

3 16.10.2019 Prof. Dr-ng. J. Fleischer, Prof. Dr-ing. G. Lanza, Prof. Dr.-Ing. habil. V. Schulze & Wb {,’:‘;g:c‘::: S
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DISCRETE ELEMENT MODELING g(IT

Karlsruher Institut far Technologie

Simulation method \
= Numerical method to determine the movement of solids

= No meshing of the computation area needed like e.g. in CFD

» Meshing of solids only CADFEM
= Different kinds of geometries and properties of solids possible Fiber
= DEM-Software Rocky DEM

Simulation procedure in general

= Definition of boundary conditions

= Definition of machine and workpiece kinematics

= Filling of the calculation area by stochastic distribution of salids

= Time-discrete calculation while executing machine and workpiece kinematics
-> transient simulation

Volume

Institut fiir

o
5 4 g 4 §
16.10.2019 Prof. Dr-Ing. J. Fleischer, Prof. Dr-Iing. G. Lanza, Prof. Dr-Ing. habil. V. Schulze H Wb Produldionstechnik

DISCRETE ELEMENT MODELING ﬂ(IT

Karlsruher Institut fir Technologie

Filling ofthe calculation area Executing machine and workpiece kinematics
i i Gy Institut far
6 16.10.2019 Prof. Dr.-Ing. J. Fleischer, Prof. Dr-Ing. G. Lanza, Prof. Dr.-Ing. habil. V. Schuize § wb RSB e
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INTRODUCTION ﬂ(l'l'

': rese Ht scie Ht f c g a pS :D rmass fin shin Q Karlsruhe Institute of Technology

Scientific goal

= Cause-effect relationships
hetween process
parameters, contact
conditions and surface

Proportional relationship between Knowledge of local contact forces
material removal and the power and velocities is not available
equivalent is still unproven for

mass finishing (Brocker)

Z integrity
o
@« -
: 1 .. tangential = Experiment:
% velocity
a = Normal force Fy
VA ‘
material removal normal force = Material removal Am
L . . = Roughness Sa
No approach for a realistic No consideration of surface states Residual s
. . . “ L ]
description of spatial flow besides surface topography and esidual stress ¢
formation is available correlation with process parameters . .
. ” = Simulation:
w w
f o BN = Normal force Fy
o B o . .
= . O ‘;gﬂ “ég = Tangential velocity v;
X é s g " 9 P= FN Vi
rotational speed angle of immersion

; . Kl Institute of
8 16.10.2018 Prof. Dr-Ing. J. Fleischer, Prof. Dr-Ing. G. Lanza, Prof. Dr-Ing. habil. V. Schulze " wb e E T ST

22 and 23 October 2019, Karlsruhe 142



Symposium Mechanical Surface Treatment 2019

8" Workshop Machine Hammer Peening
.|

AGENDA

1 Explanation of the Stream Finishing process
2 Discrete element modeling
3 Scientific gaps
4 Experimental setup and discrete element modeling
5 Results
6 Conclusion and outlook
9 16.10.2019 Prof. Dr-Ing. J. Fleischer, Prof. Dr-Ing. G. Lanza, Prof. Dr-Ing. habil. V. Schulze

KIT

Karlsruher Institut far Technologie

s Institut fir
“whbk Produktionstechnik

EXPERIMENTAL SETUP AND DISCRETE ELEMENT
MODELING

Equipment and target values
Experimental equipment
= Stream finishing machine SF1 68

= Alumina media KXMA 16 wetted with water and compound SC15
(grain size 1.7 to 2.4 mm)

= Disc shaped quenched and tempered AlISI 4140 specimen
= Piezo resistive normal force sensors

Ao
bore for

1, 2, 3: position of locking
force sensors and screw
material removal pins

10 16.10.2019 Prof. Dr-Ing. J. Fleischer, Prof. Dr-Ing. G. Lanza, Prof. Dr.-Ing. habil. V. Schulze
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Karlsruhe Institute of Technology

inserts Bicio (k)
® g 1 Stream Finishing ofa specimenusing KXMA 16

e b Institute of
W Production Science
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EXPERIMENTAL SETUP AND DISCRETE ELEMENT

