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GmbH ..

The aerospace industry has always been driven by challenges, which often result
in innovation. Both, the products and the manufacturing processes are constantly
evolving, leading to new standards and technologies, not only in aerospace in-
dustry. In the centuries of development, research and industry have always been
faced with new challenges, and one of the main challenges in 2020 is the Covid-
19 pandemic. The Covid-19 pandemic has hit not many industries as hard as the
aerospace industry. Companies are faced with major challenges and have to rethink
their business strategy. Meeting these challenges requires intensive exchange be-
tween experts and good interdisciplinary cooperation. The Machining Innovations
Conference is an excellent opportunity to get updated about new trends, technolo-
gies and the latest developments in the aerospace industry. Modern technological
development within this sector makes it possible to respond to the challenges of
society and to enable an economic and sustainable production. The MIC2020
20th Machining Innovations Conference for Aerospace Industry is presented from
the Institute of Production Engineering and Machine Tools in cooperation with
the Manufacturing Innovations Network e.V. and takes place at the Hannover
Centre for Production Technology (PZH, Garbsen, Germany). Renowned experts
from industry and research will present the latest trends, newest know-how and
research results in 18 speeches. This years scientific session is sponsored by the
International Academy for Production Engineering (CIRP). The contributions to
the scientific session are also published in MIC Proceedings by SSRN.

Prof. Dr.-Ing.

Berend Denkena
Member of the Board of
the Manufacturing Innova-
tions Network e. V.,

Head of Institute of Produc-
tion Engineering and Ma-
chine Tools, Leibniz Univer-
sitdt Hannover

Hannover, December 2020
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Making Aerospace Manufacturing ready
for the post COVID future

Manfred Hader,
Senior Partner,
Roland Berger
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volume not expected before 2025

Potential scenarios for how global travel demand will recover post COVID-19

2018-30 [RPK tn]

Availability of
» covip-19 vaccine 2020/21

COVID-19 is fundamentally impacting aviation — Return to 2019 travel

o[}

Baseline

Scenario 1

Optimistic

Scenario 2:

Central

J) Availability of
vaccine 2022/23

é Availability of
2 vaccine 2021/22

Scenario 3:
Pessimistic

2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029

‘Source: TEAL; Roland Berger

2030

201201_Aerospace Manufacturing_Vortrag_MIC.pptx | 2
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Berger L‘

COVID-19 is also impacting key industry trends and will require aerospace
COOs to revisit their strategy to prepare manufacturing for the future

Key Aerospace trends affected by COVID-19

Launch of the next
generation aircraft

Drive towards Consolidation

sustainability

How to make Aerospace
Manufacturing ready
Emergence of (De-)globalization of Automation for the future?
Chinese OEMs footprint

Source: TEAL; Roland Berger

201201_Aerospace Manufacturing_Vortiag MIC.optx | 3

Manufacturing

Ber“g‘é'r' L‘

of the future will take place in smaller, more local & universal

factories to cope with by COVID-19 accelerated challenges and trends

Key areas for manufacturing of the future

_. General challenges
for manufacturing

Demographics
Global instability
Sustainability

Future aerospace factories are ...

Adjusted industrial

Adaptive
production

Key aerospace trends

Innovativeness

Dramatically increased
overcapacities

_ COVID-19 induced
acceleration

Source: Roland Berger

*,

footprint

Process adoptions for
next generation aircraft

Sustainability
in production

...smaller, more local & more universal

201201_Aerospace anufactuing_Vortag MCop | 4
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Adaptive production Ber%‘g; \‘

Companies must re-think their approach to "adaptiveness", i.e. make the

production more resilient, flexible and state-of-the-art

Production system re-design for adaptive production
Focus Provide

Cost efficiency Embrace

m . - e A X i o
on resilience ° high flexibility ‘j.‘ requirements E@- new technologies %
Being able to cope with (sudden) change Being able to seamlessly adjust to Being able to produce at low costs while Being able to offer state-of-the art processes
without failing to deliver on promises fluctuations/ mid-term changes in demand maintaining high quality & short delivery times & technologies to fulfill customer wishes
R i) B\ Autonomous
Agilit [37¥ ) Adaptabilit Digitization )
gility Y p y 9 factory
@ Robustness G Scalability Automation ‘ , ) Processes &
‘& &Y Technologies

No focus on output maximization anymore — the new target is to
reach higher levels of robustness, flexibility and competitiveness

‘Source: Aitous; PTC; VW; Bosch Rexroth; MTU Aero Engines DLR; Safran; Roland Berger, interviews 201201_Aerospace Manufactring Vortag MICoptx | 5

n Adjusted industrial footprint st | B
Berger

Local supply chains must be the backbone of a resilient industrial footprint
- Orders to be shifted based on available capacity & customer needs

Three steps towards resilient supply chains

Adaptable factories
in strategic regions

> Small and highly adaptable assembly > Local-for-local suppliers > Close monitoring of suppliers with
lines close to strategic customers > Just-in-Time or even Just-in-Sequence artificial intelligence

> Inventories to cope with temporary supply delivery of parts > T integration & seamless data transfer
shortages > Fulfil local content requirements (e.g. smart components)

‘Source: Roland Berger; interviews 201201_Aerospace Manufacturing_Vorirag_MIC.pptx | 6

Local supply chains close to Integration of suppliers from
the assembly lines best cost countries
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Sustainability in production ot | 3
n e Bergerl ‘

Companies not integrating sustainability topics into their production will
face serious pressure from customers in the future

Contribution of production to sustainability

Structure & oversight Natural resources
Compensation In the context of the Aerospace

c " poiicy Energy eficiency industry, mainly environmental
orporate Environmental aspects are affected through
governance ) Emissions sustainable production
Supply chain y Emissio
govemance
Compiance . ) I
& busheseiics Poluonfiaste () Efficiency projects and sustainability
projects need to go hand-in-hand
| Innovation/
Transparency environmental
opportunities
Production always has to respect
human rights and treat workers
correctly
A\ Main impact areas of sustainable production
‘Source: Roland Berger 201201_Aerospace Manufacturing Vortrag MIC.ppix | 7
Sustainability in production st | B
n Vi Berger I ‘

There are many challenges with respect to sustainability in aerospace
production — Multiple solutions to be explored

Examples of solutions for sustainability challenges during production (non-exhaustive)

® Select responsible raw material suppliers by using environmental performance indicators

Supply ©FE a ppliers-base around integrated sites which could limit CO2 emissions
chain Ensure that suppliers respect labor and human rights and comply with international laws
© Allow a constant quality control and traceability in the overall aircraft value chain (e.g. through a connected IT architecture between the
OEM & suppliers)
Energy & ® Use of (raw) materials that could be easily recyclable

resources ® Minimize (raw) material waste (e.g. by casting parts close to final shape) and recycle material waste (e.g. metal chips)

) ® Switch to recycled or "grow-back" material e.g. producing cabin interior elements / M
(InCI' raw (® Use of renewable energy solutions

mate”als) (® Optimize machine park by replacing energy-consuming equipment (e.g. with air-source heat pumps, solar panels)

® Use of eco-friendly surface treatment (e.g. laser alloying) and painting/coating — Limit number of coating processes

i ® Avoid the use of phthalates, beryllium, antimony, BFR", and PVC? representing the main hazardous chemicals in the production of
Production o)

processes Improve health and safety procedures to ensure zero accidents in production sites
Ensure that labor and human rights are monitored and respected in production sites

Use eco-friendly fabrics for seat covers
Encourage modularity by generalizing standards between OEMs and suppliers
Encourage the use of onboard systems allowing the addition of new features through software upgrade (extending the lifetime and
reducing obsolescence)
1) Brominated flame retardant; 2) Polyviny! chloride

‘Source: Desk research, Roland Berger 201201_Aetospace Manufacturing
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n Process adoptions for next generation aircraft ot |
Berger

Manufacturing needs to get involved in the cross-functional development of
future products to avoid costly challenges during production ramp-up
Manufacturing involvement into new product development

Digital twin > Connectivity of assets, systems and operators on premise and along Implications
the entire supply chain via loT-platforms to enable e.g. analytics, Al etc. f
» - ) for operations LY
> Modell-based definition (e.g. up-to-date, digital and consistent data)
> High atany time (e.g. ibility, costs, changes) > Manufacturing know-how
9 Y time (29 sl needs to be integrated into the
UAM mass > Be ready for ramping-up UAM production — master at the same time a design process to ensure f.”."
production step change with respect to costs producibility and automatability
> Acquire required production technologies, build up qualifications and > Industry 4.0 requires fully
get EASA/FAA certifications for new manufacturing processes digital products
Aircraft desi > Alternative propulsion systems
[ ‘rcr‘? etS‘ 1on > Electric propulsion promises to make aviation sustainable but r(?qu're a pa!'adlgm shift a,lso n
or alternative requires design changes - hydrogen based propulsion requires a aircraft design & production
propulsion large and pressure resistant liquid hydrogen storage that might be

located in the fuselage Aibus concept plane

Standardized customization (Modularization) >

e |
Wy scens |

Design for Manufacturing

‘Source: Roland Berger, interviews 201201_Aerospace Manufactring Vortag MICoptx | 9

n Innovativeness s |
Berger

Aerospace manufacturers should enhance production with capabilities for
new products and leverage free capacities in new markets
Product portfolio management

ENHANCEMENT DIVERSIFICATION
New products New markets and industries

& »@

New mobility

Urban Air Mobility (UAM), hyperloop transportation,

New propulsion systems

Hydrogen/alternative fuels, electric planes,

New materials & structures ‘

Flexible wings, .

Source: techuplore:

Use the downtime to prepare the production system for new Explore new opportunities to utilize manufacturing capacity,
products — Change is always harder in a running system e.g. enter aircraft retrofit or non-aviation markets

‘Source: Roland Berger; interviews 201201_Aerospace Manufacturing_Vortrag MIC.pptx | 10
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Berger i‘
We recommend to take actions now to make legacy programs future proof
& to use COVID as opportunity to get ready for the future of manufacturing

Roadmap for Aerospace manufacturing

. ‘ Environmentally friendly production

# Resilience of supply chain (Ramp-up) Legacy /’Z\
* .‘ Factory automation and 14.0 (Light version) programs K/
* .[ New markets & industries

2020 2022 2024 2026 2028 2030 beyond
Design for ing and i i ion (digital twin)
Futu re . [ Readiness for new programs (e.g. manufacturing equipment, skill set, etc.)
prog rams .‘ Smart, and adaptive production system incl. advanced processes & technologi
.‘ i ion facilities and supply chains (all ESG di

Local factories & local supply chains incl. BCC

Pr Adjusted industrial footprint [l Sustainabilty in production Il Innovativeness
3 Increased urgency due to COVID-19 pandemic

Source: Roland Berger; Interviews 201201 _Aerospace Manufacturing Vortiag MIC.pptx | 11

Ber‘é’é‘r’i‘
Availability of the right skills is the key success factor for future readiness —
Hence, this topic must be high on every corporate agenda
Key skills for manufacturing of the future
Type of skill-set Functional focus

Core technology and J) Programme Management F Key skills

process skills Aerospace players can focus on developing skills in

Core STEM and process proficiency three main areas within the field of manufacturing to

product Hyginic mateils St Sk
concepts

(T emerge stronger after the COVID-19 crisis
Product and C Production ~ Le=ISh Lol Sty
industry knowledge ) | footprint and Dl T ofsuplychan Connectvty aong supply chain
) SUPPIY Chain  gajnceg ooprnt
Product and portfolio lifecycle Supply Chain
including go-to-market models 3 advanced Ao Ry
" «  production .
Quly SSEMS i ctmainasi
Leadership and
people skills {) E Alternative  New8 susanabe ateas AlMore Electic

Management, leadership and team
development

‘Themoplastcs

Source: BDLI; Roland Berger 201201_Aerospace Manufacturing_Vorrag MICppix | 12
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Berdir | §
Please contact our global experts for further insights and personal
discussions about the aerospace factory of tomorrow

a MK

Manfred Dr. Bernhard Dr. Stephan Johannes
Hader Langefeld Baur Kube
Senior Partner Partner Principal Senior Consultant
+49 160 744 4327 +49 160 744 6143 +49 160 744 8041 +49 160 744 4410
Manfred.Hader@ Bernhard.Langefeld@ Stephan.Baur@ Johannes.Kube@
rolandberger.com rolandberger.com rolandberger.com rolandberger.com

201201_Aerospace Manufecturing Vorag MCpptx | 13

Roland
Berger

THINK:ACT

11



Digitale Vernetzung in der Flugzeugfer-
tigung - leichter gesagt als getan

Jiirgen Nolte,
Vice President,
Siemens Vertical Aerospace
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»Digitale Vernetzung in der
Flugzeugdfertigung — leichter gesagt
als getan...“

Frei verwendbar Jiirgen Nolde, Siemens AG
v

Die Flugzeugindustrie und Covid-19 — SIEMENS
Restrukturierung und Veranderungen in der Supply Chain

Herausforderungen der Flugzeugindustrie

Uerbriicken der momentanen Phase geringer Nachfrage bei weiterhin funktionierender
Supply Chain, schnelle Anpassung an das “New Normal”

Veranderungen in der Zuliefererlandschaft

Insourcing Konsolidierung Restrukturierung

*  Reduzierung der Fixkosten, _ *  Vertikale und horizontale + Anpassen der Kapazititen an

- 2o e e
F F Ausschdpfung der o Konsolidierung — kinftige Produktionsraten
TT} .-l‘ existierenden Ressourcen. . Optimierung der : IIIII F-I
s fas

Produktionskapazitaten

13
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Siemens in Aerospace — mehr als nur CNC

Digital Industries Data Backbone, Digital Twin product, production,

performance, end to end manufacturing

- Transparenz
- Speed

Service, Shop Floor
Digitalisierung, Integral
Plant Maintenance,
consulting....

Best in Class
Automation

CNC Steuerungen, Roboter, Assembly, Composite, AM, Krane...

SIEMENS

= Smart Infrastructure
n M Safety, Air, Energy
Awm l =i Management
iy

Verbesserung
der Fertigungs-
transparenz

Siemens in Aerospace — weltweite Aufstellung

I*W"%*
’@‘E
(B |

@ HD @ Amospace ety @ CAMGAM

Corporate Account Managers (CAM) - Global Account Managers (GAM)

X B Rlshopee R P

SIEMENS

6 Corporate Account
Manager

HQ Team — Koordinierung,
Technik, Events

14
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Erfolgreiche Projekte in Automatisierung und
Software in Aerospace SIEMENS

{‘ BOEING MOBTINS SN
' S SaFRaN

f AIRBUS [ 5E systens] RARAELG- MO O G

ﬂ Rolisfioyce & cotlies dnrapace
SPIATUSE @ #4’ ConenaL arosncs ﬁ/
suknai
BOEING %
c HJE l 'Illl"

o <PH§ T

DT e
Commercial Aviation Defense Aerospace Engines and Propulsion Supplier & Avionics

smaces p =
'] o V(/rox "{ 5‘" g sEnens,
5 - 4 F S Sﬂﬂr.:i"....- _y e - G
"A ERION 1 8 s

A ananesow zipline

N sracEN
Supersonic market Launch Vehicles L) ang;r::::ned BEace Electric and start-up markets

SIEMENS

Diese Projekte verdeutlichen:

In der Flugzeugfertigung existiert keine
Standardisierung

15



Machining Innovations Conference 2020

SIEMENS

Extrem lange Boeing 747-  Jahre

Produktionszyklen Produktion
Lockheed Hercules C130-

Produktionsjahre
B52- Jahre Panavia Tornado-im

Jahr...

SIEMENS

Hochste Fertigungskomplexitat

16
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SIEMENS
Zertifizierte Prozesse

SIEMENS

Die Aerospace
“Brownfield” Werke

blockieren 14.0
Anwendungen
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SIEMENS

Warum muss die
Flugzeugindustrie 14.0
“adoptieren”?

SIEMENS

Insbesondere in diesen Zeiten sind agile Prozesse und
kiirzere Produktionszyklen erforderlich, um mit den
kontinuierlichen Veranderungen Stand halten zu konnen
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SIEMENS

Design, Prototyping, Zertifizierung und die Produktion
mussen schneller umgesetzt werden

SIEMENS

Und auch die Fertigung muss flexibler auf neuen
Anforderungen und Produktveranderungen reagieren konnen

Bessere Komponenten schneller entwickelt und produziert
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SIEMENS

Was sind die ersten Schritte in der
Standardisierung?

SIEMENS

Die Vernetzung der
Fertigungs-
kompontenten und
Maschinen
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SIEMENS

CONNECTIVITY

SIEMENS

.% Anforderungen

SIMULATION [e—
I Schnelle Riickfiihrung der
Fertigungsdaten zum Design

Wir benoétigen Daten hoher
Qualitat im MOM System

Simulationsmodelle der
Werksmodelle

lIOT Analytics

21
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‘7

SIEMENS

Aerospace erfordert Standards!

m [TWORD

Upstream standardized

data structure
. |
Loastuere
Dashboards

BROWNFIELD DRIVERS

SIEMENS
Standards in

IT WORLD

Upstream standardized
data structure

Data Structure
Conversion libran

BROWNFIELD DRIVERS

22
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Aerospace Digital Interoperability Labor SIEMENS

Aktuelle MIN Projekte — eine Moglichkeit fur SIEMENS
den Start von Standardisierung in Aerospace

MIN - Initiative ,Schnelle und einfoche
Integrotion intelligenter Komponenten in die
Umgebung der industriellen Metallzersponung

ble bopct_

Ziel der 4 |- initiative:

VIN VN

El_,; aata base

Crniiom 1 ::;;‘;:;:3:;;: e F Wir unterstutzen
u.]-n- 701 Tablet il :' »:m-... gern

DATERMANASEMENT
Plattfors

VIN

23



Optimization and digitalization of the metal-
lic additive manufacturing process chain
at Airbus Helicopters

Luis Martin Diaz,
Vice President Head of Industrial Service Centers Germany,
Airbus Helicopters
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MIC 2020 Optimization and digitalization of the metallic
additive manufacturing process chain at Airbus Helicopters

Dr. Luis Martin Diaz
Vice President - HO Industrial Service Centers Germany

AGENDA
| 1] AIRBUS HELICOPTERS
~ 2| END-TO-ENDMETALLIC AM PROCESS

3| DIGITALIZATION. Spaas

4] CONCLUSIO A

AIRBUS

2 December 2020  MC 2020 Optimization and digitaization of the metalic additive menufacturing process chain at Airbus Helicopters

25
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AIRBUS Helicopters

A unique global presence!

1 9,751 employees in 2019

69 bn € turnover in 2019

Main Sites:
+ France: Marignanne to serve 3,050 operators 29 Customer Centres

and affliated sites

* Germany: Donauworth

in1 50 countries

26
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Helicopters }

Light twin
H145

Twin
medium H175

Medium/Heavy

AIRBUS

Military

Light
helicopters

H135M H145M

L, S

Helicopters Medium %
weight class AS565MBe

Helicopters medium H225M
weight/
EEAVER N ——

Special helicopters
NH90

ization of the metalic additive manufacturing at Airbus Helicopter

AIRBUS

27
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Technology
demonstrators }

-
VSR700 VSRT700
N N {
RACER

CityAirbus CityAirbus

AIRBUS

AIRBUS

28
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HELICOPTERS [ Airbus Amber ]

3D-Printing at Airbus Helicopters in Donauwoérth
Metallic Additive Manufacturing (Titanium)

* Machine: EOS M400-4

« 4-Laser System (simultaneously)
to increase productivity

* Automatic powder refilling system

« Build chamber: 400x400x400(64l)

« Material: Ti64 (Titanium powder)

. Oncbar 2025 10 2020 Ol snd ol st v e s i Al o AIRBUS
HELICOPTERS [Airbus Amber ]
3D-Printing at Airbus Helicopters in Donauwo6rth 3200

Metal 3D-Printing (Titanium) RV
43% weight savings for our first 3D printed titanium parts ‘e \ \ed
g g p P \\LO AN

‘ Latch Shaft ,old* )) Latch Shaft ,new*
»*
v
» Latch Shaft ,old* Latch Shaft ,new"

10 Decenber 2020 MC 2020 Optnizaton and dghaization ofthe melali addive manufacturing pocess chai at Abus Helcopters AIRBUS

29
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HELICOPTERS

ROADMAP [PRODUCTS AND PROCESSES]

AM DRIVE SHAFT
2nd appication

[ Airbus Amber ]

AM LATCH SHAFT AM FOOTSTEP AM LATCH SHAFT AM MARGUERITE
Basic lnnovation st appiication for H135 Product improvement Applcation for H160

The unique manufacturing depth and design/industrialization know-how allows AH
AM M etal O utloo k to develop and improve the AM process chain end-to-end and so identify and

implement business case driven AM applications.

M Docenber 2020 W 2020 Optinizaton — anat Attus Hokopters AIRBUS

AM COLLECTIVE SHAFT AMDOUBLE LATCH SHAFT
H135/145 loaded application Applcation for A321 EED

@ *o—©

HELICOPTERS [ Airbus Amber ]

What are we learning?

About the potential of this About the end-to-end
technology for Aerospace Process of Metallic AM

» Weight « Core competences

About the maturity of the
Metallic AM Aerospace
Industry

» Recurring costs « Interdependencies

* Promises vs. reality
+ Performance « Strategic approach

* Understanding of Aerospace
requirements
+ Caution vs. fear

2 Oscorber 2020 WG 2020 Optinizaton ot e mtatc etcopters AIRBUS

30
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HELICOPTERS

Strategy: industrialization as core competence, in a context of
full understanding of qualification requirements

strialization of additively manufactured applications
design support print, OT, post means of application data
stress nesting depowder chining process security qu al mg

Design4AM means to customise the design to the print and all subsequent process elements
as well as enhancement of process elements to allow an efficient and qualifiable design solution

s ecember 2020 MG 2020 Optinzaton and dgazaton o th metallc addie anufsci.rg rocess chanal Avbus Hlcoplrs AIRBUS

HELICOPTERS

End-to-End Process

Powder Powder Bed Stress reilef Part Removal of Dry blasting Hot Isostatic High Rate Etching &
Supply Fuaion Heat trostment  Separation  Suppert Ssructure Pressing HIF]  Etching  CTTesting  Machining  Dye-Penetrant test

A LAl ~BEO L gy
’“__jlfﬁ"“uﬁ Q:""Lﬁb%

m awmal  intemal insernal omemal  intsma nismal exterma memat exemal  miemal

| Interdependency of capability to automatize the

removal of the support structures with the design of the
part and robustness of the printing process

14 Decenber 2020 MC 2020 Optnizaton and dghaization ofthe melali addive manufacturing pocess chai at Abus Helcopters AIRBUS
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HELICOPTERS [ Airbus Amber
End-to-End Process
nwm rom Bed Strens ralief Part Removal of Ory blasting  Hot Isostatic High Riste Etching &
Heat treatment  Separation  Suppont Ssructure Preasing {HIF) Etching CTTesting  Machining Dyu-Penetrant test

AiE LA A & =+ DE O b gw
'-"‘..:Lw-ugq ' lal}m

- atomal  intemal inseral memal  intemar

| Interdependency between layer thickness
‘M >> and etching process

l B g
s ovconter 2020 90 2020 it RIS i A pcoptrs AIRBUS
HELICOPTERS [ Airbus Amber ]
End-to-End Process
uwm Po-i- Bed Stress relief Removal of Ory blasting  Hot Isostatic High Rate Etching &
Heat traatment nm Suppert Structure Pressing [HIF]  Stching  CTTesting  Machining  Dye-Penetrant test

i AL L = DEO b iV
Frte-u B3 Q E B e

LU exomal  intemal Insmal memal Interna nisma extema Inteenal wxamal

o £
“a ."a!' Interdependency between wall thickness
ot h .
and clamping strategy for machining

etcopters AIRBUS

16 December 2020 MIC 2020 Optimization of the metalic
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HELICOPTERS

End-to-End Process

Powder  Powder Bed Stress rallef Part Removal of Oryblasting Mot Isostatic  High Rate
Supply Fuaion Heat treatment  Separation  Support Siructure

A@ A A A
L obte-w 1

m awmal  iremal Insrnal mernal intsna ntsrnal axternal [

Etching &
Dye-Penetrant fest

® ua 3V

|le__£‘%!

xemal mernal

Pressing jHIF)  Etching  CTTesting  Machining

bi§ S
| I o

-

Redundancies in quality assurance to prepare
a lighter process definitionin the future

17 Decerber 2020 MC 2020 Oplimization and digitalization of the metalic additive manufacturing process chain at Airbus Helicopters

AIRBUS

AIRBUS
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HELICOPTERS

DIGITALIZATION APPROACH FOR METALLIC PRINTING

[ Airbus Amber ]

> Focus on big-data & data analytics to
establish co-relation on complete process

" Engineer (CADIPLM) ™ '

i - CATIA, Windchil : @
. - MAGICS S -
e ~ Monitor (Spotfire)

EOS data visualization
- Data co-relation

a Manufacturing Eng.

- Nesting, DNC, Routing
= EOSPnnt 4
. CT scans. i

\)

"/ Demand (SAP) Y Deliver & Analyse
. - Customers request - Data management &
| & follow-up S _,[]‘_ i analytics platform (Skywise)
~ o - End-to-end data collection
""" U - ? - Analysis & Decisionmaking
- WO follow-up (SAP/MES)
19 Decenber 2020 MIC 2020 Optiizaion and dighaization ofthe melali addtive manufacturing pocess chai at Abus Helcopters AIRBUS
HELICOPTERS [Airbus Amber ]

HOW DIGITALIZATION ADDS VALUE

>> In-depth monitoring during printing with Optical
Thermography will result in reduced NDT =>
process simplification and reduced costs eg. OT
Drive shaft

> Tracking all production relevant data and co-
relating them helps us understand process

phrestas I dependencies — eg. Powder to Part oxygen
ooy
| values
e
|
» Docenber 2020 W 2020 Optinzaton and dtalzaton of th mealc addive manufacurg rocess chanat Avbus elcopters AIRBUS
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HELICOPTERS

Conclusion — To Be Continued...

