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FORORD

Dansk industri skal bl.a. overleve pa kvalitet, og det er vigtigt, at virksomhederne kan dokumentere denne
kvalitet overfor deres kunder. Vintermgdet 2013 har derfor fokus pa karakterisering af materialer, processer og
komponenter, som spaender fra nanometer til meterskala og fra forskning & udvikling til monitorering af
komponenter i drift.

Vintermgdet sigter mod en bred daekning af emnet med foredrag, der bl.a. deekker mikroskopi, kemisk analyse,
mekanisk prgvning, skadesanalyse, kvalitetskontrol mm.

Dette ars virksomhedsbesgg foregik pa Alfa Laval i Kolding. Alfa Laval Kolding er specialist i Igsninger til
handtering af vaesker af enhver viskositet, hurtig renggring af lukket procesudstyr og intelligent, automatiseret

kontrol. P& fabrikken i Kolding produceres pumper og ventiler til fadevareindustrien, bryggerier, mejerier,
farmaceutiske- og kosmetiske industrier. Alfa Laval Kolding beskaeftiger i dag ca. 550 medarbejdere.

Trine Nybo Lomholt
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Fracture mechanics - Some basic concepts and recent
trends

Erling @stby, SINTEF



) SINTEF Materials and Chemistry

SINTEF Materials and Chemistry

| §.IN'I.'EF terial?fand Chem%'st is a contract research
ivision offering high competence within

m  materials technology,
m  applied chemistry,
m and applied biology

B 400 employees ) .
| -
RS2 RS R dagigs ggPror 2% non
m  § departments + staff

m  Core areas of R&D
m  Oil & Gas industry, approx. 150 man-years

] aloﬂg the whole value chain from increased oil production,
nllifg, ow assurance, pipelines, to refineres and
petrochemical
] theHIargest independent research institution in the world on oil
spl

B Land-based industries, approx. 120 man-years

® aluminum, ferro alloys, mineral industyy, manufacturing
industry, pharmaceutical industry (biotech), and food industry

m  Environmentally friendly energy, approx. 120 man-years

m Silicon-based solar, CCS, bio-refinery, offshore wind, hydrogen
technology

Executive Vice President Torstein Haarberg
together with former and present employees at SINTEF
Materials and Chermistry

((ﬁ SINTEF Materials and Chemistry 2




Outline

B Some basic fracture mechanics concepts

B Examples of emerging/new topics
Constraint effect — “new knowledge”

Fracture under large global deformations - "application tinder
harsher conditions”

® Use of numerical simulation tools — "faking the analysis further”
m Testing techniques — “new information”
B Probabilistic fracture assessments — "quantified safety level”
®m .. and a few words on multi-scale approaches — “tomorrow”
W

rap-up

@ SINTEF Materials and Chemistry

Some basic fracture mechanics

@ SINTEF Materials and Chemistry




Basic fracture mechanics

»¥
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= « The material’s
resistance to
crack propagation
@ SINTEF

Matetials and Chemistry

Types of fracture — global perspective

Brittle fracture Ductile fracture

Load

Load

Displacement Displacement

@ SINTEF

Materials and Chemistry




Types of fracture — materials perspective

Brittle fracture (cleavage fracture) Ductile fracture

) g

-Fracture propagates along given - Fracture propagates through formation
planes in the crystal and coalescence of voids in the material
-Requires little energy for crack - Requires more energy (and local
propagation deformation)

(!Jj SINTEF Materials and Chemistry

How to qunantify the loading of the crack

B Elastic conditions — Stress intensity factor, K

< R »o/c) K=oJmf(alt)y [MPam'"]

‘

B With significant plasticity — J-integral or CTOD (3)

o N

J =I(ud_r—T, aﬁds] A e
: ox

@ SINTEF




When will the material fracture?

M Brittle fracture:

B Fracture occurs when a critical K, J or CTOD value is reached
!