MODELING

Processing parameters

Constant parameters

= Radius of immersion r = 270 mm

= Media height of 220 mm

Varied parameters

= To evaluate the influence of process parameters a broad

parameter range was used

Height above the bowl bottom z 75 to 150 mm
Rotational speed n 301090 U/min
Angle of immersion @ 0° to 45°
Workpiece orientation ¥ -50° to 50°

Az
SSERN

Side view of the bowl

SKIT

Karlsruhe Institute of Technology

e
2

r media

% wc\rkpiece/ 4
Yhew '

P

bowl e

Top view of the bowl

”
}
73 >
w .

Visualisation of varied parameters

1 16.10.2019 Prof. Dr-Ing. J. Fleischer, Prof. Dr-Ing. G. Lanza, Prof. Dr-Ing. habil. V. Schulze

u.’"' bk Institute of
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EXPERIMENTAL SETUP AND DISCRETE ELEMENT
MODELING

Simulative approach

SKIT

Karlsruhe Institute of Technology

= Abstracting trough a linear analogy channel = Physical media properties according to dry Al,O5 [7, 8, 9]
= Velocity distribution trough discrete path velocities on = 1.25 Mio. particles
the ground .

Particles Young's modulus reduced by factor
= particle distribution trough gravitational acceleration 1 E3[10], [11]

equivalent normal to the outer wall

— Downscaling provides comparable particle
* Media modelled by spheres (& 2 mm)

velocity vectors and flow formation [11]

symmetry
planes T
\ .
N\ workpiece
— . A s
. 7] b e
¢ e , i \ //
| Ie media [/ N\ - Colors represent
O i Y 4 \\ translational velocity
% workpiece // \
2 i A\
N P \
e e
bowl W I ~_ flow I

direction

Top view of the bowl Abstracted analogy channel Exemplary representation of the simulation model

12 16.10.2019 Institute of
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IT
Correlation of simulation and experiments

Karlsruhe Institute of Technology

= \ertically oriented groove direction before stream finishing (after surface grinding)
= Range of he; is largely in accordance to the experimental determined texture directions
= Good correlation of local texture directions (pos. a, 2, b) between experiment and simulation

groove direction range of

herrfor pos. 1 1o 3 texture direction before

stream finishing franslational

ag® | velocity inm/s
. Y B
90 " B :
texture direction ; ke
after stream n 35 A
finishing G5 %o mawal - 065
EENR _-
o
) \ 0
0°
share [%]
Fast fourier transform of surface topography Simulated flow directions
. . o Institute of
14 16.10.2019 Prof. Dr-Ing. J. Fleischer, Prof. Dr-Ing. G. Lanza, Prof. Dr-Ing. habil. V. Schulze H wb e E T ST

22 and 23 October 2019, Karlsruhe 145



Symposium Mechanical Surface Treatment 2019

8" Workshop Machine Hammer Peening
.|

RESULTS

Normal Force

ST

Karlsruhe Institute of Technology

Variation of process angles 18
i ’ 16 o=0 A~
= Variation of y or ¢ to higher/lower values than 0 should always lead to 14 [ n=90 min" A 5
reduced normal force Fy due to 12 z=75mm /} §;s‘<§\ \%_ 1 wf
= \Vector distribution of forces Z10} PN §/§/D A &
. 3 @©
= Reduced impoundment effects due to a reduced projected area & g X ' /.i/_ _A___ 8 o E
r e O A ® 2
4 - /‘/ s L
2 4 a-° = 41 —o—F
translational 8 N1
velocity inm/s O o B S B e N B B “o—F,
- -50-40-30-20-10 0 10 20 30 40 50 '
17 yl° - FN,3
] Experimentally determined local
1.275 normal forces dependingony
0.85
0.425
Inverserelation between normal force and
0 tangential velocity is expected
Shift of stagnation point derived from simulation
i i S Institute of
15 16.10.2019 Prof. Dr-Ing. J. Fleischer, Prof. Dr-Ing. G. Lanza, Prof. Dr.-Ing. habil. V. Schulze : Wb g‘;é‘::;; Srvrines