! 4 Industrialization
- {}ubk‘:‘“b\o}_ @ » Core Compentence
A\ e
- XJJ : Qualification requirements
Wie jﬁjﬂ cil J flnLe ) FirstTime Right
‘ » o) Vertical Integration and Agile Methods
,_.,.. > Speed of Entry into Service

&
£ Digitalization
* )Continuous Improvement and Step Changes

4 Supply Chain Partnerships
2 Growth and long-term cost efficiency

2 Decenber 2020 MC 2020 Optnizaton and dghaization ofthe melali addive manufacturing pocess chai at Abus Helcopters AIRBUS
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Questions _a_

Online discussion 12/03/20 from 2:00pm to 3:00pm

Contact us:

Dr. Luis Martin Diaz Frank Rethmann

HO ISC Germany HO ISC 3D Printing AIRBUS

23 Decerb
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SFB 871 - Regeneration komplexer In-
vestitionsguter Systemdemonstrator

Nicolas Niibel,
Research Assistant,
Leibniz Universitdt Hannover
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Produkt-Regeneration
Sonderforschungsbereich 871
Regeneration komplexer Investitionsguter
finanziert durch die

DFG

SFB 871 — Regeneration komplexer Investitionsgiiter
Systemdemonstrator

Hannover, 2. Dezember 2020

Sprecher Stellvertretender Sprecher
Prof. Dr.-Ing. Jérg Seume Prof. Dr.-Ing. Berend Denkena
Geschiftsfiihrer ¥ i

Dipl.-Ing. Philipp Gilge

Nicolas Niibel M. Sc.

ﬁ»mmwm
grooin i
ST 7 T
MIC 2020

Keynote SFB 871

Einleitung
Zustandserfassung
Bewertung
Bearbeitung
Qualitatssicherung

Schlussfolgerung

SFB 871
Systemdemonstrator

N. Niibel
02.12.2020
Folie 2/27

© Leibniz Universiy Hamnover 2020

Komplexe Investitionsgiiter

MB Bla

2> Wenige, unflexible und zum Teil handische Reparaturverfahren
> Erfahrungsbasierte Einzelfallentscheidungen
> Geringe Nutzung wissenschaftlicher Erkenntnisse aus der Neuentwicklung

MTU, TFD
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e Aktuelle Regeneration

MIC 2020
Keynote SFB 871

Einleitung
Zustandserfassung
Bewertung
Bearbeitung
Qualitatssicherung

Schlussfolgerung

SFB 871
Systemdemonstrator

N. Niibel
02.12.2020
Folie 3/27

© Leibriz University Hannover 2020

Aktuelle Regeneration

MIC 2020
Keynote SFB 871

Einleitung L3 O S S S S

Zustandserfassung

Bewertung
Bearbeitung

Qualitatssicherung

Schlussfolgerung

2 Keine Kenntnis des produktionstechnischen Aufwands
> Keine Kenntnis des funktionalen Nutzens

University Hannover 2020

Kosten Durchlaufzeit Lebensdauer Performance
SFB 871 I Stand der Technik
Systemdemonstrator
N. Nubel
02.12.2020
Folie 4/27

Ineffiziente

q Verbesserungen
RegenerationsmaRnahmen g
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N g Zukiinftige Regenerationen

MiC 2020
Keynote SFB 871

Einleitung
Zustandserfassung - 3 -

Bewertung

-
|
W
=)
=
x
>

Bearbeitung
Qualitatssicherung

Schlussfolgerung

SFB 871
Systemdemonstrator m
- | —

N. Niibel
02.12.2020
Folie 5/27

Simulative Bewertung des produktionstechnischen Aufwands und funktionalen Nutzens
}Wissensbasierte Entscheidungen }Efﬁzientere Regenerationen

© Leibniz University Hamover 2020

e Einteilung der Reg ationsprc tte
oo s o

MIC 2020
Keynote SFB 871

Shions [ Zustandserfassung | [ Bearbeiting | qualitatssicherung |

Zustandserfassung
Bewertun

¢ Virualler Werkstick-Zwiling
Bearbeitung
Qualitatssicherung Reale Ebene )
Schlussfolgerung

SFB 871
Systemdemonstrator

N. Nibel

02.12.2020
Folie 6/27 . n - . . . L
> Virtueller Werkstiick-Zwilling als Schnittstelle zwischen realer und virtueller Ebene erméglicht:

Automatisierte Prozesskette

© Leibniz University Hamnover 2020
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ﬁ s gt | ZUStandserfassung
Abgasstrahlanalyse am Fliigel

MIC 2020
Keynote SFB 871 |

Support Vector Machine

Temperatur-
profil

Einleitung

Zustandserfassung

Bewertung

Bearbeitung

Qualitatssicherung

Schlussfolgerung

Brenner 3: P = 0%

SFB 871

Systemdemonstrator PP
Schadensklassifizierun:

N. Niibel
02.12.2020
Folie 7/27

> Abgasstrahlanalyse des Triebwerks am Fliigel mittels Background Oriented Schlieren-Analyse
2 Erkennung von Schaden im Heilgaspfad (Brennkammer, Turbine) anhand der Abgasstrahlanalyse

© Leibniz University Hannover 2020

hvmh_,w,m Zustandserfassung
. Geometrieerfassung im teilzerlegten Triebwerk

MIC 2020
Keynote SFB 871

Einleitung
Zustandserfassung
Bewertung
Bearbeitung
Qualitatssicherung

Schlussfolgerung

SFB 871
Systemdemonstrator

N. Niibel
02.12.2020
Folie 8/27

> Schnelle Priifung in beengten oder schwer zuganglichen Bauraumen
> Zusammensetzung von Einzelmessung zu einem 3D-Modell zur Bewertung des Zustandes

© Leibniz Unversity Hamover 2020
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MiC 2020
Keynote SFB 871

Einleitung
Zustandserfassung
Bewertung
Bearbeitung
Qualitatssicherung

Schlussfolgerung

SFB 871
Systemdemonstrator

N. Niibel
02.12.2020
Folie 9/27

4
© Leibniz University Hamover 2020

Zustandserfassung
Bauteilschonende und sensorische Demontage

> Reduzierung der maximalen Demontagekraft durch MikrostoRe
> Erfassung der zum Austreiben notwendigen Kraft und Frequenz

Produkt - Aegeneration

MIC 2020
Keynote SFB 871

Einleitung
Zustandserfassung
Bewertung
Bearbeitung
Qualitatssicherung

Schlussfolgerung

SFB 871
Systemdemonstrator

N. Niibel
02.12.2020
Folie 10/27

Leibniz University Hannover 2020

Zustandserfassung
Intelligenter Werkstiicktrager

> Einsetzen der Schaufel in einen intelligenten Werkstticktrager
> Einmessfreies Werkstlickhandling durch Nullpunktspannsysteme in allen Prozesszellen
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ﬁ Produkt-Regeneraticn

MIC 2020
Keynote SFB 871

Einleitung
Zustandserfassung
Bewertung
Bearbeitung
Qualitatssicherung

Schlussfolgerung

SFB 871
Systemdemonstrator

N. Niibel
02.12.2020
Folie 11/27

© Leibniz University Hannover 2020

Zustandserfassung
Handhabung des Werkstiicktragers

> Mobiles Handhabungssystem zur flexiblen Verkettung der Zellen
> Einfache Integration weiterer Prozesszellen in die Prozesskette

fy Produkt- Aiegeneration

MIC 2020
Keynote SFB 871

Einleitung
Zustandserfassung
Bewertung
Bearbeitung
Qualitatssicherung

Schlussfolgerung

SFB 871
Systemdemonstrator

N. Niibel
02.12.2020
Folie 12/27

© Leibniz Unversity Hamover 2020

Zustandserfassung
Zerstorungsfreie Priifung des Bauteilzustandes

> Klassifizierung von lokalen Defekten sowie Materialcharakterisierung im Bauteil-Mehrschichtsystem
> Detektion von Rissen durch Hochfrequenzinduktionsthermografie
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Zustandserfassung
Multiskalige Geometrieerfassung der relevanten Schaufeloberflache

MiC 2020
Keynote SFB 871

Einleitung
Zustandserfassung
Bewertung
Bearbeitung
Qualitatssicherung

Schlussfolgerung

SFB 871
Systemdemonstrator

N. Niibel
02.12.2020
Folie 13/27

2 Ausrichtung der Messwerte im prozessiibergreifenden Koordinatensystem
> Zusammenfiihren der Einzelmessungen uber stochastisches Muster und Werkstiicktrager

© Leibniz University Hamover 2020

Bewertung
Parametrisierung der Schaufel

MIC 2020
Keynote SFB 871

Zustandserfassung 1 Radialspalt mm 0,48
Bewertung 2 Vorderkantenradius mm 1,61
: 3 Staffelungswinkel ° 40,45

Bearbeitung

4 Skelettlinienlange mm 84,71
Qualitatssicherung "

5 Sehnenlénge mm 53,81
Schlussfolgerung

17 Hinterkanten-Metallwinkel ° 65,98
SFB 871
Systemdemonstrator
N. Nibel
02.12.2020
Folie 14/27

> Bestimmen von jeweils 17 Parametern in 20 Schnittebenen

"
2

> Durchfiihrung der notwendigen Simulationen anhand von Parametern in einem vorgelagerten Prozess

(00’4

© Leibniz Universiy Hannover 2020
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MIC 2020
Keynote SFB 871

Einleitung
Zustandserfassung
Bewertung
Bearbeitung
Qualitatssicherung

Schlussfolgerung

SFB 871
Systemdemonstrator

N. Niibel
02.12.2020
Folie 15/27

I

(064

© Leibriz University Hannover 2020

Bewertung
Beriicksichtigung von Wechselwirkungen auf das Gesamtsystem

Betriebsbeansprucht
Schub EGT
Zeit Zeit Sat Rese  SoiMa Lands:

> Beriicksichtigung von Geometrieverénderungen und lokalen Rauheiten auf der Schaufel
2 Bestimmung der Performancekennzahl: Exhaust Gas Temperature (EGT)

MIC 2020
Keynote SFB 871

Einleitung
Zustandserfassung
Bewertung
Bearbeitung
Qualitatssicherung

Schlussfolgerung

SFB 871
Systemdemonstrator

N. Niibel
02.12.2020
Folie 16/27

2
(00’4

© Leibniz Uriversity Hannover 2020

Bewertung
Bestimmung der Restlebensdauer

Spannungsamglitude
]

Schwingzykien

2> Geanderte Geometrie (Radialspalt) } Berechnung der Schwingspannung
> Hier: Verkiirzung der Lebensdauer der Schaufel durch die hdheren Spannungen
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MIC 2020

Keynote SFB 871

Einleitung
Zustandserfassung
Bewertung
Bearbeitung
Qualitatssicherung

Schlussfolgerung

SFB 871
Systemdemonstrator

N. Niibel
02.12.2020
Folie 17/27

Iy

100’4
© Leibniz University Hamover 2020

Bewertung
Bestimmung des kritischen Risswachstums

2 Thermomechanisch gekoppelter dynamischer Rissfortschritt
> Berechnung der durch den Rissfortschritt reduzierten Lebensdauer

Casasinnca Lt i o

MIC 2020
Keynote SFB 871

Einleitung
Zustandserfassung
Bewertung
Bearbeitung
Qualitatssicherung

Schlussfolgerung

SFB 871
Systemdemonstrator

N. Niibel

02.12.2020
Folie 18/27

© Leibniz Universiy Hamnover 2020

Bewertung
Beriicksichtigung der Kundenwiinsche

Max. Durchlaufz

Perform
EE

Regeneration

35K  20.000 Flugzyklen 1 Tage
B 30K 15.000 Flugzyklen 2 Tage
(63 25K 12.000 Flugzyklen 3 Tage

2 Kundenindividuelle Gewichtung der ZielgroRen
> Bessere Planbarkeit der Auslastung der Prozesskette durch Giitestufen
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Keynote SFB 871

Einleitung
Zustandserfassung
Bewertung
Bearbeitung
Qualitatssicherung

Schlussfolgerung

SFB 871
Systemdemonstrator

N. Niibel
02.12.2020
Folie 19/27

I

(064

© Leibriz University Hannover 2020

Bewertung

Prognose des Regenerationsergebnisses

—simulationen

Prozesswissen und

Qualitatsregelkreis
Prozesskette

Performance
EGT Margin
1 0K

A W N

32K
30K
18K

m

0 Flugzyklen
20.000 Flugzyklen
16.000 Flugzyklen
14.000 Flugzyklen

0

5.000 €
2.100 €
300 €

2 Abgleich von Prozess- und Funktionssimulationen mit Erfahrungswerten vergangener Regenerationen
2 Prognose der pfadabhéngigen Regenerationsergebnisse, Kosten und Prozesszeiten

Keynote SFB 871

Einleitung
Zustandserfassung
Bewertung
Bearbeitung
Qualitatssicherung

Schlussfolgerung

SFB 871
Systemdemonstrator

N. Niibel
02.12.2020
Folie 20/27

© Leibniz Uriversity Hannover 2020
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Bewertung

Auswahl des Regenerationspfades

N

" TRalw W]

walvefil !

w[w [0 [w]w

Gl

> Berticksichtigung der Kundenwiinsche und technischen Randbedingungen

> Optimierung der Bearbeitungsreihenfolge in der Prozesskette

48




Keynote Speeches

MiC 2020
Keynote SFB 871

Einleitung
Zustandserfassung
Bewertung
Bearbeitung
Qualitatssicherung

Schlussfolgerung

SFB 871
Systemdemonstrator

N. Niibel
02.12.2020
Folie 21/27

I
4
© Leibniz University Hamover 2020

Bearbeitung
Additiver Aufbau der Schaufelspitze

> Einkristalliner Materialauftrag durch Temperaturgradienten beim Laserstrahlschweif3en
> AufmaR fiir nachfolgende spanende Rekonturierung

MIC 2020
Keynote SFB 871

Einleitung
Zustandserfassung
Bewertung
Bearbeitung
Qualitatssicherung

Schlussfolgerung

SFB 871
Systemdemonstrator

N. Niibel
02.12.2020
Folie 22/27

Lolbriz University Hannover 2020

Bearbeitung
Simulationsgestiitzte Planung der Rekonturierung

> Extrapolation der Schaufelform in den beschadigten Bereich
> Simulative Identifikation der optimalen Werkzeugwege und Prozessparameter
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&
Y@ Produkt - Regeneraticn

MIC 2020
Keynote SFB 871

Einleitung
Zustandserfassung
Bewertung
Bearbeitung
Qualitatssicherung

Schlussfolgerung

SFB 871
Systemdemonstrator

N. Niibel
02.12.2020
Folie 23/27

© Leibniz University Hannover 2020

Bearbeitung
Geschickte Rekonturierung

= /"

> Erfassung der Abdréangung durch ortsaufgeldste Steifigkeitsmodelle und Prozesskraftmessung
> Reaktive Kompensation mittels Magnetfiihrung verringert die Formabweichung

ﬁ?; Produkt-Aegeneration

MIC 2020
Keynote SFB 871

Einleitung
Zustandserfassung
Bewertung
Bearbeitung
Qualitatssicherung

Schlussfolgerung

SFB 871
Systemdemonstrator

N. Nibel
02.12.2020
Folie 24/27

© Loibniz Universty Hannover 2020

Bearbeitung
Endkonturnahe Turbinenschaufelregeneration

> Kombiniertes Loten/Alitieren zur Verkiirzung der Beschichtungsprozesskette
> Applikation von Lot/MCrAlY/Al durch thermisches Spritzen mit anschlieBender Warmebehandlung
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MiC 2020
Keynote SFB 871

Einleitung
Zustandserfassung
Bewertung
Bearbeitung
Qualitatssicherung

Schlussfolgerung

SFB 871
Systemdemonstrator

N. Niibel
02.12.2020
Folie 25/27

Qualitdtssicherung
Vergleich der regenerierten Schaufel mit den Kundenanforderungen

‘:’ Reale Ebene

‘ 4 | Virtuelle Ebene

Bewertung
Lebensdauer

4
Anforderung Gutteil

Kunden

Rissprifung  Geometrie-
erfassung

Bewertung
Performance

”Pwﬂmwm
grooin i
ST 7 T
MIC 2020

Keynote SFB 871

Einleitung
Zustandserfassung
Bewertung
Bearbeitung
Qualitatssicherung

Schlussfolgerung

SFB 871
Systemdemonstrator

N. Niibel
02.12.2020
Folie 26/27

© Leibniz Universiy Hamnover 2020

Schlussfolgerungen

100%

Kosten Durchlaufzeit Lebensdauer Performance

W Stand der Technik MSFB 871 Prozesskette

> Verbesserung sowohl der einzelnen Regenerationsschritte als auch Optimierung der Prozesskette
> Grundlegendes Verstandnis erméglicht wissensbasierte Entscheidungen bei der MRO

o1
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Sprecher: Stellvertretender Sprecher: Geschéftsfiihrer:

Prof. Dr.-Ing. Jorg Seume Prof. Dr.-Ing. Berend Denkena Dipl.-Ing. Philipp Gilge

Seume@tfd.uni-hannover.de Denkena@ifw.uni-hannover.de Gilge@tfd.uni-hannover.de
N

Nicolas Niibel M. Sc.

Nuebel@ifw.uni-hannover.de
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Session 1 - New Technologies in
Machining






Influence of the crystallographic orien-
tation of a directionally solidified nickel
based superalloy on macroscopic grind-
ing forces

Adina Grimmert,
Research Assistant,

MTU Aero Engines AG



Session 1 - New Technologies in Machining

Cetisedart duscty

t(\M/.'A-—H..m.‘ ® ﬁmﬁ?un

aubgrund enes Deschiumes
des Deutschen Bundestages

Influence of the crystallographic orientation of a directionally solidified
nickel-based superalloy on macroscopic grinding forces

for P; Industry — 1

20th

Adina Grimmert, Dr. Lisa Dankl, Prof. Dr.-Ing. Petra Wiederkehr*

*Virtual Machining, TU Dortmund University

Proprietary Notice

This document contains proprietary information of the MTU Aero Engines AG group companies. The document and its
contents shall not be copied or disclosed to any third party or used for any purpose other than that for which it is provided,
without the prior written agreement of MTU Aero Engines AG.

i, Adina | orentation of

1210212020 20 Machining Innovations Conference
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Outline

« MTU Aero Engines AG

* Motivation

« Objective and Approach
« Test-planning and set-up

« Comparison of forces regarding the
orientation

« EBSD Analysis

« Conclusions

1200222020 20t Machin
©MTU Aero Engines AG. The information

ence for Asrospace Indusiry | Grimmert, Adina | I
u

Partners and oustoﬁers app
MTU’s excellence

©NTU Agro Engines AG. The informaton
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MTU Aero Engines AG in numbers

About MTU Aero Engines AG

Design, development, production and support of aircraft engines in all thrust categories
Commercial business: 30% of aircraft have MTU technology on board

Military business: full system capability, for more than 80 years

Commercial MRO: worldwide leader in customized engine service solutions

MRO portfolio: 1,000 shop visits per year for more than 30 different engine types

People: More than 10,000 engine experts at 16 locations

Technology: 150 technology projects, 400 patents and 200 invention disclosure reports per year
Fiscal year 2019: Revenue € 4.63 billion, EBIT adj. € 0.76 billion

~ twelvefold* increase in share value since 2005

* Basis: 30 December 2019

1210212020 20 Machining Innovations Conference for Aerospace Indusry | Grimmert, Adina | Influence o orentation of

5
tothe

MTU focuses on five core engine competencies - three core components and on unique
manufacturing and maintenance processes

High-pressure

Manufacturing compressor (HPC)

=

Low-pressure
turbine (LPT)

Maintenance

Turbine center
frame (TCF)

1210212020 201 Machining Innovations Conference for

6
wothe

i, Adina | Inflence of orentation of
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Motivation — Profile grinding processes

Raw blade root Profile grinding Finished blade root

pressure
turbine blades

»> Removing several millimeters of
stock material by grinding

» High depth of cut values result
in high process forces

» Evaluation of macroscopic
process forces to pre-design the
process and avoid overloading

Process parameters Process Forces

Depth of cut a,, cutting
velocity v,, feed: v,,
Fe = f(ae, vs, vw
l Material properties =
Assuming isotropic material

1200222020 20th Machining Innovations Conference for Asrospace Indusiry | Grimmert, Adina|Infiuence of a forces

Foceap

Grinding force model

- wheel
Fy = f(@e 05,0

=" .
¥,  workpicoe

©MTU Aero Engines AG is proprietary

Motivation — Directionally solidified alloys in aerospace industry

<001>
N Casting related tolerance:
\/ Aoy = 15°
random
Conventional Directionally Solidified Single-Crystal
(DS)
[
» Blades are directionally solidified by investment casting process Iij
> Mechanical properties differ with direction of solidification 1: Fir tree profile
- . . . - . . 2: Front face area
» Grinding of different profiles results in various grinding directions 3: Shoulder
with respect to the solidification direction 4: Root end
» Literature shows an effect of crystallographic orientation for micro-
cutting processes
1200z 200 Wacining nnovatons Confrence forAsrospace ndusty | Grimmen, Adna | Infurc of forces s

©MTU Aero Engines AG is proprietary
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Objective and Approach

Objective:
Do the anisotropic mechanical properties of the material have an influence on the macroscopic grinding forces?
Does the crystallographic orientation of the material have to be implemented in the grinding force model?

Approach:

» Preparing grinding samples of MAR 247 with various grinding directions with respect to the solidification direction
* Grinding forces measurements

« Analyzing the grinding forces with respect to the orientation

« Evaluating the scattering of the crystallographic orientation with Electron BackScatter Diffraction (EBSD)

1210212020 20h Machining Innovations Conference for i, Adina | Influence of orentation of 9
tothe

Test-planning and set-up — Preparation of grinding samples

> Generating grinding samples out of a
directionally solidified MAR247 block

» Grinding samples were extracted from a
block by wirecutting

> Resulting in four different grinding
directions with respect to
crystallographic orientation

Grinding direction:

Grinding in xz-plane

1210212020 201 Machining Innovations Conference for i, Adina | Inflence of orentation of 0
wothe
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Test-planning and set-up — Experimental test set-up

sample of each orientation (A, B, C, D)
» Parameter set 7 is the initializing

> Each parameter set was used for one Charge Amplifier H DAQ Unit I—-I Measurement PC I

parameter set to generate a similar initial Corundum
surface grinding wheel
Parameter a, Vi Ve Grinding
set [mm] [mm/min] [m/s] direction
1 04 400 30 down
2 04 100 20 up
3 1 400 10 up
4 0.05 1000 10 up
5 1 400 20 down
6 0.05 100 20 down
™ 0.05 200 20 down
12wz 200 MachningInovatons Confrencefor Arospace sty | Grmmen, Adina | e of o orcss "
OMTU Aero Engines AG s ropretry

Comparison of forces regarding the orientation (1)

QAT T | 0.38 —| Post-processing of signals
N Z 03 035
Al o= 0.4mm £02 034 > Filtering the signals according to
Sl v, = 100 mm/min | T 0.1 i \~ 0.33] dynamometer’s eigenfrequencies:
2l v, =20 m/s ~ 0 ; — 0.32 . f =860 Hz
5l up-grinding e 25 30 35 40 45 L8 365 37| cutof fin
& Process time [s] * Sfeutorse =245 Hz
[orientation; —A —B —C —D| » Compensation of coolant forces
» Calculating centered moving
z 1 = T 1.05 average for visualizing offsets:
20 5075 /f 5 : gt
2= 1mm i 05 I N lpose || | r =g 2 B moNisN
Il v, = 400 mm/min | & 0.25 i i — 69 Som=t it kSN
IS v, = 10 m/s = Q0 X | | . .
c K w 0 » Normalizing forces with respect to
[l up-grinding 12 14 16 18 20 | 162 164 166 | highest measured force F
S Process time [s] max
Orientation: —A [—B —C| —D|
12022020 20 sciing inovstons Crference for Asrospae nduty | Grimmen, Adna | nfuence of o focns "
©MTU AeroEngines AG i proprtry
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Comparison of forces regarding the orientation (2)

Mean value
80
10 wA F =8 ——
B o Go C = 1t T
@ 08 * . Zz |
2 =C $540 w0 2078 ‘B
Sl ;06 .o F.€ ~ 05 S e L -
ol ¢ g z
s [T EZ20 W 025
O e
i 2%, =~ 0
3 02 I Q u, 12 14 16 18 20
00 (L] 1] - 20 Process time [s]
1. 2 3 4 5 8 = =
! 2Par§mele‘rse!5 N Parameter set IOrleﬂlauon A 8 c L2 ]
030 | ga
= 40
Pl 025 8& X
N = . g;‘ » Comparing mean value of forces of full cut
Sl 2020  uc €3 2 -
Il £045  wp ®C » Percentage of the deviation calculated to
= - 0.10 gé 5 the corresponding value of orientation A
o s E
o i
= 0.05 l"l "I I"l 24 No trend visible which orientation
= 0.00 ... -20 led to highest or lowest forces
1 2 3 4 5 § 1.2 3 4 5 8
Parameter set Parameter set
1202200 20 Machining Inovatons Confrence fo Aerspace ndusty | Grmmert, Adna | e of rertaton of s

tothe

EBSD Analysis — Scattering of the crystallographic orientation

Preparation of EBSD sample Area mapping of crystallographic orientation with EBSD

=35 g
= y,
o W\ /
= & / N
-8- \Q\ y /
/ 1
i /
/ \
S/ |
Direction of 3 )|
Yas 45* solidification ‘,'/ |
4
s /
[001] [011]
Tomm Mean Orientation
=tz oo jof]
_ » Mean orientation as expected close to [011] corresponding to a 45° deviation to zggy
Csem = {Xsem, Vsem Zsem} ) o i ) )
Chioer = (%,7,2} > Red data points show significant scattering and numerous grains oriented close to [111]
Tauz020 200 Machining Inovatons Gonfrence for Aerospace ndusty | Grimmert Adina | e of arentaton of P
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Conclusions

» Analysis of forces showed no correlation of the crystallographic orientation and the grinding direction

» Possible reasons for the findings:
« EBSD analysis showed significant scattering of the direction of solidification of the columnar grains in the material
« Scattered orientations paired with multiple grains of the wheel being in engagement at the same time

» For future studies a similar analysis for a single-crystal material would be of interest

» Direction of solidification will not be implemented to the macroscopic force model for directionally solidified materials

1200222020 20th Machining Innovations Conference for Asrospace Indusiry | Grimmert, Adina|Infiuence of ofa forces 15
©MTU Aero Engines AG is proprietary
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Motivation and Objectives

Workpiece Material: Inconel 718 (NiCr19Fe19Nb5Mo3)

= Typical fields of application:
= Turbine disks in aircraft engines
= Turbo chargers