Load

B Ductile fracture:

B The fracture resistance is not represented with a single value, but
with a curve (either using J or CTOD)

P g

Load

o
l_
@]

(g SINTEF Materials and Chemistry g

A transition in fracture mechanism may
sometimes occur

A

T e e R St

Load/crack growth

~~Cleavage

s, fracture..
S T

@ SINTEF @




Crack arrest — when cracks stop
growing

Materials barriers

Reduced loading
| with crack growth
> T |

@ SINTEF i

Emerging/new topics

f‘_’)) SINTEF Materials and Chemistry 12




Constraint effects in fracture

m Key points: 4
) l ar=05 | SENBOS
W Fracture toughness no longer a material
parameter!!! 4
® There is an influence from the geometry ¥ ¥
and mode of loading applied [ ar=02 sewsozl
Iy
® Case:

m The effect of specimen geometry in brittle <« o3 " sENTOS [
fracture toughness of a HAZ microstructure

((-!)) SINTEF Materials and Chemistry 13

Classical fracture mechanics parameters -
Believed to fully describe the crack tip
conditions....

B Elastic conditions — Stress intensity factor, K

& P »o/c) K=oJmf(alty [MPam"]

B With significant plasticity — J-integral or CTOD (3)

= e L J= mcyﬁ N

I.\ P [T cmckip
g . \
1 3

du
J=(wdv=T —ds)
'I[( ’ dx
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... but there was more"

o d@;\

(o] O, O, Ce &‘ {\Q \(‘9 >
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..and the so-called constraint effect was "born"

(fy SINTEF Materials and Chemistry : : : : : : 15
Example - effect of constraint on local
crack-tip stress field/fracture toughness

S | orecte e ocersress
’ ) - .;,l" Mﬂ.‘"“J-'.:-:‘-‘j__“_‘::‘:‘*c\—-_; fevel in front
[ aros ' sengos 3 paa -l
r ;" =
3 4 .
ar=02 | SENBO2 U Tt TN T
‘ 0
+[ ooy oEvos > Y ; | E
5 : i . fracture toughness
" I

@ SINTEF .




Fracture under large imposed
deformations

B Key points:

® Most fracture mechanics approaches
developed for situations with macroscopic
elastic behaviour

m Technological pull to allow for larger
utilization of materials

B Need fracture assessment schemes that
applies under large global deformations

B Case:

m Fracture under large deformations in
pipelines/strain-based design

(ﬁ SINTEF Materials and Chemistry 17

Large deformation scenarios for pipelines

Pipeline installation Ice loading

On-bottom snaking Earthquakes _

e

s Pipelines must in many cases be designed to withstand a given deformation
or strain level - i.e. strain-based design principles should be used

(ﬁ SINTEF Materials and Chemistry 18
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Misalignment

Some effects to consider

Mismatch

Defect size
i

Difference in wall thickness

Stress-strain curves

((‘ﬁ SINTEF Materials and Chemistry : 19

The effect of biaxial loading

Initial FE studies Large-sgale experimental
validation

80
0 bar (Testno. 2)

Crack gro ——- Obar (Testno. 5)
G—© 135 bars (Testno. 4)
0 through wal G—©135 bors {Testro. §)

@— 325 bars (Testna. 1)

thickness
@8 325 bars (Testno. 3)

——S

CTOD [mm]
CTOD [mm]

"""""""" Local buckling

0.020 0040 0050 0.080

0.030
& [mm/mm]

(Jayadevan et al. 2004, Psthy et al. 2005) (@stby and Heliesvik 2007,2008)

(l)) SINTEF Matetials and Chemistry : : 20
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Simplified strain-based fracture
assessment model

A
1 Collapse of

1 the ligament

Curvature due
to ligament
necking/crack growth

Calibrated by use of FE

o
r
[::I\ Ad = O.S(teff,1 fgcon + ty,fa8,00r, )As
| /
. E » Crack depth, crack length,

N Strain capacity Y/T, biaxial loading,

Global elastic mismatch, misalignment
region —

not considered . T
Failgre criterion:

2
(o [0y
Bz = 0.5(0.03L) . + 8 — 0.61)(—12.1[ﬂJ + 18.9[ﬂ]— 6.28)

Ors pas Crs mar

Fracture toughness (@stby 2007)

(ﬁﬁ SINTEF Materials and Chemistry 1

Numerical simulations

B Key points:
® Analytical solutions often not accurate enough

B Numerical (FE) fracture mechanics simulations
becoming more usual also in the industry