RESULTS

T

Simulation results Karlsruhe Institute of Technology
2 31
- //;j Kg\\ . A
—70 B A
3] : R Y P
_% 14 g | 0% 22 Fus 8 !
: : = E -,
= —O—W
: : : i
= Vip =]
; 25
0- —‘—Vl‘a l;0',-0 y’;a
el® yl® + N
; 0 25 45 -35 0 +35
02 - js 350 _+_::'5 n =90 min’! n =90 min’!
n =90 min n =90 min z=75mm z=75mm
z=75mm z=75mm =Q° =0°
y=0° p=0° 4 v

Simulative determined normal forces and tangential velocities

= Normal force Fy and tangential velocity v; are inversely influenced by process
parameters

= Increase of v; leads to a decrease of Fy,
= Decrease of v; leads to an increase of Fy,

16 16.10.2019

Prof. Dr-Ing. J. Fleischer, Prof. Dr-Ing. G. Lanza, Prof. Dr-Ing. habil. V. Schulze
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Power equivalent derived from simulation

Introduction of the power equivalentPis

“wb

necessaryfora holistic process description

Institute of
Production Science
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RESULIS . SKIT

Karlsruhe Institute of Technology

. L %
= 20 min of stream finishing for each parameter 12 [_1am, W Am, B77) Ams
. . . . ) = 0,10
= Stationary roughness state despite of highly varying material 10 | initial Sa
removal sk mean Sa and stgndard deviation - 0,08
o
E s : 006 5
@
* P/Am ratio shows standard deviation of 68 % 5.0 0,04 <
=  Prestons law is therefore not applicable 2 F 0,02
= Results by Brocker can be confirmed o L=k 0,00
Experimentally determined material removal and roughness Sa
- No proportional correlation! Q1 e,
ki .,
5 vz -,
15
=) __.\:-u_l:-__Jl
Increase of powerequivalent P leads to an n/ min’t z/mm
increase of material removal Am (qualitatively)
30 50 70 90 75 100 125 150
z=75mm n=90 min"
p=0° 0=0°
y=0° y=-35°
Simulative determined power equivalent P
R Institute of
17 16.10.2019 Prof. Dr-ng. J. Fleischer, Prof. Dr.-Ing. G. Lanza, Prof. Dr-Ing. habil. V. Schulze Wbl e ot e
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*  Comparison of residual stress o®5 and P
= Residual stress measured at position 2

= Evaluation of depth profiles up to 5pm is

reasonable _ ] - média
ﬁ em. r. l
- :
* Qualitative correlation of P and gR® CNANRRR RN
= Assumption of Kacaras et al. can clearly be Side view of the bowl Top view ofthe bowl
confirmed . . . . . . o
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Increase of powerequivalent P leads to an o -400 | . 1
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Residual stress states for defined process parameters and corresponding values of P
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1 Explanation of the Stream Finishing process
2 Discrete element modeling
3 Scientific gaps
4 Experimental setup and discrete element modeling
5 Results
6 Conclusion and outlook
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CONCLUSION AND OUTLOOK

Key findings
= Local consideration of normal force and tangential velocity is
mandatory

= Process efficiency can effectively be influenced by the
= Angle of immersion ¢
= Workpiece orientation y
= Power equivalent P is a valid qualitative measure for Am and oRS

Outlook
= |mprove simulative approach to gain quantitative normal force
values

= Validate findings using a complex geometry

20 16.10.2019 Prof. Dr-Ing. J. Fleischer, Prof. Dr-Ing. G. Lanza, Prof. Dr.-Ing. habil. V. Schulze

ST

Karlsruhe Institute of Technology

Exemplary representation of the simulation model
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