= Industrial turbines

= Characteristics:
= Oxidation resistant up to T = 1000 °C
= High temperature strength up to T =650 °C
= High work hardening tendency

= Low thermal conductivity

Motivation and Objectives

Consequences for the Drilling of Inconel 718

= Critical heat dissipation from the point of action
= High thermal loads in the drilling tool
= Abrasive and adhesive wear on the cutting edge

= Limited productivity

— Impact on workpiece quality
and surface integrity
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Outline

= Motivation and Objectives

= Preinvestigations

= |Implementation of the New Design
= Experimental Validation

= Conclusions and Outlook

Preinvestigations QJ ISF

Flank Face Modification (Generation 1) — Development

Basis: Investigation of Simulation of Grinding process
Unmodified standard tool mechanical loads tool material stresses on real tools

l feed f

Draft: Investigation of Simulation of Cutting Flank Face Modification
Flank Face Modification thermal loads Fluid flow on a real tool
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Preinvestigations Q‘ ISF

Flank Face Modification (Generation 1) — Manufacturing

1A1 D46 Diamond Grinding Wheel

Standard Tool

Preinvestigations Q‘ ISF

Flank Face Modification (Generation 1) — Impact on Tool Life

Tool Type: varied Cutting Speed.: varied Cutting Fluid: ~ Emulsion (10 %)
Workpiece Mat.: Inconel 718 Feed: varied Fluid Pressure pg,4 = 55 bar

Standard tool . l' I Flank Face Mod. Gen. 1 m

+83 %

+98 %

+193 %

+303%

Tool life L¢
ocaNMwas o3 o

Vv, = 35 m/min V. =35 m/min V. =40 m/min Vv, =45 m/min
f=0.14mm f=0.18 mm f=0.16 mm f=0.14mm

Q, = 17,15 cm¥min Q,, =22 cm¥min
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% ISF

Flank Face Modification (Generation 1) — Impact on Surface Integrity

Tool Type: varied Cutting Speed.: v, =35 m/min Cutting Fluid:  Emulsion (10 %)
Workpiece Mat.: Inconel 718 Feed: f=0.14 mm Fluid Pressure py,q = 55 bar

Standard tool . I' /‘ Flank Face Mod. Gen. 1 I .' - i

\é@- X .E}/--/

{1 B e -
Drilling path L; = 0,03 m - s < e ] 50 ym

& ISF

Flank Face Modification (Generation 1) — Impact on Drilling Torque

Tool Type: varied Cutting Speed.: v, =35 m/min Cutting Fluid:  Emulsion (10 %)
Workpiece Mat.: Inconel 718 Feed: f=0.14 mm Fluid Pressure p;,q = 55 bar
Cutting edge width: ® 130 pm ® 150 pm 180 ym ® 200 ym
18
Eﬂl Nm
]
g
g
- = 1
oL

0.04 0.08 0.13 0.17 m 0.25
Drilling path L,
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Preinvestigations

& ISF

Conclusions from Previous Investigations

= Effects of a Flank Face Modification:

= Increase in tool lives

= Decrease of subsurface influences

= Distinctive benefits at high cutting speeds
= End of tool lives often reached by cutting edge chipping
= Indications of high thermal stress at the cutting edges

— Obijective:
Further development of the Flank Face Modification

Basic Flank
Face Retraction

Channel from the
Cutting Fluid Outlet

Drainage towards the
Secondary Cutting Edge

Outline

= Motivation and Objectives

= Preinvestigations

= Implementation of the New Design
= Experimental Validation

= Conclusions and Outlook
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% ISF

Implementation of the Flank Face Modification — Generation 2
Creating further flow channels by grinding
Directing the cutting fluid
Towards the cutting edge
Closer the point of action

Standard Tool | ‘ Flank Face Modification Gen. 1 | ‘ Flank Face Modification Gen. 2

Implementation of the Flank Face Modification — Generation 2
Creating further flow channels by grinding
Directing the cutting fluid
towards the cutting edge
closer to the point of action

Channel towards Cutting Fluid Outlet | Cutting Fluid Drainage | ‘ Flank Face Modification Gen. 2

£ NS
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Implementation of the New Design

& ISF

Computational Fluid Dynamics Simulation

Simulation Software: ~ ANSYS CFD Fluid Pressure:  p =55 bar Fluid Flow Velocity
Rotational Speed.: w=83.36rad/s Mass Flow: m=06kgs’ |0 25 50 m/s 100
| Standard Tool | | Flank Face Modification Gen. 1 | | Flank Face Modification Gen. 2 |

Outline

= Motivation and Objectives

= Preinvestigations

= |mplementation of the New Design
= Experimental Validation

= Conclusions and Outlook
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O ISF

Experimental Validation

Tool Lifes Comparison

v, = 45 m/min

Cutting Fluid:  Emulsion (10 %)

varied Cutting Speed.:

Tool Type:
Inconel 718 Feed:

f=0.14 mm

Fluid Pressure py,q = 55 bar

Workpiece Mat.:
Standard Tool . : : I Mod.Gen.1 | & & Mod. Gen. 2 m

350

-
>
50 [°.- Tool Life Criteria: ---- VB, =300 um
0 i % Cutting Edge Chipping
0 1 2 3 4 m 6
Bohrweg L¢
17
Experimental Validation Q‘ ISF
Reduction of Cutting Fluid Residues
Tool Type: varied Cutting Speed.: v,=45m/min Cutting Fluid:  Emulsion (10 %)
Workpiece Mat.: Inconel 718 Feed: f=0.14 mm Fluid Pressure p;,q = 55 bar
Mod. Gen. 1 Mod. Gen. 2 m
E
g
£

75



Machining Innovations Conference 2020

Experimental Validation

& ISF

Decrease of Workpiece Material Adhesion

Tool Type: varied Cutting Speed.:
Workpiece Mat.: Inconel 718 Feed:

V. =45 m/min Cutting Fluid:  Emulsion (10 %)
f=0.14 mm Fluid Pressure pg,4 = 55 bar

L,=21m

Outline

= Motivation and Objectives

= Preinvestigations

= Implementation of the New Design
= Experimental Validation

= Conclusions and Outlook
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Conclusions and Outlook

Flank Face Modification Gen. 2

Summary
= Further increase of tool life
= Significant reduction of
= Cutting fluid residues
= Workpiece material adhesions
= Prediction of higher cutting fluid flow

Future work

= Investigation of temperature reduction

= Experimental validation of cutting fluid flow improvements

= Implementation of alternative designs by solid carbide milling
= Variation of workpiece materials

21
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1. Motivation ‘@

¥
4'}‘”"'\”\‘\‘{‘&‘\[““’\"‘ ";;‘.l

Y]

L, um
hbhovseon

‘JA\;‘ VATRVATD
‘J VUV YV

\/ ‘,\‘ TAY! \". U

» Milling of blisk components in the field test

» Roughness profiles of the blisk blades: chatter marks as a result
of component and tool vibrations - faster tool wear and
unsuitable surfaces.

» Results from the previous investigations:
» Peripheral milling of Inconel 718 with ball end mills
» With a suitable coating (TiXCo4) including pre- and
post-treatment up to 40% increase in tool life
compared to the reference coating

MIC 2020 — GFE Schmalkalden e.V. — Dr. Heiko Frank — December 2nd 2020 3

Agenda '@

1. Motivation
2. Experimental work
— Work piece material, cutting tools, cutting parameters
— carbide and cutting edge
3. Development of suitable tool coatings
4. Cutting tests: trochoide rough milling and pre-finish milling
— Determination of optimal coatings
— Correlation between coating analysis, wear tests and machining
— Cooling lubricant conditions

5. final tool comparison

6. Summary and conclusions

MIC 2020 — GFE Schmalkalden e.V. — Dr. Heiko Frank — December 2nd 2020 4
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2. Experimental work ‘@

Goals:

» Improvement of the coating adhesion

> Improvement of the mechanical stability of the Hicl’lfnr;"ide rough - Pre-finishing
layers

» Improvement of the impact strength and vibration
resistance of the layers

Work piece material:

» Optimization of the cooling lubricant conditions

« Inconel 718 in aerospace quality 200 mm x 200 mm x 36 mm

[ D [_:> Frocasz umusbon L> ‘ Coalg strategy Lj‘/ Fre L:} <
| \
{ e | Q] zmmns | ] cumenmr | @] iz | g comsmn
(=
MIC 2020 — GFE Schmalkalden e.V. — Dr. Heiko Frank — December 2nd 2020 5

2. Experimental work: work piece, cutting tools, cutting parameters‘@

Cutting tools (for rough milling and pre-finishing): Used coolant and lubricant:
+ Torus cutters with a central internal cooling (& 1,5 mm) + Blaser Swisslube B-Cool 9665
. Diameter: 10mm * Blaser Swisslube Vasco 7000
« Number of cutting edges: z=5
« Corner radius: 1mm
« Cutting length: 22mm
« Overall length: 72mm
Trochoide rough milling Pre-finishing ‘ E
]
Tooth feed f 021 mm 0.075 mm ]

Engagement width a 0.1 mm 0.3 mm
Depth of engagement a 12 mm (2x offset in depth) 22 mm Machining center:

N DMU 125 P duoBlock
Cutting arc angle 15° -

MIC 2020 — GFE Schmalkalden e.V. — Dr. Heiko Frank — December 2nd 2020 6

Cutting speed v, 90 m/min 150 m/min
e
b
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2. Experimental work: carbide and cutting edge

©

EMT210 | EMT2I0 | $MT230| IMTA32 | EMTALI | EMPOLZ | EMTIIZ | EMTI2 | eMTI2

wm | 20um Bam | w0 | dum 105m

cuu- 304 gt cursing edge e

» Used carbides (EXTRAMET)
» EMT 210
» EMT 212
» EMT 612

» Cutting edge rounding by drag grinding with DF-3
Tools system from OTEC Prazisionsfinish GmbH

» Used granules:
» HSC1/300
» H4/400

» Target for cutting edge radii:
» 4 um; 8 ym and 10 ym

MIC 2020 — GFE Schmalkalden e.V. — Dr. Heiko Frank — December 2nd 2020

2. Experimental work: carbide and cutting edge

©

- Trochoide rough miling
Es
Ew
an
0
;’?3
= | |
T
w0
i [
°
Aum o den | em | 4 men
o e T
Cutting wddpe radius and carbide
Pre-finish mifing
s
£
E s
3° —t
L= | Y
4
N
| %
E:
g- I
E f
aum | sun 0um 1Sum Awe  dum | Aum | un 0un
o210 TR T
Cutting edge radhss an carbide

» Trochoide rough milling of Inconel 718:

» Tools from EMT 210 with a cutting edge radius of
about 8 pm > highest tool life

» Pre-finish milling of Inconel 718:

» Tools from EMT 210 with a cutting edge radius of
about 8 pm > highest tool life

> Differences between EMT 210 and EMT 212 are not
so high than with rough milling.

MIC 2020 — GFE Schmalkalden e.V. — Dr. Heiko Frank — December 2nd 2020
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Agenda -@

1. Motivation

N

Experimental work
— Work piece material, cutting tools, cutting parameters
— carbide and cutting edge

3. Development of suitable tool coatings

4. Cutting tests: trochoide rough milling and pre-finish milling
— Determination of optimal coatings
— Correlation between coating analysis, wear tests and machining
— Cooling lubricant conditions

5. final tool comparison

6. Summary and conclusions

MIC 2020 — GFE Schmalkalden e.V. — Dr. Heiko Frank — December 2nd 2020 9

3. Development of suitable tool coatings

AICrTiN4 AICrTiN4-Tribo TiXCo4 BorAC

« Improvement of ductility by nano-structured and nano-layered coatings

« Improvement of the thermal resistance and wear resistance by oxygen or silicon-containing coatings
* Reduction of friction by smooth coatings (post-treatment) or C-based top layer

* Reduction of internal stresses by boron-containing layers

« Variation of the coating architecture, structure, composition and thickness

MIC 2020 — GFE Schmalkalden e.V. — Dr. Heiko Frank — December 2nd 2020 10
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3. Development of suitable tool coatings

Coating Analytic methods:

. ) - Example: Calotte grinding
Coating structure and thickness (calotte grinding) tests with KaloMax NT

* Hardness and modulus of elasticity (PICODENTOR HM
500, Helmut Fischer GmbH)

« Coating adhesive strength (scratch test built, GFE)

Calotte wear rate of the coatings
« Coefficients of friction against 100Cr6 (MCR 302 rheometer,
Anton Paar) Grdngomes  Gmimin
o |peidumene 330
Grind b um
* Residual stress (XRD measurements) e nsan
Tempeesturs:  213°C-228C

-

retritve hamidty 21% - 26%

Load-relevant rapid tests:

« Calotte grinding tests (KaloMax NT)

«
« Micro impact tests (Micro Materials Limited, UK) $ I I I l I
- - - o
P P

Cabotte waar rate (10 " m¥Nm)
o

« Vibrational friction wear tests (SRV, Optimol Instruments)

MIC 2020 — GFE Schmalkalden e.V. — Dr. Heiko Frank — December 2nd 2020 1"

3. Development of suitable tool coatings

s_m“""“"‘“"""" m:ﬂ“h‘ venS Nepact foroes Example: Micro impact test for determination of crack
-r.~4. lde th and wear resistance
—E.s.ooo » Accelerating a small diamond impact
£ e ball against a coated substrate
§34ooo » Measuring of impact depth
§2000
£ 000 Wb s
0 IJ Accelerating load Variows from 1Nto 2 N
T Accalaration itance 40 pn
é" } 91. & (\‘x ‘* é‘ @’o R | ] : Test duration 3 minutes
q.é é‘ - Number of impact event per test | 75
gp e DS Number of test repeats s
Wi _ Frobe geometry 20 ym {diamond)
Measured parameter Probe depth in to sample

« Reference coating, AICrTiN4: high cracking resistance (low impact 1 depth)
« AICrN-OXI-2A, TiXCo4, AICrTiN4: high crack propagation resistance (low final impact depth)

= Micro-impact tests are a suitable method for predicting the behavior of coatings and coated tools (fast coating screening)

MIC 2020 — GFE Schmalkalden e.V. — Dr. Heiko Frank — December 2nd 2020 12
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Agenda

©

. Motivation

. Experimental work
Work piece material, cutting tools, cutting par:
carbide and cutting edge

. Development of suitable tool coatings

— Determination of optimal coatings
— Correlation between coating analysis, wear te
— Cooling lubricant conditions

. final tool comparison

. Summary and conclusions

. Cutting tests: trochoide rough milling and pre-finish milling

ameters

sts and machining

MIC 2020 — GFE Schmalkalden e.V. — Dr. Heiko Frank — December 2nd 2020
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4. Cutting tests: trochoide rough milling and pre-finish milling

©

140 Rough milling * Relevant conditions:
120 (5VE D 2 « 8 different PVD coatings
VB = OceOrmoy + Post-processed by drag grinding
Vi
“5‘100 = VBman = § 250, T -2 ol + Comparison with uncoated tools
o 80 = b 77 » « Trochoide rough milling of undulating grooves.
x o &4
= ! 6
8 5 « AICrTiN4:
|+ 40 -3 » Longest tool life (22% or 27 higher than the
20 - reference coating) (because of high Cr content).
0 - + Tool life in comparison to uncoated milling tools is
» s increased by a factor of 2.0 to 2.7.
(}f;&{’ & & W& & d_cP" ¥ &
R 8\'0 @ ?\0 R L & - The AICITiN4 coating is clearly recognizable as
@) 06 a favorite for trochoide rough milling.
® ®
Roughing technology parameters:  tools:
v = 90 m/min Torus cutters @10 x 22 / R1
f,=0.21mm EMT 210/ KV 8 ym
a,=0.1mm coatings: various (see x-axis)
a, =12 mm (2x) post-treatment: drag grinding / wet blasting
coolant: B-Cool 9665 workpieces:
Inconel 718 (200 mm x 200 mm x 36 mm)

MIC 2020 — GFE Schmalkalden e.V. — Dr. Heiko Frank — December 2nd 2020
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4. Cutting tests: trochoide rough milling and pre-finish milling '@

« large differences in cutting edge wear, especially at the
cutting corner

Rough milling

« significantly more wear with the BorAC coating than with
AICrTiN4.

« Typical wear progress in trochoide rough milling:
« Begin with built-up cutting edges

« Micro cut-outs

« Cut-outs on the rake faces
Mag. x 20 Mag. x 20
milling length 120 m: milling length 120 m: « Chipping on the open areas
AICrTiN4-coating BorAC-coating « Total failure due to cut-outs on all cutting edges or
broken cutting corners
MIC 2020 — GFE Schmalkalden e.V. — Dr. Heiko Frank — December 2nd 2020 15

4. Cutting tests: trochoide rough milling and pre-finish milling '@

Technology optimization in pre-finish milling

Problem: sudden wear due to | | Solution: Slidable wave- Result:
insufficient cooling shaped bar Constant wear, longer tool life

Coating optimization
AICrN-OXI-2A .
thicker core layer

BorCo: BorAC
+ TiSiN top layer

MIC 2020 — GFE Schmalkalden e.V. — Dr. Heiko Frank — December 2nd 2020 16
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4. Cutting tests: trochoide rough milling and pre-finish milling '@

Pre-finish milling
Pre-finishing (mean values) Pre-finish milling: VB_,, ata tool life of 7.4 m

" or

[0

—on

niﬁl i
“ Kl ill
&

@ o8 &
& <’°gr°+&°éfvf' >

[ |
S o o

&

° 3 2 1 . s . ’ . . 1© L
Toollife {m) ® &
Pre-finishing technology Cutting tools:
parameters: Torus cutter @10 x 22 / R1
Vo = 150 m/min EMT 210/KV 8 um ‘ » BorAX-TiX leads to lowest wear. ‘
f,=0.075 mm Coatings: different
a,=0.3mm Post-treatment: drag grinding / wet
a,=22mm blasting
Workpiece:

Inconel 718 (200 mm x 200 mm x 36 mm)

MIC 2020 — GFE Schmalkalden e.V. — Dr. Heiko Frank — December 2nd 2020 17
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Voltage- and Current-Measurement Based Force Estimation
in Broaching Using Synchronous Motor Drive

Kazumasa Miura, Tobias Seelbach, Thorsten Augspurger,
Daniel Schraknepper, and Thomas Bergs

Laboratory for Machine Tools and Production Engineering (WZL)
RWTH Aachen University, Germany

20th Machining Innovations Conference for Aerospace Industry 2020 (MIC 2020),
December 2nd 2020, Hannover, Germany

Introduction

Target of process monitoring
« Wear monitoring

'« Detection of tool breakage

« Estimation of workpiece quality
« Adaptive force control

Typical signals for @

process monitoring
« Tool-path trajectory
« Spindle speed

* Acceleration

+ Acoustic emission
«  Temperature

+ Cutting force

2 © Werkzeugmaschinenlabor WZL m m“ LA IR
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Our indirect measurement approach based on external voltage and current measurement

Monitoring-approach

Simulation-approach
Engag_ement Cutting Force Simulator .
conditions Simulated
Workpiece & force
tool models |
Process
Parameters =
Integration > Indirectly-measured force
Y Motor voltage
; 15) Motor current | Indirect Force Estimator
" P Main advantages
i cher—sewo m Indirect measurement of
signals Estimated absolute cutting force
. force H iti itori
. Machine ® Tooth-condition monitoring
model m Retrofitting solution

© Werkzeugmaschinenlabor WZL

W/ZL k!

Use case 1
Indirect measurement of absolute cutting force

—— Direct = Indirect|

Cp«gpgjsorg hg!w“'n dir-cg and inqir-q measurement

=z
< 800, - -
o 600 |
§ 400
L 200
0
204 2045

2005 201

2015 202 2025 203 2035

Indirect measurement

Time /s
Direct measurement
o
s 30
g
<
é‘_’
0
&
Actt®orce FiN Acthi®orce FiIN
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Use case 2
Tooth condition monitoring —
—— Dirpct —— Ingirect
=z 4000 ¢ Cpmp!ipon bs_tvnan direct and indir.q measurement
=
£
'S
2 ol
g 159.6 159.65 159.7 159.75 150.8 159.85 159.9 150.95 160 160.05
Time /s Active force on every cutter
—— Cutter 1 Cuttar 3|
Indirect measurement 4000 | C:::Z _G:u::‘
. !
s
s 30
o
a0 — = S
<
250 | 5
& 0
200 |
150 | 1
100 |
50 | 4000
Active Force FIN
oF SEEE | L . x - r—
100 50 0 50 100 8 100 120 140 180
Time (/s
Use case 3

Adaptive force control

6 © Werkzeugmaschinenlabor WZL
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Target of this study
How we model the relationship between the cutting force and motor current?

Current/Power measurement Machine model Process-variables estimation
< Direct measurement (dynamometer)
= - Indirect
H h-l w'l' " = measurement
s
g ALY Wc n
© g
> &

N

g Time t/s
g

3

>

'I'|met/s

m The motor-current signal is well-acknowledged in the past studies to reflect the effect of the cutting force.

® To measure the absolute force indirectly, we need to model the relationship between the motor-current and cutting force.
m For this purpose, a force dynamometer is usually used to identify this relationship.

m However, in some situations (e.g., large broaching machines),
we cannot use a dynamometer because of its hardware costs and its installation difficulty.

m This study utilizes additional voltage measurement to identify this relationship and measures the cutting force indirectly.

W/ZL b

7 © Werkzeugmaschinenlabor WZL

Target machine and process

Broaching direction

Cutting force

Cutting
- tool i
~Workpiece
Broaching
direction
il <+——Cutting force
Forst external broaching machine
« Maximal output of 80 kN
« Cutting velocity of up to 150 m/min Mechanical g
« Vertical broaching gear l : F |
« AC synchronous-motor drive =]

8 © Werkzeugmaschinenlabor WZL
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Indirect force measurement based on the motor current

» Motion equation of the drive system
Mv' =Gy -7 —Fp— Fye
* Motor torque T is mechanically designed to have a linear relationship to the motor current iy
T=K;iq
« Consider that the broaching process has a constant velocity
Foue = Gr Ko fg = Fr_

Identifications of torque constant K, and friction effect F; are required.

F .
< <L Cutting force
= v
5 100 — Feed
3 Mechanical I i 7 o1
5 50 gear G, J ‘
§ 0 1 2 3 Motor 7 ==
Time t /s torque’ <— Friction
9 © Werkzeugmaschinenlabor WZL
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Energy conversion

When a motor rotates with a rotation speed of w, and a motor current of i,

* Motor torque t * Back-EMF (electromotive force) eq

T=K; g — Induced voltage generated by the flux change
and it depends on the rotation speed
eq=Ke - w,
+ Mechanical power Py, * Electrical power P,
Ph=7"w, Pezeq'iq
» Consider the energy conversion (P, = P.)
b =K =K, Motor . Resistance Inductance

auront S ™AW spoas
W,
The current-torque relationship @ can be identified R L ¢

not by the motor torque = and motor current ig, v

A N Energy
but by the induced voltage e, and rotation speed w,

source

Induced
voltage |¢a

W/ZLA b

10 © Werkzeugmaschinenlabor WZL.
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Induced voltage and speed estimations

« Voltage equation of an AC synchronous motor + Induced voltage of an AC synchronous motor
Vap = Ligg + Rigg + eqp _ [erx] _ [—SinBe
€ap = |eg Pawe €056,
B 112 -1/2
Tap =273, V372 —/3/2 — Induced voltage signals are sinusoidal waves with a
ip = la )" =Togliv &y iw]” phase shift of 90 degrees from each other.
Vo = [Va V)" = Toglu W vw]” — Aphase-lock loop (PLL) structure can capture the

’ i f th i idal .
Induced voltage e.g can be estimated by the measured requency of these sinusoidal waves

current/voltage iqg, Vo and motor parameters L, R. PLL for the induced voltage calculates
the speed w, and angle 6,

Motor model
PLL structure
Coordinate —éq = X=C b Essg?jated
transformation Estimated
induced
voltage Estimated
-8
Tes 8 angle

1 © Werkzeugmaschinenlabor WZL m RWTH

Identifications of torque constant and friction effect for indirect force measurement

« Identification of torque constant @ « Identification of friction effect F¢
— Induced voltage of a synchronous motor — Motor torque of an AC synchronous motor
€u —sing, T = ®(—i,sinb, + igcosh,
e = [EB] = q)a)e[ COSS:] (=i eT!ip )
= Regard iq = —i,sinf, + igcosfe,
= —eqsinbe + egcost, = Pw, 9 4 T ,o:p ) etk ¢
- q
— Least square method against the discrete signals _ Motor-current-based force calculation
with n samples. Fout = Gr - - ig — Fy

@ = (ATA)"1ATB
= Assume the friction effect during cutting F; is

A=lwe[l] w[2] ... we[n]], ] 4
B=le1] eyf2l - eqnll, the same as that without cutting (Feyc = 0).
eq = —eysinf, + egcosh, Fr=G-®-ig

Based on this, this study conducts an identification test, and then indirectly-measures the cutting force.

12 © Werkzeugmaschinenlabor WZL m RWTH
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Broaching test against Inconel 718

Experimental setup

Cutting tool (13 teeth)
— Three chip thicknesses h=80 pm, 50 pm, 20 pm
Process parameters
- v, =5m/min
Broaching length
— 28 mm per cut
— Total 460 cuts (=12.88 m)
Used sensors
— Cutting force measurement

= Piezoelectric dynamometer

721289 of Kistler

Broachlng

Identification test (air-cutting motion)

* Measurement motor signal

%:::%W%W&W%WWW j:'uh w*'u“vmmf‘g!‘lriu“f i

— The identified torque constant by the least mean square
method G,® =145.5N - A

— The identified friction effect including gravity effect

o Identified friction effect

~ Current/voltage measurement e reor—c=n o
- Power analyzer < A patf
PW3390 of HIOKI Workpiege Sl
— Measurement timings 2 9 Motor current
i-th cut 80th 160th 260th 360th 460th 3 \du,in cuttin
¢ 70! g g
Cutting length [m] 2.24 448 728 10.08 12.88 0 . 3
Time /s
13 © Werkzeugmaschinenlabor WZL
Experimental results of broaching test against Inconel 718

Comparison between direct and indirect measurement

= BOOO Indirect
= Diract
g 6000
£ 4000
£ 2000
g
DXy
2 25 3 35 4 45
Time t/s
Indirect measurement Direct measurement
= 8000 | — 4 5th cut = 8000 —45th cut
g — B0th cut w = 80th cut
— 6000 - 6000
8
S 4000 2 4000
= =
£ 2000 £ 2000
=
5 5
S 2 0
2 25 3 35 4 45 2 25 3 35 4 45
Time +/'s Time /s

© Werkzeugmaschinenlabor WZL
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Summary

This study focused on the indirect measurement of the
cutting force based on the motor current in broaching
operations using an AC synchronous motor.