B Quicker implementation of new knowledge

B Coupling with more advanced material models
and micromehanical-based fracture criteria
becomes easier

B Cases:

B Small and large-scale modelling of ductile
fracture in pipelines

B The effect of local materials properties in ductile
fracture

B Geometry and materials constraint effects in
brittle fracture

B |ncluding "microstructure"

(ﬁj SINTEF Matetials and Chemistry " : : 49

12




The Gurson-Tvergaard-Needleman model
and criterion for void coalescence

. . Thomason'’s limit load
Yield function:

criterion
o : 3 20 z
pnse ol e g
Void growth
_1_ . - %’(3)"/48’)5’""’"5 /Jequs I
Af e =(1— f)dE" : 1 9\-.\\ :
\\ \"'s 1
N e :
i 4 & X532 -H+ o *o*
- - *00500* Oﬁ%
i v Lo
4—_- -._'*_ieueg-' OOOOO { OO
¥ by ! Pt
(Anderson (1995))

- An interesfing approach for modelling of ductile crack growth

(_y SINTEF Materials and Chemistry
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Crack growth modelling — SENT
small-scale testing

-b

Symmetry
plane

Seamless
X865 pipe |

Comparisons 'J P Y
hetween g [r/ e |
experiment i ‘
and simulation ‘ /
| BM
cMoD [mm) ' & SLST W R

@) SINTEF
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Crack growth modelling - Large-scale
testing

325 bar internal pressure

CTOD vs. global strain Ductile tearing resistance
o E;(';—Flm_'_ ..' . i Test B (135 bar), Abaqus
15 - = - 1Om0.0000! —.“/ * Blunting of erack tip ~ '
EA A 1o J| : |
7 14
gu o §rY f | [+ oo oo s
gos ,/;f" Ea; Vi 1 | —=— Avg Test s, so-g 0001
- = ° oo I D |
a - fé Ductile tearing i
e E
. Longitudinal strain L33 [-] L L o~ ¥ b
(Sandvik et al. 2008) (Dybwad et al. 2009)

@ SINTEF : : -

Invers modelling... to help understanding the
influence of local features — Ex. HAZ X80 weld

FE configuration Comparison with experiment

Defect at fusion line

LOAD [K]

Defect shifted somewhat
into HAZ
-The effect of defact
pastion

Defect shited somewhat
into HAZ with local
increase in strength
-The effect of defect
position
-The effect of crack-
fin sfvelding

BM. 2 WM

(Dsthy et al. 2009)

@ SINTEF Materials and Chemistry 54
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Micromechanical models for brittle
fracture — The Weibull stress approach

e e i Toughness scaling principle

- l_exp[_ [:_” ..

The Weibull stress: s ///
1 > ' =
=t ) S —— SENTO2 w05 | SEnEOs
O-w V j (O-lvfn dV ‘:; 4
of
Scaling L 7 P;nci 1 a0z | SENEOZ
7 pal ) 7
volume ’ Hah
fi: . |
E ] 05 1 15
E & [mm]

Equivalent CTOD vaiues
in different specimen
geomelries

@ SINTEF Materials and Chemistry | _ . . | . a7

Constraint effect — Ex. HAZ
microstructure

Experimental CTOD values

P
ar=05 SENBOS e
02 sommmar
’ ASBITH a0
_Ris
£ . T
o §
5 L] G a L
¢ e | S e Description of
* = | donstraint effect
:
FE modeling Local crack tip fields Calibration using Weibull stress
.
: |
B SEHB0s ;E 2:: i)
+ = £ o7 m=10 u e
E £ Qe LA}
e 5 ] £ oo L) ® sEnBos
- —_ —_— i P
L g 13 g’; 3] WSENBOZ
ot % g & R A SENTOF
S o —
s 2,1 2,2 23 24 25 2,6 27 28 29

v &8 1 & 8§ u
HCTOD Bz

(Dsthy et al. 2011b)

@ SINTEF Matetials and Chemistry 55
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FE modeling of inhomogeneous
material systems - HAZ

Real HAZ Idealized FE representation

Welded metal

((-_‘)) SINTEF Materials and Chemistry 29

Transferability from weld thermal simulation to real HAZ
toughness using the Weibull stress model

"How to get from [l to "