To measure the absolute cutting force indirectly,
we need to model the relationship between the motor-
current and cutting force.

Instead of using dynamometers for the identification,
this study utilized the additional voltage measurement.
— Identification of the current-torque relationship through
the induced voltage and speed estimations.

— Identification of the friction effect through angle
estimation.

This study executed a broaching experiment and
indirectly-measured the cutting force.

Thank you for your attention.

m Kazumasa Miura, Ph.D.
m Process Monitoring Group

m Laboratory for Machine Tools and Production
Engineering WZL

® RWTH Aachen University
@ +49 241/ 80 28018

=y k.miura@wzl.rwth-aachen.de

© Werkzeugmaschinenlabor WZL
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Outline

n Background & Research purpose

n Experimental setup of proposed machining tests
H Experimental results and discussion

n Conclusions and outlook

2020.12.02 3 Makoto KATO
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Counterplans for thermal errors

Required form accuracy of machine tools

DI ) i « Thermal influence 75% [
imension error o * Kinematic errors

cutting machiq%: 100 + Dynamic forces
=2 um + Motion control, etc.

» Control environment and cutting conditions
Using chamber, warm-up operation, etc.

» Compensate by NC with thermal error prediction
Develop error model, temperature analysis by FEM, etc.

* Reduction thermal errors by designing thermal characteristic

APPWWMLD.EMLW
install effective cooling unit, etc.
CFRP

[1]J. Mayr et al, “Thermal issues in machine tools”, CIRP Annals, Volume 61, Issue 2, 2012, Pages '«'."'QZSV:

(]
(7]
©
<
o
=
c
(<]
£
S
o
[}
>
[}
[a]

2020.12.02 4 Makoto KATO
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Application of Carbon Fiber Reinforced Plastic

Mechanical properties of CFRP

Thermal expansion

+ High specific stiffness | Il;:?{:zzt;onal / Cross-ply
Good dimensional stability

Damping capability -
v With anisotropy depending

on fiber orientation

CFRP application in transportation equipment

Arranged fiber orientation gives

higher mechanical properties

» Proportionally reduce
energy consumption

3
il
s

A

2020.12.02 5 Makoto KATO
Kale Vakwirsicr Laboratory for Manufacturing Science, School of Integrated Design Engineering, Keio Univ.

CFRP-structured machine tool

Prototyped by the Japan Machine Tool Builders’ Association

Main spindle’ CFRP with steel sleeve

Conditions: Spindle rotation at 12,000 min=" for 250 min
Results: Reduce axial thermal expansion to 35%

IRam| CFRP in steel square pipe

Conditions: Environment temperature change from 20 to 28 °C for 8 h
Results: 30% reduction in Z-axis direction

- Combine CFRP and aluminum alloy casting
,J Conditions: Estimation by FEM under the heat generation

‘ related to X- and Z-axis feed motion

- . .

= - Results: 30% reduction of the thermal expansion in Z-axis direction
[4] Kono D, Mizuno S, Muraki T, Nakaminami M, A machine tool motorized spindle with hybrid structure of steel and carbon fiber composite, CIRP
Annals, Vol. 68, Issue 1 (2019), pp. 389-392

[5] Kato J, Yoshioka H, Shinno H, Asakura K, Goto S, Usuda K, Hori N, CFRP-wo-tekiyoushita-netuhenkeiyokuseiborunezi-no-seinouhyouka, The
Japan Society for Precision Engineering Autumn Conference, B01-4 (2018), pp. 145-146 (in Japanese).
[6] Sugita N, Yoshioka Y, Kakinuma Y, Kono D, Shinkouzouzairyoutekiyousyouenegatakousakukikai-no-kenkyuukaihatu, The Japan [@8lety~for
Precision Engineering Spring Conference (2019), pp. 211-212 (in Japanese) W

2020.12.02 6

Makoto KATO
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)

-~ CFRP-structured machine tool

[Feed axis| CFRP in steel pipe

Conditions: Full stroke feed motion with related structures weight
Results: 69%, 66%, 57% reduction on related X-, Y-, Z-axis direction

Column and Bed CFRP and REC in gray cast iron

Conditions: Environment temperature change from 20 to 28 °C
until being a steady value
Results: 20% reduction in Z-axis direction

|
§ (Trunnion table (C-axis)" CFRP in steel pipe

Conditions: Switching rotation on 300 min-' for 3 h
Results: 62% reduction in the rotational axis direction

‘Trunnion table (A-axis) CFRP and cast iron with steel sleeve

Conditions: Switching rotation for 3 h
Results: 54% reduction in the direction normal to the plane

[4] Kono D, Mizuno S, Muraki T, Nakaminami M, A machine tool motorized spindle with hybrid structure of steel and carbon fiber composite, CIRP
Annals, Vol. 68, Issue 1 (2019), pp. 389-392.

[5] Kato J, Yoshioka H, Shinno H, Asakura K, Goto S, Usuda K, Hori N, CFRP-wo-tekiyoushita-netuhenkeiyokuseiborunezi-no-seinouhyouka, The
Japan Society for Precision Engineering Autumn Conference, B01-4 (2018), pp. 145146 (in Japanese).

[6] Sugita N, Yoshioka Y, Kakinuma Y, Kono D, Shinkouzouzairyoutekiyousyouenegatakousakukikai-no-kenkyuukaihatu, The Japan |Sililety-for
Precision Engineering Spring Conference (2019), pp. 211-212 (in Japanese) N -

2020.12.02 7 Makoto KATO
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-~ Tasks of CFRP-structured machine tool

Difficult to enhance uniformly the mechanical characteristics
in all directions on machine tools

v" Investigation of machining accuracy by actual cutting tests
v" Certifying the effectivity of CFRP application and the behavior
of thermal deformation in a structured machine tool

B -
X

2020.12.02 8 Makoto KATO
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Research purpose

Machining-based thermal error analysis of
CFRP-structured machine tools for high-precision machining

CFRP machine tool Base machine Methodology
5-axis machine tool

OKUMA, MILLAC33TU -
( ) Propose a novel machining-based

thermal error analysis

+ Experimental comparison through
machining tests

» Discussion the behavior of thermal
expansion and thermal conduction

2020.12.02 9 Makoto KATO

Laboratory for Manufacturing Science, School of Integrated Design Engineering, Keio Univ.

Outline

n Background & Research purpose
n Experimental setup of proposed machining tests
n Experimental results and discussion

n Conclusions and outlook

A"w &

2020.12.02 10 Makoto KATO
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-~ Machine tools specifications

All the elements of the CFRP machine tool
* Have the same size
» Designed to realize a static stiffness equivalent / improvement

Table 1 Structures weight Machine configuration
Axis Base machine CFRP machine tool [CA/YXZ]
X-axis mass 950 kg 710 kg -
Y-axis mass 2050 kg 1190 kg
Z-axis mass 600 kg 490 kg
A-axis inertia 2.8 kgm?2 1.9 kgm?2
C-axis inertia 0.22 kgm? 0.15 kgm?
Table 2 Motor specifications
Axis Travel Rated power
X feed 340 mm 2.5 kW
Y feed 300 mm 2.7 kW
Z feed 230 mm 4.5 kW
A rotation - 2.4 kW
C rotation - 3.7 kW
Spindle rotation - 26 kW
2020.12.02 1"

Experimental conditions One cycle behavior of drilling
operation (approximately 20 s)

* Machining tests were conducted with idle time,

. . 1. Dirilling 9 holes on 10 m/min
assuming setup operation 2 Tool C%ange 40 m/min
3. Positioning 12000 min-* for 10 s
Test2 Test3 Test4 Test1 Repeat
= > —r —> R d .
£ g T for 30 min
< am oo i L
g meliimg m 1 / / |
N
3 N P L]
3 o 2 4 b\ 1 [hour]
5 min 13 min 25 min  Cold start
Test Assumptions Idle time % A
1 Cold start - L e8]
2 Automated factories 5 min Feed length
3 Setup by operators 13 min Y: 200 mm
4 Have to wait for other processes 25 min Z: 110 mr* -
2020.12.02 12 Makoto KATO
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Test piece for machining test

Machined test piece

Prepared test piece
before machining test

49 mm

Depth of cut:
0.5 mm

66 mm

|
vz 170 mm “/ /———169mm :“//

Material : A5052

» Thermal errors were indirectly analyzed by measuring the dimensions

of the machined test piece. _
13 Makoto KATO

2020.12.02

Laboratory for Manufacturing Science, School of Integrated Design Engineering, Keio Univ.

Machining test procedure

Flowchart of machining test Workshop
) 246810 14 18 22 26 30 (min)
123456 7 8 9 10 11 (step)

Move to 1t step

‘ Machining a step H Move to next step [+ Zr Y
X
e
No
Yes| Drillin i

" g operation
Up to 5% step for 6 times (2 min) y
No L

Drilling operation

for 12 times (4 min)
14 Makoto KATO

2020.12.02
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Machining test procedure

Flowchart of machining test Workshop

0246810 14 18 22 26 30 (mir?/ Machining a step: Tool path

————— : : + + + Cutting width 5.5 mm

123456 7 8 9 10 11 (step)| Cutting thickness 0.5 mm \ S
Feed rate 4800 mm/min )

Feed per tooth 0.1 mm
Cutting type Down cut

Move to 15t step T
l Machining a step H Move to next step ‘4—
Drilling operation
for 6 times (2 min)
€
Drilling operation
for 12 times (4 min)
2020.12.02 15 Makoto KATO
Kele Vaiversie Laboratory for Manufacturing Science, School of Integrated Design Engineering, Keio Univ.

Machining test procedure

Flowchart of machining test Workshop
0;3 4 6 810 14 1?3 2.2 26 3.,0 (min) Drilling operation

T35456 7 5 9 10 11 op) |1 CilmgSioleon o

3. Positioning 12000 min* for 10 s

Move to 15t step

‘ Machining a step H Move to next step [T

Ye ——
No
Ye
Up to 5t step
No

Drilling operation
for 6 times (2 min)

Drilling operation
for 12 times (4 min)

Makoto KATO

2020.12.02 16
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Machining test procedure

Flowchart of machining test Workshop
0246810 14 18 22 26 30 (min)
123456 7 8 9 10 11 (step)

Move to 1t step

l Machining a step H Move to next step |+

Drilling operation
for 6 times (2 min) y
f
Drilling operation
for 12 times (4 min)
K
2020.12.02 17 Makoto KATO
Keie Vaiversiey Laboratory for Manufacturing Science, School of Integrated Design Engineering, Keio Univ.

Machining test procedure

Flowchart of machining test Workshop
0246810 14 18 22 26 30 (min)
123456, 7 8 9 10 11, (step)

Drilling operation

Move to 1t step

‘ Machining a step H Move to next step [+

——
6t step
_
Drilling operation
th
Ui &t sl for 6 times (2 min) y
L
Drilling operation
for 12 times (4 min)
5 K3
2020.12.02 18 Makoto KATO
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 Calibration method for location errors

Measurement of i-th machined square-shape step

Estimated actual machined position
PG k)

arget in the measurement

Location errors
« Displacement:

Ax (i), Ay (i), Az(©)
« Inclination:

Aa (D), AB(D), by (D)

Command positi
p (k)

k: Amount of measurement points

Relation of machined position!”!

PGP = D, (ax (@)D, By ()P, (82()Da(Ba)PyAB @)Dy () [P 41|

where: Homogeneous coordinate transformation
1 -Ay Ap Ax
Ay 1 —Aa Ay
—Ab A« 1 Az
0

[7] Ibaraki S, Iritani T, Matsushita T, Calibration of location errors of rotary axes on five-axis machine tools by on-tjgg#lachine
measurement using a touch-trigger probe, International Journal Machine Tools and Manufacture, Vol. 58 (2012), ppr\j«

Dx(Ax)Dy(Ay)Dz(AZ)Du(Aa)Db(Aﬁ)Dc(Ay) ~

2020.12.02 19 Makoto KATO
Keie Universiny Laboratory for Manufacturing Science, School of Integrated Design Engineering, Keio Univ.

~ Calibration method for location errors

Measurement of i-th machined step

Estimated actual machined position Prob;((ji p]i))smon

pi. k)

Command position {

S

/\\
Nominal position of CAD data

Calibration of location errors!”!

» If location errors A are known, machined position p(i, k) must be close to probed position p(i, k)

minimize: S = Z:=1{(1_2(i, k) —p(, k)) -n*(i, k)}2

« Obtain time behavior of displacement by solving minimization problem in each machined step

[7] Ibaraki S, Iritani T, Matsushita T, Calibration of location errors of rotary axes on five-axis machine tools by on-tigg@laciiine
measurement using a touch-trigger probe, International Journal Machine Tools and Manufacture, Vol. 58 (2012), pp. 44§53

2020.12.02 20 Makoto KATO
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Outline

n Background & Research purpose

n Experimental setup of proposed machining tests

n Experimental results and discussion

n Conclusions and outlook

L«ﬂ =

Makoto KATO
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w Projection of the measured test pieces on Test 1

(Cold start)

(@) Errorscale 20um () (c) Nominal position  Error scale 20 um
-5 0 - = = II
84.5 1
4.5 X
—_— E . 1 |
£ E 3
= > 245!
N
5451 %
1
-60 -84.5
Gx___ex.___-Q I"ﬁ.‘..ﬂ?.‘.. K== =
100 0 100 XImml__
- - -Base machine
X
(c)
» Errors in the Z-axis were suppressed by low thermal l 1st
expansion coefficient of each element ()
. . . h
» Dimensional errors were caused by tool deflection —p !
due to cutting force (because room temperature was
4
controlled) v
g x
2020.12.02 22 Makoto KATO
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w Projection of the measured test pieces on Test 2

(setup for 5 min after warm-u Q operation)

(a) Error scale 20 um (b) Error scale 20 pm
t
o vgeg | ’
54.4
—_ 6h —_ = 244
£ -30 E-30 £
E — £ E
N ~ > -24.4
14th -54.4
= Ojg—=8"—-3 60| gm——F———% -84.4
100 0 100 100 0 100 X [mml
Y [mm] X [mm]

*+ CFRP machine tool clearly showed high-precision
machining properties in the Z-axis
Base machine were difficult to maintain in a steady state
because conventional materials have a smaller time
constant for heat conduction
* On the base machine, dimensional errors of square shape
became larger in the lower steps
2020.12.02 23 Makoto KATO

Laboratory for Manufacturing Science, School of Integrated Design Engineering, Keio Univ.

w Dimensional errors according to the square
shape in Y-axis direction

— 80 — 80
E _//a | £
——
=70 =
Length 5 :/,/ 5 70 >
— ce0f 7 P e G 60
‘_,‘:’ gt Toet ] ‘_g
50 il ——Tes - - e,
'% < -« -Test2 -8 50 S
c c -
© 40 Test 3 P
E - Test 4 240 e e TN
O30 O30
49 109 169 49 109 169
Length of a side [mm] Length of a side [mm]
Base machine CFRP machine tool

» This increase was not affected by warm-up operation
* Same tendency was also confirmed in the X-axis direction

CFRP machine tool shows high-precision feeding accuracy w =

2020.12.02 24 Makoto KATO
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Time behavior of thermal error on Z-axis

10 10
jb —e—Test 1 .
— » - Test2 — A SIS
IS 0 o, Test 3 £ Orles®s 4 o e \m
= 8, | o Test4 = o
[ S
E 20 ’ ° E 20
£ S el £ e,
3 g o
%_ -30 %_ 80 T Test 1 /!
Experimental conditions .2 45)9 2 ° Test2 29.0
] um .0lum
Test  Setup operation = -40 . O -40 $95t3
1 Cold start 4 o Test
; -50 -50
§ 1532:?” 0 10 20 30 0 10 20 30
4 25 min Time [min] Time [min]
Base machine CFRP machine tool

» The displacement was decreased by 36.8% in cold start
»  Warm-up operation keeps the displacement less than 5 pym

CFRP machine tool shows high-precision machining accuracy Q Z

=~

2020.12.02 25 Makoto KATO

Keie Universiny Laboratory for Manufacturing Science, School of Integrated Design Engineering, Keio Univ.

Time behavior of thermal error on Y-axis

10 10
- —e—Test 1
—_ —_ o - Test 2
£ in € * Test 3
= oz Ot . Test4
Y 5 25 mlné e, 8.1 um
(0] @ -10 N
E E e
[0] [0]
(] (5} .
o o
Q. Q.
Experimental conditions g g -20
Test  Setup operation
1 Cold start
2 5 min -30 |
\ 0 10 20 30 0 10 20 30
3 13 min Time [min] Time [min]
4 25 min .
Base machine CFRP machine tool

After warm-up operation

» Squareness of the Y-axis to Z-axis on base machine was well adjusted

» Show unique behaviors not a first-order delay system on CFRP machine tool
» Y-axis error is in proportion to Z-axis feed w =

2020.12.02 26 Makoto KATO
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g Thermal deformation of CFRP machine tool
(Discussion of thermal error on Y-axis)

| —_
Zi g Delay } -0.432 um/mm
S 0e ... B
A 3 e, .: 0.425 ;im/mm
| Center of § 20l e — Test2 R
' square shape S Test3 | -0.445 pm/mm
PE— ) @ - Test4
0 30 ]

3‘0 I 60
Z-axis feed [mm]
Y-axis error according to Z-axis feed is —0.434 um/mm (-24.9 X 102 deg)
* Warm-up for 1 h was not enough to provide stability
+ Setup for 25 min radiated heat, which maintained squareness

o r

CFRP spindle unit shows unique behavior of thermal expansion
because of the mechanical anisotropy of heat conduction
1. Expansion in the —Z-direction (being stable after warm-up)
2. Inclination in A-axis (unexpected counter direction) gq 2

2020.12.02 27 Makoto KATO
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Outline

n Background & Research purpose
n Experimental setup of proposed machining tests

E Experimental results and discussion

n Conclusions and outlook
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Conclusions and outlook

Machining-based thermal error analysis of
CFRP-structured machine tools for high-precision machining

Thermal errors of a CFRP-structured machine tool

+ Dirilling process for 30 min was analyzed by proposed machining tests
v On cold start
Z-axis direction: Decreased by 36.8%, from 45.9 um to 29.0 um
Y-axis direction: Decreased by 25.7%, from 10.9 um to 8.1 um
v' After warm-up operation
Z-axis direction: Less than 5 um
Y-axis direction: -0.434 um/mm according to Z-axis feed

Implementation of CFRP application

+ Actuators such as Main spindle and Feed axis have big advantages for thermal errors
«  Warm-up operation shows the possibility of high-precision machining because CFRP
can retain generated heat and can keep thermal deformation in long-term operation
v At the same time, compensation methods of A-axis inclination based on
temperature measurements is required

n K5

2020.12.02 29 Makoto KATO

Keie Universiny Laboratory for Manufacturing Science, School of Integrated Design Engineering, Keio Univ.

Thank you for your kind attention

Makoto Kato, Ph.D. candidate

Department of System Design Enginering, Keio University
Kakinuma Laboratory

Post code: 223-8522

3-14-1, Hiyoshi, Kohoku-ku, Yokohama, Kanagawa, Japan
E-mail:
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Demonstration on base machine
E' 10
=1
= O‘W
Machining without warm-up operation of test procedure & ﬂ“”&\ﬁﬂ
+ Cold start E-10 5 g0
. 8 p— -
+ about For 3 min S 20! |-~-ay T
+ Cutting condition is same to machining tests 2 --o-Az
0 .30
0 30 60
Z-axis feed [mm]
0 XXX K= =X =% = X = X = 0 X X%
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Introduction

» Material cutting (aerospace & automotive): ~ C$200 bn annual in North American.
» Canada - 3 globally in civil aircraft production: 700 companies & C$27 bn annual direct revenue.
» Increasing demand for high productivity, high accuracy and environmental impact.
This work presents the recent advances in high-performance cutting technologies (14.0 aligned):
(i) Superabrasive grinding of difficult-to-cut aerospace materials.
(ii) Integrated laser-assisted machining (LAM) and laser surface heat treatment (LSHT).
(iii) New sustainable hybrid cooling: liquid nitrogen (LN2) + minimum quantity lubrication (MQL).
(iv) Intelligent tool condition monitoring (TCM).
(v) Virtual machining: tool geometry optimization (drilling of composite and hybrid stacks.

Featuring: environmental and economical sustainability, effective digital inter-connectivity and

integrated intelligence.

NRC.CANADA.CA

Advanced Material Removal Technologies
for Aerospace Manufacturing

» High Performance Superabrasive Grinding

. U
Boll [oimes Cnstsua Canada
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Introduction to Superabrasive Grinding

« Superabrasive (SA) grinding: Grinding with diamond and Cubic Boron Nitride (CBN) abrasives.

« Advantages of electroplated SA wheels: (a) long wheel life, (b) a wide range of wheel size, (c)
complex wheel profile, (d) suitable for grinding on multi-tasking machining center, (e) Suitable for
difficult-to-cut materials such as Ni, Ti-alloys, hard coatings.

Superabrasive Grinding of Titanium Alloys

O Objective
> Demonstrate the feasibility of grinding Ti-alloys using superabrasive wheels and high pressure
grinding fluid for enhanced grinding performance.
a Challenges
Extremely low thermal conductivity and high chemical affinity to abrasives.
Wheel loading and ground surface smearing.

Low material removal rates for avoiding wheel loading, typical specific MRR of 2 — 3 mm?2/s
with conventional abrasives.

High specific energy, high grinding temperatures, and low G-ratio.

v Vv

%

v
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Superabrasive Grinding of Titanium Alloys

a Achievements

» A maximum specific MRR of 8 mm?/s was obtained with a
electroplated CBN wheel.

> Wheel loading and ground surface smearing were
eliminated.

> Low specific energy of 20 — 40 J/mm3.

| (;‘,Ieaning n?e_"' .

Grinding nozzle

e "V'Vorkpiece

Ground surface Used wheel surface

MC-CN3C

Superabrasive Grinding for Extending Wheel Life

> G-ratio: wheel wear resistance index (material removed volume per unit wheel wear volume.
» Conventional G-ratio =1.0 (Ti-alloys, conventional wheels).
> Electroplated CBN wheel, G-ratio = 155.

lllustration of radial wheel wear

measurement

140 T T T T T T
_ 120 v, =20 m/s R
\% 100 v,, = 50 mm/s B
%; 80 a=0.10 mm 4
© 60 R
<
o 40 E
5 5 Wear depth w
ket ———

20 L L L L L L

Profile width, (mm)

Measured radial wheel wear profile
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Superabrasive Grinding of Complex Geometries

> Five-axis grinding with wheels of simple geometries.
> Form grinding with wheels of complex geometries.

N

A nickel alloy integral bladed rotor (IBR) Fir-tree slots in a nickel alloy ground with a form
machined by 5-axis grinding with an electroplated CBN wheel of diameter of about 4
electroplated CBN wheel of 10 mm diameter [4]. — 15 mm. A high speed spindle attachment (

75,000 rpm) was used to drive the small wheel.

NRC.CANADA.CA

Advanced Material Removal Technologies for
Aerospace Manufacturing

¢ Integrated Laser-Assisted Machining (LAM) and Laser Surface Heat
Treatment (LSHT)

U
Boll (i Sruimee Canada
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Laser-Assisted Machining (LAM) and Laser Surface Heat
Treatment (LSHT)

LAM: machined-surface temperature < 6002C (prevent microstructure change)

LSHT: heating temperature > 995 2C (B phase fully or partly transform into a martensitic type of a

—>harder layer on the machined surface.)

Laser-Assisted Machining (LAM) and Laser Surface Heat
Treatment (LSHT)

Model description
Temp (°C)

811 l

* Heat flux: heat exchange window to

simulate laser preheating. Chip

* LSHT: tool speed equal to zero Heat exchange window \ 547 .

\ . 284
_____ \/7\ /BFL\'_pTe_c_e_ = 20 I

Machined surface

Ti-6Al-4V. v=100 m/min, @,=0.2 mm

MC-CN3C
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Laser-Assisted Machining (LAM) and Laser Surface Heat
Treatment (LSHT)

Simulation animation Temp (°C)

s [l

e Laser beam shooting in front of

Chip
cutting zone. ;
& Heat exchange window \ 547 |
* High preheating temperature \ -
extensively softens the material 284
* Cutting force reduced Workpiece » I

Machined surface

Prediction of Residual Stress (RS)

Optimization of LAM and LSHT process

-/ Laser power = Cutting force (Fc) {,, Machined surface temperature (Ts) 1.

800 450

- LAM: Ts < 6002C to avoid microstructure 200 4\ [ - Ts | o
change on machined surface> Optimal § L —*—Fc | Lo $
net laser power = 520 W -> cutting force 7, 600 \ K =
reduced by 50% g. 500 ‘-%\ : 250 é)
) / \\;’. i)
= 400 o oo
- LSHT: preheating temperature > 9952C s - N - 150 =
5 S
(B transus temperature) = net laser & 300 1 : -, 3

power > 450 W. S 200 | : : 50

0 200 400 600 800

Laser power P, (W)
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Advanced Material Removal Technologles
for Aerospace Manufacturing

* New Sustainable Hybrid Cooling

.’. liosal Fosaerch  Consad natonal
Ccmb« Canada racherches Canaos

NRC.CANADA.CA

Canadd

Introduction and Background

» Novel high performance and environment
friendly cooling and lubrication solution.

» Potential interest for robotized machining.

Objective:
Understand the fundamentals of the flow
characteristics of the two jets and their interaction
to optimize the cooling / lubrication strategy.

« Flow simulation (Numerical CFD modeling)

< Experimental investigation and validation
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Experimental Investigation

Setup and test matrix

> Equipment and material:
- 6-axis Boehringer NG 200 CNC turning center.
- PVD coated CNMP432 (TiAIN/TiN) carbide insert.
- Ti-6Al-4V rods.
> Cutting conditions
- Cutting speed: 56 m/min
- Feed: 0.2 mm/rev
- RDOC: 1.5 mm
- Tested cooling modes:
- Flood (6 L/min),
- LN2 using external nozzle.
- HPC at 7.86 MPa
- Hybrid: MQL using 2 channel nozzle at 20
mL/min oil flow rate and 30 L/ min air flow rate
and LN2 through tool holder.
- Measured parameters:
= Cutting forces, tool wear and Residual
stress.