"Homogeneous" HAZ

5 Derived from
. 55 P4 | Weibull stress
/ analysisftoughness

c
a
3
8 4
5 : s
\ 33 / scaling principle
g2
5

|

]

, 7 |
) 7 |

o ool 0Pz 003 004 D05 |DOB 007
Small difference £TOD, [mm] :
3 WiZirern
between simulated . Il;arger dlff_erveTcted
1
s Fd . *
200 7 w —_a .
e -60C . fu] 1o 5
B, le J z Sk -30C .
ST o + 3 1 .
L S F g ¥ al +
LD 2 a8
] * B &) ®
Ez‘; - & Realweld H . A |, &
Toal® & Sinulated CGHAT 1 e i) & hesl wed
a2 Te =Gl 4 i Simylated CEHAZ - 103
ol e s [y .
a
a 225 as 0,35 1 p-L) L5 o o= s 075 z L= 15
CTO0 [mm]
<100 [nm) (@sthy et al. 2012)
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Including "microstructure”...

Grains Particles/inclusions

Particle stress

[RUSRIRRET

Crystal plasticity — accounting for
grain orientation

|-~ Continuum stress |

(Kane et al. 2011)

@ SINTEF

31

Testing techniques

B Key points:

m More knowledge about properties at i 1 e
lower levels ("Karakterisering pa alle M1
lzengdeskalaer") - @ B

B Helpful for improved understanding of (1? ?
fracture

B Modelling requires more input regarding
material properties

B Cases:
B Acoustic emission and local crack arrest
m FIB/Nano indentation
m FIB/TEM

((ﬁ SINTEF Materials and Chemistry

32

17




Interpretation of acoustic emission
SIgnaIS 101 dB signal

\
B AE signal: i
10000.0000—
§000.0000 —

[dB]

ref’ 4000.0000—

6000.0000—

A=20log . -4
v

pre_amp

y : 20000000 —

A — amplitude in dB el

V —voltage signal transducer 2008 0000~
-4000.0000 —

Vs — reference voltage (1pV)

Aure_amp — Pre-amplification

-6000.0000—

-5000.0000—

used (in this case -20dB) : o n 1hn

(g SINTEF Materials and Chemistry 33

Correlation between AE signals and
arrested microcracks

Experimentally observed microcrack FE modelling of microcrack extension
; )

Load drop due to introduction of microcrack

5200

B [e—
5100 p i 2 - 300 4— & Poitusedfor calibration
_ s | FE result Assistance in validation g1 a Gy
g oo — - of correlation between T 4 e
i Experimental > AE signal amplitude b
observation g = 100 P o
oo and microcrack size ” »
- $ B ow B % e B

D18 00825 BIE5 00276 040 00038 0185 00075 02 Anp [AB]

CMOD from]

(Ostby et al. 2012)

@ SINTEF -
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FIB/nano indentation/TEM

FIB/nanoindentation

FIB/TEM
< AT

Plastic properties at small-scales Investigation of nature of fracture
initiating particles
(Haugen et al. 2012) (Mohseni et al. 2012)

‘fy SINTEF Materials and Chemistry 35

Probabilistic fracture mechanics

B Key points:
m Natural scatter and variability in
parameters entering the problem

B Deterministic analysis in some cases of
limited value

B Uncertainty around accuracy of models

B Probabilistic approaches open for linking '
to given failure probabilities/safety levels e

B Case;

m Calibration of safety factors in fracture
assessment of pipelines

@) SINTEF Materials and Chemistry 26
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Simplified fracture assessment model

1 Collapse of
1 the ligament

Curvature due
to ligament
necking/crack growth

[T

Calibrated by use of FE

con + 15 [28,001 )As

/

» Crack depth, crack length,
S Strain capacity Y/T, biaxial loading,

Global elastic mismatch, misalighment
region —
not considered

A8 =0.5(t 4, fiet

Failgre criterion:

2
(o (o)
Bl SOS003L, s+ 8 i — 0.61)(12.1{ﬂ] + 18.9[ﬂ] 5.28)

Crs B Crs mnr

Fracture toughness (@stby 2007)

@ SINTEF Materials and Chemistry a7

B Scatter in input
parameters

B Model uncertainty

B Variability in applied
strains (basis from
Hotpipe project)