Flow Characterization and Simulation

Case (a): LN2 on rake face
« Turbulence along the jet's edges > accelerated LN2
evaporation.
« High LVF of LN2 on rake face — Efficient heat
absorption.
« Low LVF of LN2 (20%) at the tool nose on the flank face.

Liquid Nitrogen Vol. Fraction

Case (b): Hybrid (MQL on rake, LN2 on flank through tool

holder).

« MQL jet retains LN2 in the cutting area (cooling blanket).
— higher LVF of LN2 (70%) staying inside the gap in
contact with the tool nose and cutting edge.

« LN2 jet reduces the MQL jet temperature (phase change N N2 Flank
of oil droplets).

« LN2 delivery through the tool holder has significant effect
on reducing the insert temperature.

MNC-CN3C

edge that can reduce flank wear.

w2jet

Flow Streamline

majet

A

w2jet

Hybrid cooling strategy has the best cooling effect on the cutting

18
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Results and analysis

Forces

> Hybrid cooling reduces the main cutting and 500
feed forces:

450
400

- 36% and 18% reduction compared to flood. 350

- 27% and 9% reduction compared to LN2. 300

- 6% reduction compared to HPC. z 0

> Favorable interaction between the LN2 and g ?SZ

the MQL jets that increases the VF of LN2 = 100

reaching the cutting area, leading to 50
enhanced cooling and lubrication capability. 0 o

Cutting force Feed force
@ Flood

®LN2 external on rake

EMQL on flank and LN2 external on rake

BMQL on rake and LN2 external on flank

BHPC

@ Hybrid (MQL on rake & LN2 on flank through holder)

Results and analysis

Tool wear

> LN2:

> Flood:

> HPC:

> Hybrid:

Insert discoloration on the rake and flank.

Low heat extraction capacity > higher forces,
temperature and tool damage.

Insert completely chipped and fractured (thermal
expansion-driven stresses in the tool insert).

Flood

Reduction of the heat affected area due to its
excellent heat extraction capacity.

Notable discoloration on flank face due to limited
accessibility of the HPC jet.

Least discoloration on the flank and rake faces due
to the enhanced cooling and accessibility.
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Results and analysis

Residual stresses in the subsurface layer

> Hybrid: Compressive RS (<300 ym from surface).
> Surface compressive stresses ~ -100 MPa for LN2 and Hybrid cooling.

200

0
-200
-400
-600
-800
-1000

Stress (MPa)

0 50 100 150 200 250 300
Depth (um)
—Flood  + Flood-expt. —LN2 - LN2-expt. —HP HP-expt. =—hybrid - hybrid-expt.

NRC.CANADA.CA

Intelligent Tool Condition Monitoring
(TCM)

. U
Boll (i Sruimee Canada
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Research Objectives and Methodology

Terminal objective: To develop a non-intrusive real-time sensor-based TCM system that can predict and
prevent sudden tool chipping, as well as detect progressive tool wear to prevent machined part damage.

‘ 1Tool condition  #Cutting conditions  §System learning 1Time response  TReliability ~TPracticality (AC) ‘

;T Signal "1 Sudden Failure Prediction (Pre-failure)

' conditioning i

Signal ' Intrinsic Freq- - Energy

! 3 » Time Signal ~ |mp S/%naelrl:;;er;gy » Gradient

! Mode Analysis (o Convolution
Multi- : 3
sensor » Signal
Signals || _Coherence |\ progressive Tool Wear Monitoring

i Process Borne Machine Al Decision
Signal » Features » L . » Maki
Compliance Extraction earning aking
,,,,,,,,,,,,,,,, . Classification

High speed Camera
Cutting speed = 16,000 rpm

Current

Voltage
Transducer

Transducer

MC-CN3C
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Real-time Intelligent Tool Condition Monitoring (I-
TCM)

Tool Condition Dashboard e NAC.CANADA.CA

Prefailure Detection - Milling Operations

Real-Time i i Quantitative rep:
N Crack indicator Chipping onset Machine axis stopping profile Turning tests
z s 10000 1
g _05 €
S | 1 £ 8000 —ap=2mm , 08
= MW bl e | Yl Vibrations £ 6000 ——ap=2mm g5 06 i
E £ ap = 2mm S 04
=] 0.5 o 4000 o Y
= ® —ap = 3mm N 02
g 2000 [—ap = 4mm E ow l
! e o 2 5 0
> . Srev. N 0 200 400 600 = 3.77 512 6.12 7.30 7.60
L E 0 A Pl Time (ms) Chipped area Ac mm2
22 AErms Time from Acquisition to stopping
é @ 1 —— 10000 rpm 12000 rpm . Milling tests
. —— 14000rpm 16000 rpm - HT20F2R40
Y 16 SN = a WT25F2R40
< £ E
3 = o
Sa g 2
= reshold s =
S = . D10 S
£ applied o £
s a - Processed > 5 ——
= 32 AErms E 20" N
0 4 8 11 15 19 23 26 30 34 38 41 £ S 0D O D L6 A O
i 4 & 27 67 97 6% AP o
Time (ms) & NN
X . 0.05 0.10 0.15 020 <{¥ Chipped area Ac mm? (103)
Tool: T20F2R40, Workpiece material: AL7075, Feedrate (mm/rev.)
n= 16.000 rpm f=0.25 mm/tooth/rev and DOC=6 mm
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Virtual Drilling of FRP Composites
and Hybrid Stacks:

Optimization of Tool Geometry

= U
Boll jsummes Cusiomsuc Canada

Motivation and Objectives

Motivation:
Industrial need for developing robust interactive prediction capabilities for:

= Tool design and optimization for drilling of FRPs and stacks to obtain defect-free
parts.

Objectives:

Demonstrating the optimization capability based on a new generalized hybrid model
predictions of time variation and spatial distribution of:

= The transient (and steady state) cutting forces = cutting energy E_:

= Drilling-induced defects; Considering the interaction between the complex tool
geometry and the anisotropic laminar FRP structure.
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Experimental Validation

* Machining center: 5-axis DMU-100P duo BLOCK®

» Force measurement: 4-component Kistler dynamometer (model:
9272).

* AFLIR SC8303 Infrared camera at the hole exits (g,,=0.34),
(error=x 5%).

Axial feeds (mm/min)
Rotational speed 'n' Feed ' (mm/rev)
(rpm) 0.05 0.1 0.15
6000
8000 i
10000 rn
12000

= Minimum 2 replicates for each test. - / IR camera
= Three different tool geometries: 4x4x3x2 Dynamometer

CFRP Laminate
, Mirror

Model Validation: Force and torque Predictions

—— Measured ---- Predicted 200

200 ——Measured ---- Predicted
Z150 bk Z150
g
5100 S 100
B K]
% 50 f Z 90
0 - 0
NN ERN N TONDPONDIO I~ 0O =
SO0 00000 mr o NNNNNN®®
ER=P=P=g=p=p=PEPEPEDEDEII PA A P P pEpX}
Time (s) Time (s)
06 -
—— Measured - Predicled
_05- , i
504, ik ML R The prediction errors in the entrance, steady
203 - i and exit stages:
€02 | j AT
S 0'1 = Axial Force: +5% to +15%,
0'0 = Torque: +15%
’ SNg8E8g-PICr2RYRRNES, with a confidence interval of 95%.
ER=P=p=p=p=p=PuiprpEpEpuin P P P2 P2 2 pE 2%}
Time (s)

132



Session 1 - New Technologies in Machining

Model Validation: delamination and thermal
damage

v Process optimization
v Prediction of final part quality
v Tool design optimization

Canadi 254

Prediction of final part delamination and thermal damage

-~~~ Predicted

Measured

w
2
=3

@

Axial Farce (N)
g 8

o1 01 0z

Time (x)

03

No. of

Diameter 'Do" Inner diameter  Point angle 1 Point angle 2 'y2' Chisel length 'Lc’

Tool

(mm) ‘di’ ratio 'di/Do" 'p1' (deg) (deg) ratio ‘Lc/do’ Configurations
2 - 45 - 0.25
1 6 - 920 - 0.5
T1: Point Drill 3 10 - 135 B 075
No. of configurations 3 = 3 = 3 27
1 2 0.25 45 45 0.25
" T 2 6 0.5 920 920 0.5
T2: Multi-facet drill 3 10 075 135 135 075
No. of configurations 3 3 3 3 3 243
1 2 0.25 45 -45 0.25
T3: Candle stick 2 6 0.5 920 -90 0.5
drill 3 10 0.75 135 -135 0.75
No. of configurations 3 3 3 3 3 243
Do Do DO
Parameter Definition Unit d
D, Outer tool diameter mm L, L; q;
d Inner section diameter mm L.
d/D, Inner to ou(er‘d\ameter ratio - w2
w Inner point angle deg
V172
v, Outer point angle deg <
L, Chisel edge length mm V2 Vo Vi 2
L/D, Chisel length to outer diameter ratio -
T1: Point drill T2: Multi-facet drill T3: Candle stick drill
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Tool Geometry Optimization

Example optimization scheme demonstrated on T2 out. W1 (deB) 45 [ 90 [ 135
™ d/D
D ™| (deg| "/ 025 050 075 025 050 075025 050 075 (a) Fz (N)
° 0.25 75
g/' =| 45 | 05 l \ 95
c ~ 0.75 116
- e 025 136
gl 90 | 05 / l \ 156
= 0.75 176
Va2 2 025 | 197
<[135| 05 7 / 217
Vo2 0.75
T2: Multi-facet drill N deg) 25 T 90 T 135
i i illi jecti v dy/D,y
Configurations fulfilling objective :] m (deg) Le/Do 0.25 0.50 0.75 ] 0.25 0.50 0.75 | 0.25 0.50  0.75 (b) Mz (N.m)
Objective: Fz < 110 N & Min. (Mz, Q, Tc) 025 0.20
| 45 | 05 l \ 026
= 0.75 031
= 025 0.37
=] 90 | 05 / 1 \ 043
s 0.75 049
E
g 0.25 . | 055
=135 05 ! 060
0.75
maps for conditions ( f=0.18 mm/rev, n=10,000 rpm), @D,=6mm
MC-CN3C 35
Tool Geometry Optimization
Example optimization scheme demonstrated on T2 out.|— W1 (deg) 45 d';o 135
[ /D,
D " (deg) L/Po[025 050 075025 050 075 0.75 (c) Q (W/m?)
o 0.25 1.7E+06
d; gl 45 | 05 33E+06
LC ; 0.75 4.9E+06
X = 0.25 65E+06
S| 90 | os / l \ 8.1E+06
2 0.75 9.7E+06
Va2 = 025 L1E+07
E |
S| 135 | o5 I7A / [0 136407
Voo 0.75
T2: Multi-facet drill w1 (deg) | 25 I 90 T 135
" . - I N [ dy/D,
Configurations fulfling objective ] " (d‘tzz] /o525 050 075 [025 050 075 [ 025 050 075 (d) Tc (sec)
Objective: Fz < 110 N & Min. (Mz, Q, Tc) oy 025 0.69
g| 45 | 05 < i 075
g 075 0.81
e 025 0.87
E| 9 | o5 5 — 093
= 0.75 099
£ 025 | 1.05
S| 135 05 e — L
0.75
maps for op ( £=0.18 mm/rev, n=10,000 rpm), @D,=6mm

MC-CN3C
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Tool Geometry Optimization

Example optimization scheme demonstrated on T2

Configurations fuffilling objective

D Parameter Design 1 Design 2 Design 3 Design 4 Unit
d" D, 6 6 6 6 mm
L d 15 3 15 3 mm
. d/D, 0.25 0.5 0.5 0.75 -
w, 135 135 45 45 deg
12773 w, 45 45 135 135 deg
L, 15 1.5 15 1.5 mm
V2 L/D, 0.25 0.25 0.25 0.25 -

T2: Multi-facet drill Force 75 95 95 75 N
Configurations fulfilling objective ] forgtie 026 0:31 0:31 020 Wi
Objective: Fz < 110 N & Min. (Mz, Q, Tc) heat flux 1.70E+06 | 3.30E+06  3.30E+06  4.90E+06  w/m2

cutting time 1.05 0.99 0.99 1.05 sec
Similar optimization was applied to T1 and T3
MC-CNC ([ J 37
. . Tool i ion fulfilli jecti
T2 resulted in the optimum values of force, ool and configuration fulfiling objective
torque and heat flux compared to T1 and T3 Parameter m T2 T3 Unit
D, 6 6 6 mm
- Force reduced by 12% and 36%
d; - 1.5 4.5 mm
- 0, 0,
Torque reduced by 18% and 42% d/D, _ 0.25 075 B
- Heat flux by 66% and 75% w, 90 135 135 deg
w, - 45 45 deg
The drawback of the T2 design: relatively L, 0.25 1.5 1.5 mm
higher cutting time (increased by 30% and L/D, 1.5 0.25 0.25 -
14%) Force 85 75 117.6 N
torque 0.317 0.26 0.45 N.m
heat flux 5.00E+06 1.70E+06 6.70E+06 w/m2
cutting time 0.812 1.05 0.92 sec
MC-C\3C ] 38
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Concluding Remarks and

Future Directions
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Concluding Remarks

The new developments in high performance cutting of difficult-to-cut aerospace materials are presented:

« Superabrasive grinding: demonstrated the advantages of long wheel life, good wheel form holding capability,
and improved MMR in complex Ti-alloy aerospace components.

+ Integrated LAM and LSHT: The benefits and feasibility of using the same laser source has been demonstrated
through a 50% force reduction by LAM and the hard outer layer produced by LSHT without affecting the
toughness of the bulk part.

« Hybrid cryogenic cooling and MQL: demonstrated sustainable and superior performance in improving tool life
and surface integrity as compared to flood and high pressure cooling for cutting difficult-to-cut materials.

« Smart tool wear and prefailure detection: a breakthrough in TCM that combines reliable detection accuracy
with minimized system learning.

« Model-based tool geometry optimization: approach has shown a unique digital capability for minimizing
drilling forces and temperatures to eliminate part damage and enhance productivity.
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Future Directions

Superabrasive grinding:

- Precision machining of complex additive manufacturing aerospace parts

- Expand application to other difficult-to-cut materials (MMC, CMC and FRPs).

Integrated LAM and LSHT:

- Multi-axis laser-assisted milling

- Process optimization ( e.g. laser power, beam size..) for max. surface integrity and part fatigue life.

Hybrid cryogenic cooling and MQL:

- Understanding the lubricating role of cryogens through the boundary film effect, and the control of material
embrittlement for chip breakage and evacuation.

- Developing FE-CFD fluid-structure interaction models to enable effective coolant delivery in deep-hole drilling.

Smart tool wear and prefailure detection:

- Developing intelligent minimal deep learning approaches.

- Developing smart tools with robust embedded sensors and wireless transmission of signals.

Model-based tool geometry optimization:

- Optimization of new tools (e.g. superabrasive and ceramic) and processes (e.g. vibrational and orbital machining).
- Integration with smart real-time TCM to develop a new generation of effective cyber-physical adaptive machining.

THANK YOU

Ahmad Sadek, Ph.D.

Team Lead, Advanced Machining

Aerospace Manufacturing Technologies Center (AMTC)
National Research Council Canada

5145 Avenue Decelles,

Montréal (QC) H3T 2B2

Email: ahmad.sadek@nrc-cnrc.gc.ca

. U
Boll (i Sruimee Canada
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A3

Influence of the supplying technique of a sub-
zero metalworking fluid on the performance <
of face turning of Ti-6Al-4V titanium alloy ‘4 MIC2020

20th Machining Innovations Conference for Aerospace Industry 2020 (MIC 2020)
December 2nd 2020, Hannover, Germany A .V. CRC 926 MICOS 3

Component Surfaces
S. Basten?, B. Kirsch?, K. Gutzeit?, H. Hasseb, J. C. Aurich?

a) Institute for Manufacturing Technology and Production Systems, TU Kaiserslautern, Germany
b) Laboratory of Engineering Thermodynamics, TU Kaiserslautern, Germany

-
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= Introduction and state of the art
= Experimental setup and cooling parameters
= Measuring techniques and measuring methodology

= Results and discussion
= Tool temperature £
= Process forces
= Crater depth and crater width
= Surface roughness -

= Conclusion and outlook

-
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Introduction and state of the art ’:’3(

Cutting edge when machining titanium alloys [1]. Dual coolant supply on flank and rake surface in
the context of turning [2].

= Machining of Ti-6Al-4V leads to high mechanical, thermal, and chemical loads on the cutting tool
= Reducing the thermo-chemical load in the contact zone to minimize thermally induced wear

= Lower temperatures in the contact zone can be achieved by:
= Use of cooling strategies that exhibit high cooling effects (cryogenic media, sub-zero MWF)
= Variation of mass flow
= Variation of supplying technique

= High nozzle exit velocities, nozzle geometry and position of the nozzles/
direction of the free jets have an influence on the cooling performance

1) Amendia M, et a. A4 ar sing uncoated WC-Co tools. J. Mater. Process. 2010;210(2):197-203.
o Ko Eorormanea o ofaavansen sroepacs vk and compocie meassi CIRE Anvale 3015, BA3ya85sed

TECHMSOHE UNIVERSITAT
KAISERSLAUTERN

ying technique of a sub-zero metalworking fiid on the performance o

Introduction and state of the art

‘emulsion

= LN,-cooling: cryogenic temperature (-196 °C), film-boiling - low heat transfer coefficient
= CO,-snow cooling: low temperature (-78.5 °C), solid-gasous - low heat transfer coefficient
= Emulsion: ambient temperature, liquid = high heat transfer coefficient
= Sub-zero MWF:

= Liquid mixtures of polyhydric alcohols and water

= High viscosity when refrigated

= Low temperature (up to -50 °C), stable liquid state
-> High heat transfer coefficient

TECHMSOHE UNIVERSITAT
KAISERSLAUTERN

ten

4 Stephan

nfiuence of the supplying technique of a sub-zero metahworking fluid on the performance of face tuming of Ti-6AI4V ftanium alloy
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Introduction and state of the art

~Dry LN, ---CO, -~ sub-zero MWF+20 ---sub-zero MWF-30 —— MWFc
?‘? toc engagemant G
R —
5 125 =
g 100/ Fwestigatad intarvel - ool clegrance ||
I .
s
§ Bl
4
254 g
6 ow B 4 g & 70 .
cutting time / cuttng path 8
Temperature of tool when turning different cooling strategies [3]. %
= Machining Ti-6Al-4V using sub-zero MWF:
= lower tool temperatures
= less tool wear
Influence of different nozzle positions and different free jet properties on the
performance of sub-zero cooling approach?
Effect on the machining process or process results (e.g. tool wear, surface
roughness)?
151 Kisch B, o . Sub-z0r0 coling: A novel trategy fo igh paformance cuting, CIRP Annals 201; 67(1)95-98
Steph ten TECHMSOME UNIVERSITAT
5 Influence of the supplying technique of  sub-zero metalworking fluid on ormance of face turing of Ti-6AL4V ftanium alloy ] & KRISERSLAUTERN
Experimental Setup and cooling parameters "B( .
/To
/
heat insulated high-pressure hose 5Fa
EFaoF,
[ohic | Sub-2ero MWF 18 g

wockpiace Jf nazzle fank face |

CNMA 120408
cutting matenial: cemented carbides K20
(92.5% WC, 7.5% Co)
© hole in rotalional axis. 8 mm coating: uncoated

" geometry: r,=C.8 mm,r,=3-5 ym
s ol iy oder DELNL2325X 12, g 6 x=05° A=-6"
L sub-zero ing fluid
depth of cut a, n sub-zero MWF: ethane-1,2-dicl, water
fead rate f =02 mass ratio: , g/g

odum metaslicate
butyl phosphate

cutting tme t
cutting time t

6

|corrosion in
|EP/AW-add tives:

Steph:
Influence of the supplying technique of a sub-zero metalworking fluid on the performance of face turning of

TECHMSOR UNIVERSITAT
KAISERSLAUTERN
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r |7
Experimental Setup and cooling parameters 'B( -
propertiesiparameter | P1+20 | P130 | P2+20 | P230 | P3+20 | P3-30 |
2 2 i i 2 g
g g i) 1B ] B8 | B
distance nozzle orifice to 7 7 17 17 7,17 7,7
Isupply temperature in °C +20 -29 +20 -29,5 +20 -28,9
mass flow in kg/min a)2.1 a)2.1 a)2.1 a)2.1 a) 2.1 a) 2.1
b) 4.2 b) 4.2 b) 4.2 b) 4.2 b) 4.2 b) 4.2
1.10 115 1.10 A5 1.10 11115
a)1.90 a)183 a)190 a)1.83 a)190 a)1.83
b) 3.80 b) 3.65 b) 3.80 b) 3.65 b) 3.80 b) 3.65

average nozzle exit a)20.2 a)19.4 a)23.8 a)23.0 a)~11 2)=105 Microstructure of the investigated batch of Ti-6Al-4V.
b)40.3 b)389  b)47.7  b)458  b)=22  b)=21.0
5 75 5 75 5 75

LA LI 204930 a)340  a)7580  2)530  2)=3500 a) =250
b)9860  b)680  b)15160 b)1050 b)=7000  b)=500

SAZ| S ST e o

FHEHEB i 8

RE|?| 8 HE 3

>3|=| e 3| & 8

=zl8 < 8(< Q
gl 2|5 N
@| 3 o o
2 3 Sle 3
<l 2 3|9 )
5| ® HEA 5
El 5 3
E} s El
@ 5

Investigated cooling parameters.

Ti Al v Fe o C N H Res.

% 89.17 6.12 410 029 0.6 006 0.03 0.01 0.06

Chemical composition of the investigated batch of Ti-6AI-4V (wt%).

ique of a sub-zero metalworking fluid on the performance of face tuming of Ti-6AI-4V titanium alloy

Measuring techniques and measuring methodology

workpiece |
tapered blindhole

! tool holder | [
major cutting edge w1y iuke fyce ‘ 10 pm
L. o
< | L .
, 5 <Tws
-pcnnle 1
thermocouple 0 s00pm 3
Measurement of the tool temperature at a distance of 1 mm to the contact zone. Methodology of the crater wear measurement of the cutting tool using structured-
light 3D scanner (left) and optical microscopy (right).

crater wear
o

= Tool temperature (thermocouple) A

= Wear parameters according to ISO3685 (structured-light 3D
scanner and optical microscope)

= Process forces (3-component dynamometer)

1SO 3865
TECHMSOME UNIVERSITAT
ring of TESAL4V ifanium aloy 1 & KRSERSUAUTERN

id on the performance of
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scus B
Results and discussion — Tool temperature Z
= Dryf—-P1.+20]—P1,-30 |- P2,+20]-- P2,-30]— P3,+20[— P3 -30]
| workpiece:Ti-6A1-4V |tool: CNMA 120408 K20 |f = 0.2 mmirev.|&,=2 mm|
200 I’ [v. =120 m/min | -{rh = 4.2 kg/min|
g °C [1'"» b ] i
@ s i
o 125 7T s r iR R .
g 100 — == :
8 75
g =
£ 5l [tool clearance] ] :
I mean value [ 1
04 [itool engagement[ T | 1T\
25 B
01 2 3 45 6 7 8 9 1 11 s 13

cutting time

= Stationary zone: 2s after tool engagement until tool clearance

= Sub-zero MWF-30: lower temperature levels at consistant nozzle position
= Influence of nozzle position on cooling effect can be clearly seen

Stept 7™ omsos unRsTaT
o] 105 offace ring of TH6AY tarium aloy 1 & CRRERSAUTERN
e ¢ ==
Results and discussion — Tool temperature 4
7] D?A P1,+20[4 P1,-30]N P2,+20]N P2 -30][ll P3.+20]M P3.-30]
workpiece: Ti-6Al-4V [tool: CNMA 120408 K20 |f = 0.2 mmirev.|a,= 2 mm |
I{aes °C|[ 3 v, = 60 mimin] [378 *C[[E3 v. = 120 m/min]
M=2.1 kg/minth=4.2 kg/min| 8 [M=2.1 kg/min|m=4.2 kg/min
175 ; =
e D .
3 ) VA= 2
T 125} 1%% i §
8100 N ]
§ % w
£7s ; %% :
3 g i -
g 2‘; AN
3 AN Y]

= Sub-zero MWF-30: High nozzle exit velocities to ensure better heat transfer
coefficient compared to sub-zero MWF+20

= Highest possible wetted area leads to improvements regarding tool
temperature

10

i
% TECHMSOR UNIVERSITAT
I: KAISERSLAUTERN
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W
Measuring techniques and measuring methodology ’:B(

Lo [== passive force F, || == feed force F, === cutting force F.

workpiece: TI-6AI-4V [tool: CNMA 120408 K20 |f = 0.2 mm/rev.|3,= 2 mm
[ve = 120 m/min | P1 sub-zero MWF+20]h = 4.2 kg/min

NI LT T

00 tool engagement tool clearance

process forces

5
4
oo || f=—t{mean vatveF———1 | |
1

| [
01 2 3 45 6 7 8 9 10 11 s 13
cutting time

= Highest thermal load on tool is shown in this case
= Low peak-to-valley amplitudes
-> Robust workpiece clamping

P
I : TECHMSOME UNIVERSITAT
piying fochniauo of a sub-zoro metaiworking id on he performanco o faco ting of T-GAL fanium aloy I KAISERSLAUTERN

Results and discussion — Process forces ’:B<

[ 3 330 Minor influences of cooling conditions on
Workpieos T-6A-4V 100/ CNMA 120408 K20 |f = 0.2 mmirey [8,= 2 mm|

1 v = 60 nvmin| o B v. = 120 m'mu_‘, prOCeSS fOrCeS
ezt kgiinkhi=4.2 kgfingy = Increasing cutting speeds:

8 — cutting force |
B 775 )
F1s0 - Feed and passive force 1
i = Interacting effects: thermally induced p

softening of workpiece material and slightly
decreasing depth of cut due to contraction
of tool / workpiece

TUK

= Reduction of nozzle exit velocities when
using multiple nozzle supplying technique
must be considered

125l
A

= CoF relatively
constant at consistent
cutting speed

P
I : TECHMSOME UNIVERSITAT
ot a sub-zero metaweriing i on tho porformance of fac fuming of T-6A4V tanium alloy I KAISERSLAUTERN
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|7
Results and discussion — Crater depth and crater width ’:B(

¥h=2.1 kgiminith=4.2 kg/ming 1 Kg! .2 kg/min

i il
nozzie position 1 nozzle position 2 nozzle position 3

crater depth KT
o3 38

= Use of any cooling: KT and KB strongly reduced

= Supply along rake face (P1):
— Higher temperature gradient between top side of chip
and tool-work interface (thermally induced stress in chip
increases)

TU Kaiserslauter - FBK

= Supply along flank face (P2):

— Lower temperature gradient between top side of chip and
tool-work interface (thermally induced stress in chip
decreases)

= Combined position of P1 and P2 (P3):
— Superposing effects of P1 and P2

Stephan Basten 7% mossos onmRsaT
L e sin ctias o st mtaor i n s of e g o TEGALY i ey 1 & SRS
scuss B e
Results and discussion — Surface roughness
B DA P1.+20[7 P1,-30] P2,+20][N P2.-30]l P3.+20]l P3.-30
piece Ti-6A-4V ltool: CNMA 120408 K20 |l =02 mmlrev.l a,=2mm
] v. =60 m/min =1 v, = 120 m/min
h1=2.1 kg/min|h=4.2 kg/min|  [M=2.1 kg/min[m=4.2 kg/min
s s -
25 iy i 8
£d i
g8 i

= Better surface roughness when using sub-zero MWF-30
compared to sub-zero MWF+20 for consistent nozzle
position

= The lower the tool temperature, the lower the error bars

= Microscopic chatter marks may be reduced by lower temperatures in the
workpiece

— Increasing Young’s modulus leads to less strong spring-back effect of Ti-6Al-4V

141
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Conclusion FB(

= Sub-zero MWF-30: Mass flow of approx. 4.2 kg/min should not be undercut in order to achieve a
significantly higher cooling effect compared to coolant supplied at ambient temperature

= Most effective reduction of the tool temperature if multiple nozzles wet as many areas as possible
simultaneously by impingement flow

= Improved chip formation by cooling top side of chip (higher thermally induced stresses)
= High cooling effect slightly improves surface roughness

Outlook

= Further investigation of the influence of nozzle position when machining Ti-6Al-4V at high cutting
speeds with respect to tool life and chip breaking

= Analysis of possibilities to reduce springback effect of other titanium alloys

-
% ToesoR unRsTAT
1 & KEiSERSUAUTERN
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Investigation of the influence of different hard coatings on chip formation and process forces
when machining duplex steel 1.4462

= Fundamentals — Hard coating

= Experimental investigations

= Analytical analysis

= Conclusion and outlook
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Fundamentals -

Hard coating

Use of hard coatings on cutting tools:

Increase in thermal and mechanical resistance

Reduction of friction between tool and
workpiece

Schematic representation of separable layer systems
E Monolayer E
(TiN, THC.N), (TLAN, etc.)
E Multilayer with functional intermediate E
s
PR NA,0, T
CNTICAL AN, ec)
\
Z8 Nanccompesto
E 3225 e AN,
ne-(TiAIN/a-SisNy)

Source: Fertigungsverfahren 1 - Fiitz Klocke, DBU Abschlussbericht 2018 — G. Erkens, B. Denkena

Super hard layer -

(©VD diamond, boron nitide)
.

Hard layer with
soft 0p layer

(TN * oS,
(TN + WELC, otc)

Nanolayer (Supertatice) Hard layer +low-fction amorphous -
carbon layer
(DLC leyer)
TIHN-CN (3:C. 5.C:H, aCHMe)

Graded layer
TICN)TICN)
(TLAIN-ALTIN

Properties of hard coatings:

High surface hardness

High temperature resistance

High phase stability

High chemical resistance to oxidation

Trasiion
Swsrae g W ~y G

Low sliding friction between tool and workpiece Fine lamellar
multilayer

Low tendency to deform

Conclusion:

Hard coatings can have different thermo-physcial
properties - influence on the process temperatures in
the shear zones and impact on the chip formation

For a mechanisms-oriented tool development it is
necessary to understand these influences

Experimental in

vestigations

Linear orthogonal cutting tests

Experiments were divided into two different test series:

First test series: influence of coatings on sharp tools

Second test series: influence of coatings on worn tools

Material
X2CrNiMoN22-5-3

Measurement values: Cutting Force F,
Feed force F;, chip thickness h*

Tools

Indexable insert: SEKN 1203 AFN (standard cutting wedge)
Cutting material: Cemented carbide (WC-Co)

Coatings:

TiAIN (PVD)
TiN-TiCN-AI,0, (CVD)

4 pm layer thickness

. ZIT

YAy

CERGATI

ROUP

-> TiAIN shows a slightly lower thermal conductivity

Austenite (y, kiz)

= Material number: 1.4462

Ferte (0, kiz) |
N

Austenitic-ferritic duplex steel
Tensile strength R, = 680 — 880 N/mm?
Thermal conductivity A = 15 W/mK

Material structur

1 of hardness

=

| ¢400c0000000
[~ f

= ‘
|1:> 230+ 4 HV

|
|
|

e
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Experimental investigations

Measurement values and adjustable parameters
e P gt ot Pltsssan

Tecaan PLD

-i M(\{-‘,

Source: Thimm et al. - Using Digital Image Correlation Measurements for the Inverse Identification of Consilutive
Material Parameters applied in Metal Cutting Simulations. Procedia CIRP 82 (2019) 95-100.

= Patented test bench for tests in orthogonal cutting as the basis for in situ determination of different measurement parameters
= Influence of: Cutting edge prepared tools (rounding, chamfer), wear protection layers, tool geometries, chip guide geometries

= Determination of: Cutting forces (dynamometer), temperatures in the primary and secondary shear zone (thermographic
camera, pyrometer), strain rate in the primary shear zone, chip formation (high speed camera)

Experimental investigations

Experimental results — sharp tools

Compartson of auting and fred forces Comgarison of cutting and fred forces
; R T e 1200 : ; ;
2 Cutting force F, | Fead force F, Culting focce F, Feed force Fy
1100 + 100
- 660 N
000 ol NN
N
QTAN N aTaN
< 900 Z 90 NN
€ AI203 E NN DAI203
g aA03 ¥ NN
g B N
80 § 800
S8 0 i < N
I N
N
700 700 N
N
N
o0 600 N
i N
N N NN
o ke 500
Cutting and feed farces Cutting and fred forors
v sh=03mm v, =24

|:> Conclusion: The mulitlayer-coating TiN-TiCN-AI,O; leads to higher forces at both conditions.
The difference in the cutting forces is smaller than in the feed forces for both conditions.

151



Machining Innovations Conference 2020

Experimental investigations

Coating TiAIN
Influence of coatings on worn tools: . a Ty e
= To investigate the influence of friction in more detail, the : - :
coated indexable inserts were pre-worn using a grooving Al Veen 138w
process =)
= Each insert was removed from the process after every

13 m length of cut and optically analysed by using a
digital microscope

= Based on the optical measurement, two wear conditions
were defined

Wear conditions:

= Primary wear occured on the rake face

= Small breakouts on the cutting edge

= TiN-TiCN-Al,O; shows more material adhesion and (a) Wear on the rake face after 128 m (wear condition I);
breakouts (b) Wear on the rake face after 200 m (wear condition I1)

: /B i Experimental investigations
* X

Experimental results — worn tools

Comparison of the cutting and feed forces Comparison of the cutting and feed forces
TIAM i ALD,
140 1400
Cutting force F | Feed force Fr Custing force Fe H Feed force Fr

1300 ! 1200 .
1 e 37 1
1200 - ¥ . 1200 :
1100 4 1100 .
- ! o H
s 1000 : s 1000 :
] ! g :
3 o 4 B 600 L
sex + 800 v
o E e : & € £ ;
E(E] ! g|/E| !
60X § E : 06 g E :
S0 L — . 50C —JL :

Cutting and feed forces Cutting and feed forces
Ve = 120m/min; b =01 mm ¥ = 120 myming h = 0.1 mm
|:> Conclusion: The pre-wear of the inserts leads to an increase in the cutting and feed force. The multilayer-
coating TiN-TiCN-Al,O; tends to higher feed forces.
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Analytical analysis

Shear plane model according to Merchant

= The linear-orthogonal cutting tests
allow the use of analytical relations
derived from mechanistic models of
orthogonal cutting

= Because experiment and model are
close to each other, it is assumed
that the basic relationships that
Merchant derived for orthogonal
cutting are valid

= In this way the shear flow stress
and the friction angle in the primary
and secondary shear zone were
derived from the experimental
results

Source: Merchant ME. Mechanics of the Metal Cutting Process. I. Orthogonal Cutting and a

Type 2 Chip.

Friction angle
p = tan! (I;_—f) +y

Shear angle

cosy
w7
—=sin
" Y

tan ¢ =

Shear flow stress

(Forcos p—Fprsin ¢ )+sin @

T,
AB hia,

Analytical analysis

Comparison of shear flow stress

e Comparison of shear flow stress

&

E M ~—————— e ——————— S ——————— o
=, T TR T

5 300

£ 400 .

; 300 Anthmetis mean

< 200

5

£ 1o

=

TIAIN- ALO, - TAIN- ALO,- TAIN- ALO,
damp  shap  128m 128m 200m  200m
Coating - wear condition
120 ;/min; h = 0.1 mm

= Shear flow stress is comparable for almost all conditions

= This denotes that the deformation conditions in the
primary shear zone were almost constant

Comparison of friction angle

Comparison of friction angle

Friction angle in ©

TiAIN - ARO3 - TIAIN - ALR03 - TIAIN - Al203 -
sharp sharp 128m 128m 200 m 200 m
Coating - wear condition
ve =120 m'min; h=0.1 mm
= Multilayer-coating TiN-TiCN-Al, O, tends to the highest
friction angle at all wear conditions

= Increase in wear leads to slightly higher friction angles
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Conclusion and outlook

Conclusion Outlook

* Experimental analyses were carried out by using two = Determination of ploughing force due to the cutting edge
different hard coatings (TiAIN and TiN-TiCN-AI,O3) roundness

= Monolayer-coating TIiAIN shows a slightly lower thermal
conduct);vity 9 gntly = Influence of the coatings on the friction in the secondary

shear zone (SSZ) > Temperature measurements with

= Multilayer-coating leads to higher cutting and feed forces thermographic camera and pyrometer

-> differences in the forces were not caused by the
deformation in the primary shear zone (nearly constant * Surface analyses
shear flow stress)

= Multilayer-coating leads to higher friction in the secondary

= Numerical simulations

T

shear zone . Shear plane
. . Influence of coatings on SSZ \ s
-> lower thermal conductivity of the monolayer coating \ Tool 1 Cuting force
provides a higher thermal barrier and deflects more VAN
heat into the chip Cuting speed T\
e L] \ ‘.
- higher temperature in the secondary shear zone = ) b

seems to reduce the friction effects " ~
jorkpiece

Source: Springer; Integrated Design Engineering, 2014
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MIC 2020 i 1 r
Turning of Ti6AI4V

Semi-finished Titanium Turning Process

=

* high cutting
temperatur

* high tool wear

© Canadian Metalworki

* low removal rates

Temperature active coatings Finished Ti6AI4V Parts

© Sandvik

1.210T pagren

© 34902e

Petter Ploog, M. Sc. |
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MIC 2020 i 1 r
Tribological Tests

b

Conventional Pin on Disk Test (POD-Test) o
= | = low temperatures in friction zone (no temperature

gradient)

= closed friction system
= no temperature measurement in the contact zone
= pin consists of material to be machined

= disk is coated with coating to be tested

Standard: DIN 50324 / ASTMG99-17

Temperatures during Turning
7407 T T T T 7 ]

Cutting Insert

~
o
o

(=2}
¥
o

Chip Temperature T [°C]
@
o]
S

Chip Underside \ =
580 - ' ' : » ‘ . |
0 20 40 60 80 100 120 140

Time t[s]
Tool: HW-K10, CNGP 120408, 0 = 6°, Ve = 2°, K, = 95°, 1y = 6+2 ym CNGP120408 (HW-K10)
Process parameters: a, = 1.2 mm, f = 0.12 mm, v, = 80 m/min, no coolant o 31003
Petter Ploog, M. Sc. 2
MIC 2020 i l r
Proposed Experimental Rig for Open Friction Tests

TBAIAV

U piezo fine adjustment
80y

dynamometer sliding

f ,
friction body } * velocity vy,

first rotation

= open friction system (cycloid tool path)

= temperature measurement in the contact zone through two-colour pyrometer with high sample rate

= thermo-mechanical load adjustable to match either turning tool loads on rake- or clearance face respectively
= real cutting-tool replaces the pin from the classic POD tests

= piezo fine adjustment for constant normal forces F,

© 34904e

Petter Ploog, M. Sc 3

158




Session 1 - New Technologies in Machining

MIC 2020 i 1 r
Derivation of Friction Test Conditions (1/2): Turning Experiments
Assumption of a sharp cutting edge i.e. cutting o)
corner radius (rg) « chip thickness (h) £
S14
@
2
Q.
E12
o
=3
s1
O 40 60 80 100 120 140 160

-+ Cutting Force
~e-Panetration Force Fy

w
o
(=]

Force F [N]
N
o
o

8]
o
(=}

o
N
o

60 120 140 160

80 100
Cutting Speed v, [m/min]

Tool: HW-K10, CNGP 120408, g = 6°, Y = 2°, K, = 95°, 1y = 6+2 pm

Process parameters: a, = 1.2 mm, f = 0.12 mm, 65 m/min < v, < 155 m/min, coolant o s

Petter Ploog, M. Sc. 4

MIC 2020 i 1 r
Derivation of Friction Test Conditions (2/2): Force Separation

= Friction tests: mechanical load is set in terms of normal force F,, s (to be determined)

= Determination of normal forces occuring on rake (F,,) and clearance face (F,) during turning:

Input values

Values from
turning process

Coefficients of friction
for carbide & titanium

To be determined

Normal forces to be set during friction tests:

34906e

Petter Ploog, M. Sc. 5
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MIC 2020
Experimental Setup of Tribological Tests on Fooke Endura 711 Linear

A Y

\ N
force measurement
platform
o —

Petter Ploog, M. Sc.

© 34907e
6

MIC 2020
Experimental Setup of Tribological Tests — Detail of Friction Zone

tool holder

slit (Si)

sliding velocity (vy,)

workpiece

tangential force (F,y,)

pyrometer fiber

Petter Ploog, M. Sc.

Thr

normal force (F, )

© 34908e
7
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MIC 2020 i l P
Results and Discussion of Friction Tests — Tool Contact Length
Experimental series 1: Experimental series 2:
87.5 m/min < v;, < 177.5 m/min 27TNs<F.,<135N
For=92N Vg = 177.5 m/min

tangential normal
force Fyy force F ¢

Before
(unworn)
titanium adhesion titanium adhesion
After

tool
velocity vy,

'\

tool
velocity vg,

34909
Petter Ploog, M. Sc.

8

MIC 2020 i ‘ P
Results and Discussion of Friction Tests — Thermal Loads

450 550
= 400 = 500
§_). 8450
g 350 s 400
2 2
3 300 3 380
Q [=%
E £ 300
= 250 = 250

nir = 92N Vg = 177.5 m/min
200 200
80 100 120 140 160 180 20 40 60 80 100 120 140
Sliding velocity Vi, [m/min] Normal force Fn,lr NI

550 o

- —F—Vy variable, F 4 Constant o o
5»00 3- -, , variable, vy constant | P = Constantly rising temperatures with
e 2 increasing sliding velocites v, and
& 400 T 2% - - . .
2 350 T ﬂ fl] increasing F .,
§wc { ¥ = Temperature depends mainly on
8 L

250 friction power (Py, = Fy . - vg,), which

e @ s s w0 0 i can be varied via vy, or F, 1,

Friction power P, [W]

Tool: HW-K10, CNGP 120408, 0 = 38°, yi = -38°

Parameters: 87.5 m/min < vy < 177.5 m/min, 27 N < F, ;. < 135 N, no coolant, path-controlled © 349108
Petter Ploog, M. Sc.
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Results and Discussion of Friction Tests — Mechanical Loads 1
04r 0.6
= /\6\9\@ Tos
o3} oy
5 04
§ 02r g 0.3
5 502
BoAf 5
s I o1
0 - - . . ! 0 » ’ ’ + ! !
80 100 120 140 160 180 20 40 60 80 100 120 140
Sliding velocity Ve, [m/min] Normal force Fn,fr [N]
& -—T—F . -
L ‘ e = Nearly constant friction coefficient p for
- [ different sliding velocities vy,
t —t—c 2 s s
B : ‘ = Decreasing friction coefficient p with
T 1 T increasing normal force F, ;.
2 i
&0 100 120 140 160 180

Sliding velocity v, [m/min]
Tool: HW-K10, CNGP 120408, a. = 38°, Y = -38°
Parameters: 87.5 m/min < vy < 177.5 m/min, 27 N < F, ;. < 135 N, no coolant, path-controlled

Petter Ploog, M. Sc.
MIC 2020 N P
Conclusion 1

= Presentation of a novel tribological test rig.
= Friction tests under realistic thermo-mechanical loads.
= Temperature depends mainly on the friction power P;.

= Further tests at higher sliding velocities should therefore be conducted to increase
temperatures.

= Cutting tests could also be conducted on the test rig by simply reversing the direction of the
rotation to increase temperature.

Project: “Untersuchung temperaturaktiver, reibungsmindernder
Schichtsysteme fiir die Drehbearbeitung von Titanlegierungen”
Project Number: 422345568 (GZ: HI 843/10-1)

34912e

Petter Ploog, M. Sc 1
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CHALLENGES AND INNOVATIVE SOLUTIONS IN ADDITIVE MULTI-MATERIAL
PROCESSING IN THE FIELDS OF POWDER, SENSOR INTEGRATION AND
POWDER APPLICATION SYSTEMS
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Together with the iwb of the TUM, 16 industrial-grade additive machines are
operated in the community laboratory "AMLab”.

Voxeljet VX1000
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The Multimaterial Center Augsburg is one of the largest additive manufacturing

projects in Europe.

Additive manufacturing of mechatronic multi-material
components

10 Technology projects with direct
funding volume of 10 M. Euro,
Total volume approx. 20 M. Euro

Focused technologies:
Laser beam melting and cold gas spraying

Projektbeirat

iforn  CONCEPTLASER
e%s SIEMENS pro beam

frenrd
MAN Energy Setutions

@ maeroseace

="

oesss

Hhoe Werkaste

Thematic Focus: Process Development, Product
Development, Additive Production

Illustration of the project goal

*— Material 1

Material 2
1to 4: integrated r 1
\l ‘ - Sensors/Actuators s
Q7/17 Today 06/'22
. Z Fraunhofer
open access [
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open access

ZZ Fraunhofer
1Gev

169




Machining Innovations Conference 2020

3-D multimaterial laser beam melting makes it possible to combine properties of
different materials with each other in a targeted manner.

Material Properties Properties Material
Biocompatibility P : Biocompatibility
Ti6Al4V Corrosion Resistance Injec“onhmlgmd study in Corrosion Resistance Ti6Al4V
Specific Strength alt-cut Specific Strength
Thermal Conductivity Thermal Conductivity
CuCri1zr Electrical Conductivity Electrical Conductivity CuCr1zr
Ductility Ductility
. Specific Strength Specific Strength .
Alsi1oMg Electrical Conductivity Electrical Conductivity AlSi10Mg
Ta Osseointegration Osseointegration Ta
Biocompatibility Biocompatibility
""""""""" Strength — stength ]|
1.2709 Hardness Hardness 1.2709

Z Fraunhofer
16ev

Based on the presented findings, 3-D multi-material components can be
manufactured at Fraunhofer IGCV.

Injector nozzle

3D-multimaterial-component

ZZ Fraunhofer
1Gcv
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Implementation of sensors in AM components
Goal, motivation and implementation

r Goal

Automated integration of sensors during the production of metallic
components using PBF/LB-M

r Il

4

Fig.1: Concept for sensor integration
e

[ Motivation
+ Automated production of sensor-monitored components

« Protection of the sensor through complete encapsulation

« Layer-by-layer structure allows integration at any time in the process at
any point in the component

« Sensor-adapted enclosure can be produced directly

Implementation
« Interruption of the additive manufacturing process

* Removal of powder from cavity

+ Inserting and wiring the sensor

Gripper | | Cleaning nozzle Cavity

* Resumption of the additive manufacturing process

Fig.2: Automation unit for sensor integration

L}
~Z Fraunhofer
locv

Implementation of sensors in AM components
Integration of weldable strain gauges

— Strain gauge interated in tension rod (AlSi10Mg) — Application (IN718) ——

Y ’(((?ﬁ K 120

Strain gauge

Pressure measuring heads

K

60

Stress in N/mm?*

&

Connections strain gauge

Fig.1: Rake of the company

Vectoflow with integrated
Strain in % strain gauge

Testl —— Test2 —— Test3 — Test4 — Test5 -~ Linear (Tensile testing machine)

0
0 002 004 006 008 0.1 012 014 016 018 02
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Main challenge of multi-material PBF-LB powder process chain
Intermixture of processed materials
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Criticality of foreign particles on part quality
Exemplary results for CW106C particles in 2.4668 (Inconel® 718)

————— — Foreign particle induced defects

\' 10 part.% -’\ - E.g.,CW106C foreign particles_i_n-z.'4668 Foreign
3 z S Bl Ty particles
& - remaining in
P \ AN A : the powder
—4\7\ =2 5 \ . material after
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. h i can lead to

\ 4 - structural

— % _M defects.
— Influence of defects on part performance

4) 1200 - -
I asss (Mo |'ivoisaos

|= 90r

MPa Criticality of foreign particles

and definition of thresholds are

relevant research topics in

multi-material PBF-LB

= E.g. upto 2 part.% CW106C in
2.4668 are tolerable in terms of
static tensile strength.

Exemplary application: bi-metal rocket engine
Produced via Directed Energy Deposition by
auncher'
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=t
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Cu- and Ni-base alloys are a
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Electrophotographic Powder Application for Laser Beam Melting
Potentials of Electrophotographic Powder Application for LPBF

B Expansion of the applicable particle spectrum

® Application speed and accuracy of a laser printer
B Combination of a planar and selective application mechanism

= Independence from the flowability of the powder

’— Potentials

> Processing of non-spherical powders » Switching between selective and planar
as well as fine particles and particle powder application as well as multi-
size distributions possible material processing for more than two

materials with one mechanism possible

S -

» Improvable* part quality
through more precise powder
application, higher resolution
and increased build rate

R N

T €3

de-based application systems in the LPBF % Fraunhofer
I6ev

open access

Aspects of Developing a Powder Application Module based on Electrophotography
for Additive Powder Bed based Processes

: @o Charge generation e Exposure
T IR <

Powder Application o Powder attraction o Powder deposition »»
by
Electrophotography =y
- - D"Tw
Solidification
Experimental investigations show the transferability of the by Laser Beam
electrophotographic principle to powder application in laser beam melting Melting

ZZ Fraunhofer
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Multi-material laser beam melting process
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Summary and Outlook
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Summary and Outlook
Thank You Very Much for Your Attention.

 Summary
®  Multimaterial processing offers great potential for additive
manufacturing
®  Sensor integration; Successful integration of strain gauge into LPBF-
tension rod
®  Powder separation: Up to 2 particle percent of CW106C particles in
Inconel 718 can be tolerated
= Electrophotographic powder application: Photoconductor is
chargeable under LPBF-conditions
- Outlook
®  Sensor integration: Influence of process interruption with other
materials and process parameters
®  Powder separation: Influence of powder contamination needs
individual case studies for specific applications and the considered
material combinations
®  Electrophotographic powder application: Further investigations to
complete the process and implementation to LPBF-machine

r | Look Forward to Your Questions and
Comments!

M.Sc. Julia Forster
Research associate |
Materials and Processes

Fraunhofer Institute for Casting, Composite and Processing
Technology IGCV

Am Technologiezentrum 10 | 86159 Augsburg
Phone +49 821 90678-321 Fax -199

Julia.Foe!

er@igcv.fraunhofer.de

raunhofer.de

v.igev
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Cryogenically Applied Support and Damping Structures
for Chatter Suppression in the Machining of
Thin-Walled Components

Eva Jaeger, Jonas Baumann, Dirk Biermann

Chatter suppression in the machining of thin-walled components OJ ISF

Challenges in the aerospace industry
* Increasing demand for lightweight and highly stressable components with complex geometries
« Continuous increase of the chip removal volume under the boundary conditions of a production accuracy and quality

- Dynamic effects cause undesired periodic relative movements between tool and workpiece (chatter oscillations)

Jaeger et al 2
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Influencing factors of process stability

Objective

Influencing factors
[Munoa et al. 2016]

Jaeger et al

Process stabilization

=

T
Process

)
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Structural Structural .
- X Regeneration §
stiffness damping " damping parameter
disturbance N
enhancement enhancement enhancement selection
L)
.

Cryogenically applied support and damping structures

Objective
Influencing factors
[Munoa et al. 2016]

Potential for influence

Approach

Jaeger et al

Process stabilization

I T f T 1
Structural Process . Process Structural
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Cryogenically applied support and damping structures

Objective
Influencing factors Str_uc’(ural Structl‘JraI
[Munoa et al. 2016] stiffness damping

: enhancement enhancement

Potential for influence

Cryogenically Applied Support

Approach
[ and Damping Structures
Jaeger et al
Experimental Setup and Procedure QJ ISF
. Coolant: CO.. oy = 60 bar
Procedure: Snow medium:  Water, Emulsion (ECOCOOL - 1.6 %)

+ Spraying of a pressurized mixture of CO, and Operation modes: g gg,-)et ) il
: N . : %
ice medium (V,p = 10 mi/min) (1] cof;: * %ul:g ::x modi::

« Expansion at the nozzle, resulting in a temperature drop + manyal snow medium Supply
(Joule-Thomson effect, T = -79 °C)

B . co. supply|, anual lubricant [] . Milling

+ Manual sprayed ice medium is fed into the snow jet externally
(Viman = 54 ml/min)

cutter

‘¥-Lubricant

M
w%
supplyll. Il >

. CO-lubricant
HPLC. J“I

'm Thin-walled

Damping
element

Operation modes:

« | Cooling of the specimen by expanding CO, Support

< |l Well adhering layer of ice
< |l Application of finer sprayed snow

[ & i} [m [0 Manal
Measurement equipment: 4 CO, supply m:l\ﬂa 2:;
« Experimental modal analysis and FRF t é.:
Snow o e
snow
Jet

medium supply

Thin-walled
workpiece

« Air transmitted acoustic emissions

Jaeger et al
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Experimental Setup QJ lSF

Machine tool: Réders TEC 1000 Workpiece: EN AW-7075 (d = 3 mm, h =45 mm, b = 50 mm)
Coolant: Liquid CO,, p = 60 bar Snow and ice medium: Water and emulsion (ECOCOOL — 1.6%)
Operation modes: |: CO, (10s) Il : CO, + lubricant through jet (10s) Il : CO, + lubricant through jet + manual lub. (70s)

e N e ==
Manual supply T-piece
of snaw madium

V...= 54 miimin .

Jaeger et al

Thin-walled [P

Laser triangulation Automatic supply
sensor for detection of of smow medlum
component deflections Ve = 10 mi/min

Cryogenic application of support and damping structures QJ ISF
Machine tool: Réders TEC 1000 Workpiece: EN AW-7075 (d = 3 mm, h =45 mm, b = 50 mm)

Coolant: Liquid CO,, p = 60 bar Snow and ice medium: Water and emulsion (ECOCOOL - 1.6%)

Operation modes: |: CO, (10s) Il : CO, + lubricant through jet (10s) Il : CO, + lubricant through jet + manual lub. (70s)

- -

7’

Light ice structure
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Dynamic behaviour of the workpiece QJ ISF

Machine tool: Réders TEC 1000 Workpiece: EN AW-7075 (d = 3 mm, h = 45 mm, b = 50 mm)
Coolant: Liquid CO,, p = 60 bar Snow and ice medium: Water and Emulsion (ECOCOOL — 1.6%)
Operation modes: | : CO, II': CO, + lubricant through jet Il : CO, + lubricant through jet + manual lub.

0,20
Light ice structure

0.172 mm/N — Reference
mm/N ....... . )
— Light ice structure
I 0.15 | — Heavy ice structure
@ H -
] 0.119 mm/N 0.116 mm/N fo1= 974 Hz ]
8 B fyp = 2349 Hz Y
g 010 B
3 Heavy ice structure
© fon= 731Hz y 1o S
foo= - Hz s
0,05 | 0.038 mm/N 0.042 mm/N
0,00 : -
0 1500 200: Hz 3500
Frequency f
Jaeger et al 9

Process design for the experimental evaluation QJ ISF
Simulation: Workpiece: EN AW-7075 (specific cutting force parameters)
Machining strategy: Down-milling Spindel speed: n = 4 000 - 20 000 min-1

Machining parameters: a, =1 mm; z=4;f,=0.05mm

0,40

— Reference — Heavy ice structure
----- Averagege; AVerageiesiucture

mm
0,30
0,25
0,20
0,15

0,10;\_’_/

0,05

Axial depth of cut a,

». 4 qafsesass copgedsesasesasee
0,00
4000 8000 12000 16000 20000
Spindel speed n

Jaeger et al. .
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Simulation: Workpiece: EN AW-7075 (specific cutting force parameters)
Machining strategy: Down-milling Spindel speed: n =4 000 - 20 000 min-1
Machining parameters: a,=1mm;z=4;f,=0.05 mm

0,40
— Reference = Heavy ice structure

mm

""" Averageger AVerageisesyyciure

0,30
0,25

0,20

0,15

Axial depth of cut a,

4000 8000 12000 16000 20000
Spindel speed n

& ISF

Machine tool: Réders TEC 1000 Workpiece: EN AW-7075 (d = 3 mm, h = 45 mm, b = 50 mm)
Milling tool: Giihring HSS end-mill (d =8 mm, z = 4) Process: n =15 000 min”', f, = 0.05 mm, a, = 1 mm, a, = 1 mm
Coolant: Liquid CO,, p = 60 bar Snow and ice medium: Emulsion (ECOCOOL - 1.6%)
Operation modes: | : CO, I : CO, + lubricant through jet Il : CO, + lubricant through jet + manual lub.
Reference Heavy ice structure
es 25
R G5
2 B [ m———————— - ——— 323
<5 <5
60007 : ———  Max. 6000 Max
foqa =964Hz - f,=2366Hz _ ) foq =733 Hz 5
HzA 49004 = o HzA - °
2 40004 f,=250Hz" — — = 3 4000 f, =250 Hz E
H ——————— ————— —— € s £
5] — — = < [} <
3 3000 — — I —— . 3 3000~ i
© o » = Min. | o Min.
L 2024 = L 2000
fo 371 = — fo =
£ e £,
0 0.25 0.50 s 1.00 0 0.25 0.50 s 1.00
time ¢ time t
Jaeger et al
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Dynamic behaviour of the workpiece during milling QJ ISF
Machine tool: Réders TEC 1000 Workpiece: EN AW-7075 (d = 3 mm, h =45 mm, b = 50 mm)
Milling tool: Giihring HSS end-mill (d =8 mm, z = 4) Process: n =15 000 min‘', f, = 0.05 mm, a,=1mm,a,=1mm
Coolant: Liquid CO,, p = 60 bar Snow and ice medium: Emulsion (ECOCOOL — 1.6%)
Operation modes: | : CO, (10s) |l : CO, + lubricant through jet (10s) Il : CO, + lubricant through jet + manual lub. (70s)
— Reference — Heavy ice structure
° 04
=
S
° mm
()
B
g 00
-0,2
0,00 0,05 0,10 0,15 0,20 0,25 s 0,30
time t
0,08

i
Harmonics of f

Deflection d
o
o
s

0,02
0 7\ e, . A
0 f 1500 2000 2500 Hz 3500
t for o Frequency f foz2
Jaeger et al. 13
Conclusion and Prospects QJ lSF
Conclusion:

«  Significant reduction of the compliance
+ Applied snow and ice elements melt off
+ Simple integration into existing machine concepts

Prospects
+ Acquisition of fundamental knowledge
« Production strategies for the generation of hybrid ice structures
« Investigation of the influence of temperature on geometric deviations
« Transfer to the application of more complex geometries

Snow medium _ Y

Co, snow N High density
medium mixture area
T Low density
r __area
Jaeger et al
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Chair of Machine Tools and Manufacturing Technology

B Jet Machining

Close-contoured roughing of hard to machine
materials using abrasive waterjet turning

Abrasive waterjet controlled depth milling

Development of process strategies for cleaning,
de-coating, de-burring and pre-treatment of
surfaces

Development of high-pressure liquid CO, jets for
machining of hydrophobic materials

Waterjet cleaning

Abrasive waterjet
milling

CO,-cleaning

Liquid CO,-cutting
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Motivation
State of the art

B High-performance materials used in aerospace
industry lead to high tool wear and long process time
in conventional machining

B Abrasive water injector jet cutting (AWIC) is the
most widespread variant of abrasive water cutting
technologies

B AWIC is mainly used for cutting sheet metal
Benefits of AWIJC

Well suited for processing extremely hard

Characterized by a relatively low tool wear

Independent of material being processed

20th Machining Innovations Conference for Aerospace Industry 2020, December 2nd 2020 Page 5

©liirgen Sonnemeyer
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Motivation
Goals

B Automated pre-contouring of difficult to machine
materials

B Pre-contouring of complex 3D geometries §
Continuous cutting of outer material segments “ ? é
Stepwise pre-contouring to final geometry

B Extension of machinable component spectrum &\} $ ?

B Increasing usability of semi-finished product

spectrum with solid bars and profiles

Trimming of a turbine blade using AWIJC

© FRAUNHOFER 17K / IWF TU BERLIN

= WF
~Z Fraunhofer 1

IPK
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Motivation
Systematic approach

B Detailed knowledge of cutting parameters is needed Knowledge Automated ‘
iti Free workpiece
to compensate form and position errors though a of cutting trim path : P
corresponding path adaption with CAD-CAM control positioning
parameters generation

B Development of automated trim path generation

Development of new machine system to position the
workpieces freely under the jet

» Automated pre-contouring of complex 3D geometries Automated pre-contouring

Z Fraunhofer \WNF
IPK
PRODUKTIONSANLAGEN UND WERKZEUGMASCHINEN UND FABRIKBETRIES
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Motivation
Systematic approach
B Detailed knowledge of cutting parameters is needed Knowledge Automated v
iti Free workpiece
to compensate form and position errors though a of cutting trim path : P
corresponding path adaption with CAD-CAM control positioning
parameters generation

Development of automated trim path generation

Development of new machine system to position the
workpieces freely under the jet

Automated pre-contouring

» Automated pre-contouring of complex 3D geometries

=p First step is to provide a regression for predicting the
shaft diameter of an abrasive water jet turned
specimen

Z Fraunhofer iWNF
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Investigation
Materials and methods

B Workpieces

= Solid round bars with outer diameter of
D = 60mm

= Stainless steel of type X5CrNi18 (EN 1.4301)

B Water jet system based on a six-axis robot
manipulator

" Nozzle diameter d, = 0.35 mm

= Focusing tube diameter d¢ = 1.02 mm

Waterjet HRX 160 with six-axis robot manipulator

Z Fraunhofer WF

1PK
sTiTuT sTiTuT
PRODUKTIONSANLAGEN UND WERKZEUGMASCHINEN UND FABRIKBETRIER
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Investigation
Materials and methods

B DOE with full factorial design

= Variation of targeted shaft diameter d; and
volume removal rate VRR

Setting Parameter Unit Level of parameter variation
Shaft diameter dg mm 30 40 50
Volume removal rate VRR ~ mm?3/min 550 1100 1650
Jet pressure Pa MPa 280
Abrasive flow rate My g/min 500
Rotational speed n rpm 20
Stainless steel of the type X5CrNi18 (EN 1.4301)
machined with AWIJC turning
=
’ ZZ Fraunhofer WF
= INSTITUT PK INSTITUT
PRODUKTIONSANLAGEN UND WERKZEUGMASCHINEN UND FABRIKBETRIES
© FRAUNHOFER IPK / IWF TU BERLIN KONSTRUKTIONSTECHNIK TECHNISCHE UNIVERSITAT BERLIN
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Investigation
Results

B Deviation from shaft diameter Ad; increases with

B VRR 550  mm?3¥/min
reasi h i O VRR 1100 mm3¥min
Decreasing shaft diameter dg TVRR = 1650 mmymmin
Increasing volume removal rate VRR 4
B Increasing of VRR leads to increasing waviness of - & mm +
workpiece surface £3
=2 2
B Minimum deviation of 0.11 mm could be achieved  § %
. . . - . T5 1 B H
Reduction of VRR leads to increasing machining time 3
o° o - .
30 mm 40 mm 50 mm

shaft diameter dg

Page 11
Process:
AWIIC
Tools:
GMA Garnet , Mesh 80
do= 032 mm
d. = 1.02 mm
Workpiece:
X5CrNi18
Process parameters:
p, = 280  Mpa
m,= 500 g/min
n = 20 rpm

Synchronous rotation

=
~ Fraunhofer i\NF
IPK
PRODUKTIONSANLAGEN UND WERKZEUGMASCHINEN UND FABRIKBETRIES
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Investigation
Results
B Regression to predict deviation from the targeted Deviation from shaft diameter Ad, Process:
shaft diameter dg: O <05 mm ®19- 26 mm AwiC
B05 - 12 mm W26 - 33 MM Tools:
=12 - 19 [ ] 33
Ad; = —1.315 mm + 1.35:10-2.d; mm > MM GMA Garnet, Mesh 80
. . 50 dy= 032 mm
min min & d = 1.02 mm
+5.11 5~10‘3—2‘VRR +7.510°° 5 -dg-VRR < mm Workpiece:
mm mm T X5CNi18
E 40 Process parameters:
L . . ° p, = 280 Mpa
B Accuracy decreases with increasing cutting depth £ 35 ta= 500  g/min
and volume removal rate VRR = n = 20 rpm

w
=]

vt
ul
=}

825

1100 mm?3/min

volume removal rate VRR

1650

Synchronous rotation

=
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Outlook

B [nvestigations are the foundation for trimming with e \g >
new technology
B Influence of process parameters for abrasive waterjet
turning identified and transferred into regression &\} - v
W Further investigations for AWIJC with very flat cutting ) U 5
angles and different techniques for cutting off Trimming of a turbine blade using AWIIC
finished workpieces

B Aim to compensate form and position errors though
a corresponding path adaption with CAD-CAM
control

Different techniques for cutting off finished workpieces

with AWIC
=
Z Fraunhofer iWNF
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1. Introduction

Back ground:

The equations derived by Kronenberg and Shaw cannot
evaluate the influence of thermal properties of cutting tool on the
cutting temperature since they do not contain the thermal
properties of it.

Main purpose of this paper :
1. We derive the evaluating equation to present the influence of
cutting conditions and the thermal properties of the
workpiece/tool on the cutting temperature by the dimensional
analysis.

2. We carried out the cutting experiments to confirm the propriety
of the equation.

NAGOYA UNIVERSITY 2

199



Machining Innovations Conference 2020

MIC2020
2. Derivation of evaluating equation
by dimensional analysis

We assume that the cutting temperature 6 is affected by the physical
quantities of total cutting energy @, volumetric heat capacity pc, and
thermal conductivity A.

Then, the cutting temperature 6 is expressed by the following equation

fl(H,Q'pC:A)ZO (1)

where, f;, fo, f3 * + - arefunctions.

NAGOYA UNIVERSITY 3

2.2.1 Model of interaction region Wic2020

between workpiece and cutting tool

We assume that the cutting region consists of the workpiece region and
the cutting tool region, and the chip is regarded as a part of the workpiece.

The cutting energy Q generated in the interaction region is divided roughly
into the energy Q,, and the energy Q;.

Then, the following relation is held.
Q= Quwt Q (2)
Q. the energy which flows into the workpiece
Q; : the energy which flows into the cutting tool

When heat partition coefficients of cutting energy are denoted by ¢,,
and & , Q,, and Q; are given by

Qw=3%w@ , Q= &Q
Substituting these equations into Eq.(2), we get
fw + ft =1 ’ (3)

NAGOYA UNIVERSITY where ¢, and &, are non-dimensional constants. 7
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The volume of metal removed per unit time Z is given by
Z=afv. (4)

Using the specific cutting energy ks, the total cutting energy Q is
expressed by

Q=Zks=afvks. (5)

Consequently, Q,, and Q; are given by

NAGOYA UNIVERSITY 6

Qw = wa = fwaka& (6)
and
Q=& Q=¢&afvks. (7)
NAGOYA UNIVERSITY 5
MIC2020

2.2.2 Temperature of workpiece-1

Let us consider the cutting temperature of the workpiece 6,,,.
6,, is expressed by this equation.
f2(Ow, Qw , PwCw , Ay) =0 (8)
Q. : the energy which flows into the workpiece
pwCw - the volumetric heat capacity of the workpiece
Ay : the thermal conductivity

Substituting Q,, = &,a f v ks into Eq.(8), we get the fundamental
equation

f2 Ow, v, (a f): wks) , pwew v Aw) = 0. 9)
Using the dimensional matrix of Eq.(9) and IN(Pi) theorem,
f2(I3, ) =0, (10)

I1; and I1, are products of dimensionless quantities.
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2.2.2 Temperature of workpiece-2

Then, I1; is presented by this equation

My = 65" v¥*(af)? (& ks)" (pwCw) (11)
As I1; is a dimensionless product,

Ml =[O [LT-AP L] EHL? ] [HL?O"]=0
Using this relation, we can get

- BW ww.
My = 0 (Guks) ™ (puc,) = 22u0e) (12)

Applying the same method to I1,, we get

M, = 6,2v2(af)? (&, ks)2A,,. (13)
From this equation,
_ _ _ By
M, = 6, v~ (af) " 2(Ewks) Ay = S@N ks (14)
NAGOYA UNIVERSITY T 5
MIC2020

2.2.2 Temperature of workpiece-3

Substituting I1; and I1,, into Eq.(10), we get

Ow (Pwew) OwAw —
fZ ( &wks ’v(af)l/szks) - O (15)

From the simplest combination of these two products,

we get
_ 1L71/2a1/4}c1/4
ew - Cl Ewks (pwcw)l/z/l‘ﬁ,/z ’ (16)

where C, is a dimensionless constant.

NAGOYA UNIVERSITY '8
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2.2.3 Temperature of cutting tool

Then, 6, is expressed by this equation
f3(0:,Q¢,pece, Ac) = 0. (17)
Q, : the energy which flows into the cutting tool
p:C: « the volumetric heat capacity of cutting tool
A : the thermal conductivity
Substituting Q; = &:a f v ks into Equation (17), we get

f3(9tiv! (af)!(ftks)'ptct !At) =0. (18)
As a result, the temperature of the cutting tool is expressed by this
equation
1/2a1/4f1/4
0, =C, - & ks —— ) 19
t =Gy & (prco /2272 (19)

where C, is a dimensionless constant.

NAGOYA UNIVERSITY 9

MIC2020
2.2.4 Evaluating function of cutting temperature

At the interaction region between the workpiece and the cutting tool,
we can consider that these two temperatures are equal

by = 0 (=0) (20)

Substituting Eqgs. (16) and (19) into Eq.(20) and using Eq.(3), we get
heat partition coefficients ¢, and &,

(chw)l/zlav/z
= 21
bw (pec) /241> +(pwew) /225" 1)
and
(peco™/22
= ) 22
e (pec) /221 +(pwew) /22 (22)
Consequently, we get the cutting temperature.
ks al/4f1/4y1/2
9 =C sa_f v (23)

® (pec) 22 %+ (pyen)/2AY?
where C3 is a dimensionless constant.
NAGOYA UNIVERSITY 16
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Simplification of “ks
This figure is the experimental result in this reference.
10 A
[ Incone:l 718// |
S50C-H ~ | ..
o ¥susioh [3] Ueda, T., Hirai, Y., Uto, S., Shamoto, E.,
Ti-6Al-4V ;& 1 . . . .
= ~#7ss0eN | Studies on cutting temperature by dimensional
E 2 ‘ analysis, Transactions of the JSME, Vol.85,
= Aluminu 6% Bress | No.869; 2019.p.1-14.
2 o
i ~
| ohaso’ ‘ d. = PwCwOm
s TR T q. is specific energy which is needed to
q. = PwCwBm [J/mm3] increase chip temperature to melting point
Fig.12 ks — g, relation of workpiece material.
N c

From this figure, there is a relation ks ~ q, in metal turning.

This equation means that a large part of specific cutting energy ks is
consumed to make the chip.

We assume that ks «< q, (= pyc,0,,) can be used.
NAGOYA UNIVERSITY "

MIC2020
Simplification of "pc”

Table 2 Physical properties of workpiece material

Ti-6A1L4V  AISTIOS0  Inconel718  ATSI304

Melting pomt 6 T 1660 1400 1300 1410
Thermal condoctivity Aw Wim-X) 76 + 11 16
Density P kg’ 4420 7840 8200 7920
Specific heat e Jikg * K) 537 482 440 499
Volumetsic heat capacity pecu J(mm*K) 000237 0.00386 0.00361 0.00395
Thermal diffusivity =l Py mm's 320 14 3.05 405

Table 3 Physical properties of cutting tool
AOs WC  BiA  BiB  BiC
Alumina Carbide Bidemics Bidemics Bidemics

Thenmal conductmaty & Wim'K) 17 63 38 6 100
Density g kg m’ 4000 14400 12700 14900 15000
Specific heat a Jikg K) 900 200 280 200 200
Volumetric heat capacity po Jmm™K) 000360 0.00288 000356 000298 000300
Therma! &iffusivity o=ldpe  mm'/s 4N 21.88 1631 25.50 3333
HV hardness HV 1750 1600 2500 2500 2500
. UNIVEE?ﬁ_{;lanon P:Ct/PwCy =~ 1 can be used. 42
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Simplification of Eq.(23)
Substituting these relations into Eq.(23), we finally get
6 _ C, 1 al/4f1/4p1/2 (24)
R
At A
ay = — =

e W= : thermal diffusivity
C, : dimensionless constant
Equation (24) holds for 8 < 6,

Consequently, from Eq.(24), we can get the information about the

influence of cutting conditions, thermal properties of workpiece/tool
material on cutting temperature.

NAGOYA UNIVERSITY

43

MIC2020
Experimental set-up
a
A e )
" Opt;l ﬁb:ri Cnndg_r:»s;r | i

Digital memory

InAs-InSb
Two-color detector

NAGOYA UNIVERSITY
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Typical output waves of
two-color pyrometer

p oLl i e

I I T

’ ! Timc'MJ [ms] o
NAGOYA UNIVERSITY 45
MIC2020

Frequency characteristics of pyrometer

20 m

=T

- 0 i o)

é" 10 u\

S \
30 I [

1 5 10k 50k | 100k 500k
Frequency Hz

NAGOYA UNIVERSITY 16
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Experimental conditions
Table 1 Experimental conditions
Cutting speed v m/min 50~ 800
Depth of cut a mm 0.05~0.15
Feed rate f mm/rev 0.1~03
NAGOYA UNIVERSITY 17
MIC2020
Influence of cutting speed
on cutting temperature
10 107 i
| e AR ES
05/ e " n=1/2 05 -7 n=1f2
- P o _=®
N 4=0.15mm From these figures, the
f=0.15mm/rev f=0.15mm/rev propriety of the following
O 00" 300 e 1000 equations is confirmed.
v [m/min] v [m/min]
(a)TI-6AI-4V, AL, reeaay,we D 0/, « v'/2
10¢ y— . - Oprrvr o arik 1
o 5: o "n’rlll/z 05}~ -7 n=1/2
a=0.15mm a=0.15mm
f=0.15mm/rev f=0.15mm/rev
011 PR (1} §f ST " PN |
100 500 1000 50 100 500
v [m/min] v [m/min]
(c)AISI1050, WC (d)Inconel718, Al,0,
(Turning) ,;*
NAGOYA UNIVERSITY 8
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Influence of depth of cut and feed rate

on cutting temperature

1.0 10, — &
L Ti-6Al-4V L Ti-6Al-4V |
OSTWC ] 05( wc [
e | n=1/4 | ' n=1/4 | 1/
3 ol peot /6 < a
o S ° 2 \ m
S | e 5 | o | e b6 e 1/t
v=100m/min v=100m/min
% f=0.15mm/rev | ol q=0‘15r7‘\n.n. J
005 01 05 “01 05 10
a  [mm] f [mm/rev]
(a) Depth of cut (b) Feed rate
NAGOYA UNIVERSITY %9
MIC2020
Influence of a, f, v
on cutting temperature
1.0¢
,{:vn=1
05 P
£ P _ ]
= Ji:ﬁ u—gAl-av | ‘ 0/6,, «(al/4f1/4y1/2)
S v
£ S
- f
0.1 PR N
0 50 100
a1/4f1/4ul/2 [(mm2/s)2]
NAGOYA UNIVERSITY 26
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Influence of thermal properties of workpiece/tool
material on cutting temperature

;s —

0.5 Bi-CO . ®Al,0,

o/e,,
™
N
L )
@
™
D
S~
D
3
R
S

F v=300m/min
@=0.15mm OTi-6Alav
f=0.15mm/rev  @aisi1050

0.1 A N
005 0.1 0.5

(a2 +ay/?yt [(mm/s)V2)

NAGOYA UNIVERSITY 27

MIC2020

Influence of cutting conditions (a, f, v),
thermal properties of workpiece/tool
material on cutting temperature

1.0 r
[ n=1 ,/
5 % /
0.5} o/s®
et K 1
@ 7 1/4£1/4,,1/2
s / ) o
e (o P
7
-'/b
01y 510
{a,]/z+a.1.“]"a'/“[‘/“l‘m
NAGOYA UNIVERSITY 22
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Conclusions

1. An evaluating function to present the overall influence of these
elements on temperature is derived by the dimensional analysis.

2. Our evaluating function consists of physical quantities of cutting
speed, depth of cut, feed rate, specific cutting energy, and
thermal conductivity and volumetric heat capacity of the
workpiece/tool.

3. The derived function is useful to evaluate the overall influence of
these physical quantities on the cutting temperature.

NAGOYA UNIVERSITY 23
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In-process

Virtual Quality Monitoring

-Shashwat Kushwaha
02.12.2020
MIC 2020, Hannover, Germany

Current industrial practice/process

CAD-file Tool paths

CAD-CAM
software processor

CAD-file Tool paths

,l

Accuracy prediction is
limited due to
assumptions:
+ Rigid mechanics
*  Unknown tool wear
«  Thermal models
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Proposed workflow

Process Data:
a. Tool position
b. Tool table

c. Cutting forces
d. Temperature
e ...

Raw
material

————————— = SEEEES Digital models:
a. Tool compliance
b. Volumetric errors

Virtual c. Material removal

simulation

ion
spectln d. Thermal deformation

* Compliance of the tool centre point as a
function of machine’s working volume

Stiffness - X direction

@ Messcsind welim
©  Estmuiné vl

1 Symmens vatie)
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Estimation of tool deviation

« Tool dynamics valid for 0-200 Hz
Analog data sampling at 1 kHz
Position at 200 Hz

Encoder at 500 Hz

Machine
dynamics map
Gm (%, Y,7)

Tool dynamics Real time tool ¢ Actual tool
(analytical) G, deflection = position

Compensated (x,y,z)

Validation
B
1 Feature Cut type Cutter Nominal Expected
compensation _di ion [mm] deviation
S1 Down On 55 +
S2 Up Off 55 ~
D1 Down On 50 +
D2 Down On 15 -
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Validation: Dimensional deviations

B
. Feature Nominal  Expected CMM [mm] Virtual measurements
dimension deviation (deviation from [mm]
[mm] nominal) (deviation as compared
to CMM)
S1 55 + 55.0289 55.037
(+0.0289) (+0.0081)
S2 55 ~ 54.9901 55.001
(-0.0099) (+0.0109)
D1 50 + 50.0311 50.038
2 (+0.0311) (+0.0069)
D2 15 - 14.9659 14.958
(-0.0341) (-0.0079)
Mean error as compared to CMM 0.0085

Validation: Geometric tolerances

« High speed analog data is used to refine

: feature
nspection .

Improved geometric tolerances

KU LEUVEN
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Faster outlook on results

+ High speed analog data is used to refine
feature
+ Improved geometric tolerances

Total tool deviation plotted on workpiece geometry . w

Conclusion and future outlook

* Real time virtual machining (0.4 hours vs 3.25 hours of machining)
» Static and dynamic compliance map (analogous to volumetric error compensation map)
* Tool deviation estimation (max uncertainty + 2.5 m) .

* Refine existing models

* Add more models, e.g. thermal, workpiece deformatio
* Closed-loop machining

* Streamline hardware integration
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Introduction and Motivation

Extended SN-Curve and classification of aviation gear units

~ Pratt & Whitney PW1000G (A320neo

— Example calculation D-Check

ca. 3:1 ‘ | Npjanet: 10000 rpm
L nFan 3500 rpm h‘%‘“‘ teneo(D-Check): 20000 h
u nND 10000 rpm ,C og Npianet(20000h):  2.4x100LC
22.4 MW Maximum Take off Power (MTOP)
[ Rolls Royce Ultrafan® Experimental results No statistically
74.4 MW for tooth root load validated test
capacity results
I
~ Planet Yu 7 oI é{
ol |8 ‘
w"".'w | 7 :
1118 Npjanet(20000h):  2.4x1010
& NG(AGMA ): 107
A 10 108 106 107 108 10°
15 R'0'5 0 Load cycles log N
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Fundamentals of Gear Investigation
Overview Damages on Gears

Type of Damage

Tooth Flank Damage
—~
m Pitting

Tooth Root Damage
~—

m Fatigue Breakage
= Micropitting u Overload Breakage
m Scuffing

® Abrasive Wear

Excitation Increase
Heating

® Tooth Flank Fracture

Breakdown

\

5 © Werkzeugmaschinenlabor WZL / Fraunhofer IPT z Fraunhofer m | RANTHAAS
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Fundamentals of Gear Investigation
Gear testing methods and standardized back-to-back test rig

— Model tests r Standardized test rig data —

®m a =091.5;112.5; 200 mm

m Application of load
lever and weight  hydraulic

=

o

o

=

3

c

c

=)

i Tooth root Tooth flank Key

o - 1 Motor

> 2 Reference gearbox

2 3 Torsional shaft

§ 4 Mechanical clutch

< 4* Hydraulic torque motor
5 Test gearbox
6 Heating / cooling

Load circle
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Structure

7 © Werkzeugmaschinenlabor WZL / Fraunhofer IPT %
Z Fraunhofer m‘mm
N AW/Z

Tooth root Load capacity in UHCF range
SN-Curves for material behaviour in the UHCF range

— Duplex SN-Curve (SAKAI) — — Late tooth root fractures (SCHURER)
Gear geometry: Back-to-back tests (SCHURER)
rot. bending = m, 1.5 mm

w SUJ2 material " b: 8 mm = A @ o/
e . s oA
= oz 59/61 = Ae oo @enes
o = 20° 5 AT®
H i i F e
i Material data:
o Ao 0 100 ® Material: 20MnCr5 10° 10° 107 108
o9 m Surface: shot peened Pulsatortests (SCHURER)
Crack initiation B Heattreat.: case hardening ‘ ‘ ‘
Pulsator: ‘T
Surface A Subsurface @|| .'r 70-110 Hz g \;#.‘
Back-to-back test rig: © ° dmam
" a 91.5 mm 2 ‘ - ‘
B Nginion* 3400 rpm - :
R: 0 104 105 108 107 108
log N
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Tooth root Load capacity in UHCF range
Calculation model Murakami

— Stress Ratio I MURAKAMI
Martensit
e
r Vickers hardness Surface Failure
HV +120 [1-R|*
N =156 - U120 1Ry
T (Yarea)s
Material depth Subsurface Failure Martensit
—R1% artensi
r Inclusionsize oy =143 - M [u]
’ 1 2
2
FGA (A)) (¥/area)s
. (Ao)  area =4, with R,
Varead = /A, a=0226+HV-10"*
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n UHCEF test rig concept
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UHCEF test rig concept
Test rig overview

3 Load unit S Drive Train Data S
; . Nan 3000 rpm 2
5 P >400 kW o
o E
3 Housing wall o
3
3 Data
@ ;2,33\? em N, 3000 rpm

Ngp 12000 rpm
¥ i 4
S Bellow clutch I‘:ﬁ'z 2

m Circulating lubrication
% m Rolling bearings
Q
3 — Mass temperature
- — DMS
E — rotational

acceleration

-—
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UHCF test rig concept

“eeTS RO E & 594 l/min
s |
@[+ [45 Je3 [18 |34
|@[s [45 |50 [14 |34
@2 [4s [61 [13 [0
S 210 [448

Gear Lubrication

r Gear lubrication

’0 2 | 140 [100-170 |50 |73 20% before tooth mesh

\9 2 |45 |s575 |50 |73 = @ @ (lubrication)
] 80% after tooth mesh
\ 4 200 | 292 = 0= (cooling)
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UHCF Test rig concept
Load application system

— Concept for load application -

Key

m 1: Shafts

m 2: Sliding helical gear
m 3: Fixed helical gear
® 4: Radial bearing

m 5. Axial bearing

m F, Axial force

m <«— Loading / Unloading

Design

— Operation and function

® Due to the journal bearings, the
system must be started up loadfree
and can only be tensioned at test
speed

m Double helical gears for
compensation of axial forces

— Manufacturing challenges

® Imprecise manufacture of the
double helical gears to each other
leads to an uneven load
distribution and a wandering
contact pattern which leads to
vibration excitation of the system

m Vibrations in the system can cause
damage to the sensitive measuring
technology and the journal
bearings

13 © Werkzeugmaschinenlabor WZL / Fraunhofer IPT
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Structure

H Manufacturing challenges and concept
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Manufacturing challenges

o Shiftable double helical gears ——— e Balancing and concentricity of the shafts —

B High demands on the concentricity of
the shafts
> High length of | = 1.3 meters
» Low-distortion hardening through
long-term nitriding (t > 80h)
B Balancing of the shafts
before every test

B Precise manufacture
of the helical gears to
each other

W Low friction surfaces
on the splined shaft
profile (PECVD)

e Fixed double helical gears

] @ Bearing seats
W Precise manufacture

of the helical gears to
each other
W Very high depth of
spline hub ( >160 mm)
W Possible Production
technology: eroding

W Precise manufacture of the bearing
seats to each other through spindles
with large bearing distance of a > 1m

erkzeugmaschinenlabor raunhofer I =
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IPT : 204

Manufacturing concept
Production chain for reference gears

o Raw material QTurning 9 Eroding of spline hub 9 Gear hobbing

Surface and Bore
O cCutting @ Gear grinding @ grinding @ Heat treatment

16 ‘Werkzeugmaschinenlabor WZL / Fraunhofer IPT ?
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Structure

n Summary and Outlook
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Summary and Outlook

\\:ﬁ%‘i’ e - Summary
S A
I - W Standard bracing test rigs do not allow economic testing of gears in the

performance class of aviation applications up to the UHCF range
B In the UHCF range, there is a shift of the crack starting point from the surface
below it, so that the material purity plays a very important role in aerospace
gears > New material models have to be developed
B The high power and speed of the test rig leads to manufacturing challenges
> Double helical gears (axial force compensation)
> High concentricity of the shafts

r Outlook

B Currently the production of the test rig and the assembly and commissioning of
a lower-performance prototype is in progress

B Next year the main test rig will be set up and then UHCF tests up to N > 108
will be performed

B Based on the results of the tooth root load capacity tests, a calculation model
for the behavior of gears under alternating load in the UHCF range is created
in combination with standard samples

erkzaugmaschineniabor WZL | Fraunhofer =z
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Contact Details
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For the WZL of RWTH Aachen University:
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In-process quality monitoring during turning based on high BB TECHNISCHE
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= [Introduction and objective

= Experimental configuration
= Environment and data acquisition
= Setup and design

= Data analysis

= Feature reduction and analysis
= Correlation and collinearity
= Signal reduction and feature analysis

= Classification approaches
= Binary classification based on envelope curves
= Binary classification based on a Convolutional Neural Network (CNN)

= Conclusion

2| 02.12.2020 | Institute of Production Management, Technology and Machine Tools | Prof. Dr.-Ing. M. Weigold
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Introduction and objective > '\

TU DARMSTADT

Manual inspection Additional sensors Internal data

N ]
¢/m

= staff intensive = cost-intensive = automated

= error-prone = installation costs = cost-effective (no additional sensor
= cost-intensive = high maintenance effort technology)

= offline = most common approach in research * in-process

Sources: [CHIN20], [WILL20], [EMAG13]

Investigation whether and to what conclusions about occurring defects in raw workpieces can be
detected by using only high-frequency internal drive data

3| 02.12.2020 | Institute of Production Management, Technology and Machine Tools | Prof. Dr.-Ing. M. Weigold

Experimental configuration ) '\
Environment and data acquisition TU DARMSTADT
Experimental environment ——————— Efficiency Workbench (EWB)
Machi Tool: EMAG VLC 100 Y Block 1 lock 2 Block 1 Block 2
= Machine Tool: Signall gnaitl | [ [ Signali1 | h
l - Signal2 Znall2 Signal2 Signal12 SERCOS signals
— Signal3 gnall3 Signal3 Signall3 | ;
E Signal4 Signall4 Signal4 Signall4 A_“ernately reCOrdlng of 10
; . Sianals | IETETTE] = signals | BT signals per block
LB RN~ Signal6 Signall6 Signal6 Signall6 .
\ " Signal7 Signal17 Signal7 signal1;_| " Resulting frequency for
1 Signalg Signal18 Signalg Signal18 sampling of 20 signals: 250 Hz|
Signal9 Signal19 Signal9 Signal19
Signal10 Signal20 Signall0 Signal20
stamp O ms 2ms 4ms 6ms —‘

Source: [EMAG13]
Sampling frequency 250 Hz

* Control system: IndraMotion MTX ————— Recorded internal drive signals
= Recording solution: Efficiency Workbench

with an industrial PC Current Torque/Force Actual position Power, Voltage
= Sampling frequency: up to 500 Hz X, Y, Z, spindle X, Y, Z, spindle X, Y,z spindle
(Interpolationcycle) + NC block
= Process: Machining process of a control
disc for coaxial pumps -‘ Databasis: 20 process parallel recorded internal drive signals

4] 02.12.2020 | Institute of Production Management, Technology and Machine Tools | Prof. Dr.-Ing. M. Weigold
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Experimental configuration =) '\
Setup and sesign TU DARMSTADT
Experimental setup Simulated defects
o —r—— Z process (2)
§ process (1)
>i X
\ i N
=

= Blank properties: a) cavities b) cracks (material splits)

g = 7'm7 = Diameter: 94 mm

= Height: 16 mm
= 2 face turning processes = Material:  8CrMo16
Experimental parameters
Process apin mm Vv in m/min fin mm/rev
1) 13

180 0.3 ¢) inclusions d) variations of materials
2) 15 180 0.3 strength

-‘ First two turning processes of considered control disc were examined with simulated defects in blanks

5| 02.12.2020 | Institute of Production Management, Technology and Machine Tools | Prof. Dr.-Ing. M. Weigold

Data analysis NN
Internal drive signals and interim conclusion TU DARMSTADT
Internal drive signals Interim conclusion
o defect free item - facing (1) s ——— 1mm holes - facing (1) ——

= Holes, inclusions and variations of material strengths
can be detected by using internal drive data

= Cracks too small for detectable impacts in the data

g

H

H

= Machine internal signals not equally suitable for the
detection of component defects

i

g

= higher sampling rates enable detection of smaller
defects

torque/force feedback X-axis in N
torque/force feedback X-axis in N

inclusion pins , hard“ facing (2)
|

£ \/
.,f; sr2ss, E
:?}: _% . Reduction to 10 relevant signals to achieve sampling rates
B g of 500Hz with EWB

-‘ Higher sampling frequencies allow detection of smaller defects ‘

6|  02.12.2020 | Institute of Production Management, Technology and Machine Tools | Prof. Dr.-Ing. M. Weigold
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Feature reduction and analysis > '\
Correlation and collinearity TU DARMSTADT
Correlation Collinearity
= Calculation of correlations coefficients between recorded = Variance inflation factor (VIF): metric for multicollinearity

signals: Sy _ Xa-0)Gi-y) = lterative calculation of the VIF for each signal:
sy S — 0250y — 92 1. VIF for all signals for process (1) and process (2)
2. Removing signal with highest VIF
Five data packages of error-free blanks 3. Continuing iteration until none of signals has a
8 pairs of signals identified with |r,,| = 0.95 VIF >10

= Counting prevalence of naming a signal as collinear
independent for all workpieces for final comparison

Correlated signals generated from the same data basis

First signal Second signal Top 10 signals Prevalence VIF<10in %: facing (1) facing (2)
Torque/force feedback value (Y) Process torquefforce value (Y) “Actual position (V) 00 100
Torque/force feedback value (Y) Phase current U (Y) Phase current U (spindle) 100 100
Phase current U (X) 100 100
Ph \4 P /f lue (Y
ase current U (Y) rocess torquelforce value (Y) Phase cumentV (spindie) 100 100
Phase current V (Y) Process torque/force value (Y) Phase current V (X) 100 100
Torque/force feedback value (X) Process torquefforce value (X) Phase current U (Z) 100 98.7
Torque/force feedback value (Y) Phase current V (Y) ;::ZZ 23:2::3 g)’ gg:: g;‘:
Phase current U (Y) Phase current V (Y) Torquefforce feedback value (Z) 94.7 90.8
Torque/force feedback value (Z) Process torquefforce value (Z) Torque/force feedback value (spindle) 26 197

-‘ Correlation and collinearity analysis as support for signal reduction process

7| 02.12.2020 | Institute of Production Management, Technology and Machine Tools | Prof. Dr.-Ing. M. Weigold

Feature reduction and analysis ) '\
Signal reduction and feature analysis TU DARMSTADT
Procedure Frequency-domain features

= Calculation of features from error-free and defective

blanks for each signal Cepstrum i Spectral Kurtosis
= Analysis of time-domain and frequency domain features 3 " X =17
I ] ’ . _1m j0)| giwn ! S A
= Classification with a Ridge-Classifier & =5 [ n|x(e/)| /e dw 1 Kurt (0 = 25 = G =22
= Determination of Top10 signals based on classification '
results

Time-domain features = Weighted error score: €pw = gr + W * fg=gr+5%f;
= Calculation of 14 time-domain features, which a most g 2 false positives fy2false negatives w2weight
commonly used in machine monitoring systems

= Sum of ey, for process (1) and process (2) for each signal

Poor classification results with miss classification rates of

nearly 50 % Top10 signals for further classification approaches ‘

-‘ Cepstrum and spectral kurtosis provide best results for determination of Top10 signals ‘

8|  02.12.2020 | Institute of Production Management, Technology and Machine Tools | Prof. Dr.-Ing. M. Weigold
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I —
Feature reduction and analysis =) '\

Result of feature reduction TU DARMSTADT

(Raing | sga | s |

Phase current U (X)

Phase current U (X)

Phase current V (X)
Process torque/force value

Process torque/force value
Phase current V (X)
Power (spindle)
Actual position (Y)
Phase current U-{spindle}

R G GEE G
5 H @ aaaaaao

5 © ® N o o s N

|

-‘ Selection of the Top8 signals with additional 2 localization signals

9| 02.12.2020 | Institute of Production Management, Technology and Machine Tools | Prof. Dr.-Ing. M. Weigold

Classification approaches ) '\
Binary classification based on envelope curves TU DARMSTADT
Classification approach Power (spindle) —process (1)
30
= Calculation of envelope curves from 30 good workpieces Tl E‘jm
= Entering all data sets of the remaining workpieces ot || Gl 2
‘ G
\/ |

Positive results with 3 major failures: one cavity, one
crack, and one hardened workpiece

] aps o1 014 62 025 03 038 04 048 02
Frammecy nu

-‘ Classification Approach based on envelope curves shows weaknesses

10| 02.12.2020 | Institute of Production Management, Technology and Machine Tools | Prof. Dr.-Ing. M. Weigold

235



Machining Innovations Conference 2020

Classification approaches =) '\

Binary classification based on a Convolutional Neural Network (CNN) TU DARMSTADT

Time-Frequency Representations using ,Velocity Synchronous Linear Chirplet Transform* (VSLCT)

TFR of Actual Position (Y) - Good Workpiece

i
. |
.
o os 9
w «
0

on " 2 28 > o Normalized . 0n 0 2 s 1 s» Normalized
tins signal power tins signal power

TFR of Actual Position (Y) - Faulty Workpiece

Frequency in Hz
Frequency in Hz

-‘ Transformation of time-series data to image data

12| 02.12.2020 | Institute of Production Management, Technology and Machine Tools | Prof. Dr.-Ing. M. Weigold

Classification approaches =) '\

Binary classification based on a Convolutional Neural Network (CNN) TU DARMSTADT

Convolutional Neural Network

Input Layer 1 Convolutional Pooling 3 Output Layer
Layer Layer H
e e ] ' Dense
Layer
ParameterS:
= CNN from the Python library Keras [FRAN18] = 32 filter per layer
= 16 Convolutional layers Global-Max-Pooling

= Kernel size: 5x5 Split of dataset: randomly, 80/20 training/test

By
.
»

!
i

-‘ All test workpieces were classified correctly

13| 02.12.2020 | Institute of Production Management, Technology and Machine Tools | Prof. Dr.-Ing. M. Weigold
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Conclusion W’]

Summary and outlook TU DARMSTADT

Summary Outlook
= Approach for developing an in-process quality = Higher sampling frequencies in further investigations
monitoring system based on machine tool data = Expectation to detect even smaller defects
= Analysis of faultless and defective workpieces during = Deployment of models for online analysis

face turning processes
= High frequency data acquisiton of internal drive data
(250 Hz)
= |dentification of Top10 signals for defect classification
based on
= Correlation and collinearity analysis
= Frequency domain feature analysis
= Classification results based on ridge classification
= Two approaches for classification developed an
evaluated:
= Binary classification based on envelope curves
= Classification with a CNN based on VSCLT

14| 02122020 | Institute of Production Management, Technology and Machine Tools | Prof. Dr.-Ing. M. Weigold
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Thank you for your kind attention!!

Please do not hesitate to contact us.

Alexander Fertig
Institute of Production Management, Technology and Machine Tools
Technical University of Darmstadt

Otto-Berndt-StraBe 2
64287 Darmstadt

Phone.:  +49 61 51 | 16 29973

Fax: +49 61 51 | 16 20087
E-Mail: a.fertig@ptw.tu-darmstadt.de
Internet: www.ptw.tu-darmstadt.de

Sources:
[CHIN20]  https:/A quality-inspect
[WILL20]  https:/iwww.willtec.de/sensorik/

[EMAG13]  EMAG GmbH & Co. KG: EMAG VLC 100 Y im Schnitt, Salach, 2013

10/30/2020 | Institute of Production Management, Technology and Machine Tools | Prof. Dr.-Ing. M. Weigold
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Prof, Dr-Ing. Bevend Dentena

Innovative processes and machine tool components
for aerospace industry

Dr.-Ing. A. Krédel

2nd December 2020

= Produstionstechnisches
Zentrum Hasnaver

It Fs Terthurgutnchrih

wnd Veerkregmchine

Challenges and limiting factors in aerospace industry

High dynamic processes

& Productivity

$ Earnings -

COVID-19 panderi

Positive influence

Growth
Machme Learning
applications

High market competmon

[Lufthansa]
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Machine components Additive manufacturing Intelligent processes
Wire-arc AM

Active jerk decoupling Virtual process design

of a feed drive

Automated machine learning

Spindle technology
for shape error prediction

© Franz Kessler GmbH

© Leibniz Universitt Hannover, IFW, Prof. Dr.-Ing. Berend Denkena
Seite 3 | MIC 2020 | 02.12.2020 | A. Krodel |

Active jerk decoupling - Motivation

High Speed Cutting mm étep' y
response

A
UATH L s

-
[~
8
[}
<_=—

00102030405 s 0.7
Time t

Stability
i limit

Unstable

Source: Vulcanus Stahl

— High feed rates (20 - 50 m/min) and spindle speed (50,000 1/min)
— Reduced surface quality and

positioning accuracy due to machine vibrations
— Target conflict between high dynamics and machine vibrations

© Leibniz Universitat Hannover, IFW, Prof. Dr.-Ing. Berend Denkena ._

Seite 4 | MIC 2020 | 02.12.2020 | A. Krodel |

Depth of cut ap

Spindle speed n

Pt

Bh/89278 BIFW
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Tt Fs Terthurgutnchrit

Active jerk decoupling - Design ooty
Active jerk decoupling concept Active jerk decoupled direct drive
Acceleration Machine frame Z‘;m?n?: e

sensor facts
S }
b Main slide ~ e

N
N
N
N
N Main drive ~—— 2=
N
N
N
N
N Jerk actuator
State | Jerk actuator N
observer N
VRARRRRRRRRRRNNNNNSNN :
Jerk decoupling
slide
State
controller 1
M-%+D-%+C-x= ['1 1]- motor
{ Industrial PC -0 - - -~ 0 —tl | fine BIVBOZEA ©IFW

Source: Ph.D. Thesis Peter Hesse (2008), Oliver Gimmer (2014)

© Leibniz Universitat Hannover, IFW, Prof. Dr.-Ing. Berend Denkena
Seite 5| MIC 2020 | 02.12.2020 | A. Krodel |

Active jerk decoupling - Effect S
Cross table test rig Frame vibration by 120 mm positioning step
60 v
Passive JDC |
] 3 w Bm t
Jerk-decoupling slide —— )é Active JOC
damper o 20
elements 3 o D N P
2 ) PR
@ .20
(a] \ ' l
BSD a0lf Set. A SetP|
Y-Axis Rigid connection
0 0.2 04 06 s 1
Machine %
frame v =
b2 b = =
| 3 3 z
. ! @
o
[k
Settling time positioning step Dynamic compliance & a

© Leibniz Universitat Hannover, IFW, Prof. Dr.-Ing. Berend Denkena
Seite 6 | MIC 2020 | 02.12.2020 | A. Krodel |
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Machine components Additive manufacturing Intelligent processes
Wire-arc AM

Active jerk decoupling Virtual process design
of a feed drive

Spindle technology - A Automated machine learning

for shape error prediction

© Franz Kessler GmbH

© Leibniz Universitt Hannover, IFW, Prof. Dr.-Ing. Berend Denkena
Seite 7 | MIC 2020 | 02.12.2020 | A. Krodel |

Hybrid spindle - motivation porialiinor iy

Structural components

L L TN

Titanium parts ’ Aluminium parts |- \
HPC |}l HsC ~ e
i R

F
e~ ‘ [\ il
3 7 / AT ——————— R —
/. {).,
Switchable Spindle enables productive S
machining on HSC and HPC with an
universal machine tool 3
Requirement: . -
Adaption of spindle preload g p [Lufthansa]

© Leibniz Universitét Hannover, IFW, Prof. Dr.-Ing. Berend Denkena
Seite 8 | MIC 2020 | 02.12.2020 | A. Krodel |
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Tt Fs Terthurgutnchrit

Hybrid spindle — Design of the adaptive preload element =4 icngatinin

Switchable hybrid spindle Adaptive preload element Operation principle

Peltier element

Bending spring consisting of
Ni-Ti-memory shape alloy

Preload

Heat

Force F fiow

bearing

Time t

Tel101058 © IFW

— Conversion of initiial preload force for HSC configuration
— Creating additional preload for HPC configuration

Franz Kessler GmbH

T sy oo omene EENR
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Hybrid spindle — Effect of the adaptive preload element ¢ e
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The adaptive preload element is suitable for use in the hybrid spindle
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Additive Manufacturing e ne——
SLM

Selective Laser Melting

LMD WAAM
Wire Arc Additive Manufacturing

Laser Metal Deposition

‘f‘, 2

© Aircraft Philipp Group

© DMG Mori

© DMG Mori

Gefertec

© SLM Solutions

Surface quality Productivity
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Process chain ettt ey
Wire Arc Additive Milling Deep rolling Part properties
Manufacturing | |

ﬂ Roughness
Vi Vickers
¢ hardness

FE Ultimate tensile
Wl strength

Investigation on the effects of mechanical finishing on WAAM part properties
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Mechanical properties determined by tensile tests
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T Requirements 15 B
B . casting Ry ]
g Requirements ©
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£ 25
= 0
WAAM WAAM
+
Deep Rolling

Deep rolling improves ultimate tensile strength R, and ultimate strain A
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Innovative tooling design using material removal simulations né Werkrevmchien

Not OK

OK!
Specification — Prototype design I Experimental trials P> @»
Conventional methods Novel method
[ 1. Experience ] Geometric simulation

2. Finite Element Method

tetrahedral

element
« Long computational time « Fast computation
« Only small number of prototypes analyzable « High number of prototypes analyzable

« Unleash full tooling potential
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Example: Simulation based design of a novel porcupine milling cutter B
Conventional porcupine milling cutter Prototype
y | 9
resulting resulting
surface

surface

/
conventional end mill serrated end mill  Pag8s7s ©IFW
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Productivity gain by reducing the radial force F,

2. iteration geometry Comparison of radial force
Additional row of = 16 R e TR
inserts for burr | KN v ¥
removal v 14.7% -221% I
© 12
e &
S5 10
Coolant _ £ g 8
channels ?é K<)
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8 4
2
0
Reference 1. iteration 2. iteration
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Machining titanium with optimized prototype
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rhreamchine

HSK100-A tool holder|

/4

Process Process parameters
Milling Cutting speed vz = 45 m/min Cutting depth  ap = 40 mm
Ti-6Al-4V Feed pertooth ; = 0,15 mm Cutting width ag = 30 mm

Pa/102881 @ IFW
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Announcement: spin-off from IFW it s eyt

rhregmchine

Start: December 2020

Founder:
Karolin Fricke
Arne Miicke
Oliver Pape

Product: Material removal simulation
Software for tool and process design

Soft-Sensor for offline and online process monitoring

Contact:
Oliver Pape, pape@ifw.uni-hannover.de

Funded by:

~exisr AESF B i

Garoptucesr foriatends  Erpdacte
Rl e s = Gestalten.

“
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Machine components Additive manufacturing Intelligent processes
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Active jerk decoupling
of a feed drive

Virtual process design

Spindle technology Automated machine learning
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Introduction and Motivation perriviiinah

Cumng

condmons Vanatlons
Tool wear ~
matena\ lmuve Manual Tuning
Vibration Machine I I
modes control Iderify Datn Model Post- "
(w" i) e i

Machine Learming Pipeine |
Thermal
s Hw.ml
» Complex problem suitable for » Significant simplification of
Machine Learning Machine Learning
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Results
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