B Statistical distributions
of defects (valuable
input from Hydro)

oy AR RN TN NN RN NN AN E NN

@ SINTEF -
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Proposed design format

0.015
s = min ‘c"zzzp (‘tc; T " Y, ;ZCC;{XC /yj;(arep Qx Std(am )))

Y

* —gefst eSTi_maTe aPP'_ited strain » v, — safety factor applied strain
* g, — derormation capacity & _
(caplculated based on simplified model) Ta safety factor defect depth
+ v; — safety factor fracture toughness

B Safety factors depend on the safety class
B Different safety factors for installation (system effect) and operation

B Safety factor for applied strain under operation depends upon "CoV” of
best estimate

@ SINTEF Materials and Chemistry a9

Tomorrow....?

@ SINTEF Materials and Chemistry
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Multiscale modelling -
The way of tomorrow?

Structural analysis
shells and beams

3D continuum

Application of crystal
plasticity/discrete
dislocations

Atomistic approaches i
to fracture modelling !

(g SINTEF Materials and Chemistry "

Wrap-up...

B Fracture mechanics has been developed into a useful tool:
m Materials developments
m Design/structural integrity assessments
B New issues are being introduced and new application
areas emerge
B The use of numerical simulation tools is becoming
increasingly more important
B |Important future development trends:

m Further development of link to materials science
m Development of multiscale schemes

H Vision...
m ...predictions rather than calibration/"description”

@ SINTEF Materials and Chemistry 42
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e Introduktion

e Faldgruber ved off-line testning

¢ Off-line plade-tribo-testning

e Eksempel pa analyse af konkret produktion

e Off-line test resultater

* Produktionstest resultater, sammenligning med off-line test

 Konklusion

E. Ceron. N. Ba Miels Bay, Ermanno Ceron - Off-line testning af friktion og smering | pladeformgivning
’ y Dansk Metallurgisk Selskabs Vintermede, Kolding, Januar 2013
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Introduction

Legislation

Since 2000 legislation in Europe and Japan has been increasingly
restrictive as regards industrial application of hazardous lubricants

2006-2007 EU introduced new legislations, REACH, aiming at high
level of protection of human health and the environment from risk
posed by chemicals.

REACH makes industry responsible for assessing and managing the
risks and providing appropriate safety information to their users.

The new legislations have forced metal forming industry to look for
new environmentally benign tribo-systems.

This causes however great challenges.

N. Bay Niels Bay, Ermanno Ceron - Off-line testning af friktion og smering i pladefermgivning
Dansk Metallurgisk Selskabs Vintermede, Kolding, Januar 2013

Lubrication in tribologically difficult
sheet metal forming

Tribologically difficult materials:
High strength steel, stainless steel, aluminium, titanium

Tribologically difficult processes:
Deep drawing with low radius of curvature
Ironing

Fine blanking

Chlorinated additives
Chloroparaffins suspected to have harmful effects on human health

— Risk of dioxin formation
— High recycle costs

N. Bay Niels Bay, Ermanno Ceron - Off-line testning af friktion og smering i pladefermgivning
Dansk Metallurgisk Selskabs Vintermede, Kolding, Januar 2013
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Tribological problems in sheet metal forming

 High normal pressures
*» Elevated tool/work piece interface temperatures

i.e. severe stressing of the lubricant with possible
breakdown as a consequence.

Breakdown may cause:
e Local pick-up on tool surface

* Scoring of subsequently formed work piece surface

The sequence of events normally referred to as galling

N. Bay Niels Bay, Ermanno Ceron - Off-line testning af friktion og smoring | pladeformgivning

Dansk

Challenges

¢ Introduction of new lubricants in manufacturing production is
costly (production breaks, cleaning of tools)

¢ Industry is reluctant to carry out production tests due to bad
experience (premature galling leading to unexpected production
stops)

e Off-line testing of new tribo-systems

e It is vital to ensure testing conditions emulate production
conditions

s Otherwise a tribo-system, which is approved in the simulative test,
may turn out to be malfunctioning in the production tool, thus
leading to the problems described above.

Kolding, Januar 2013

3 Bay Miels Bay, Ermanno Ceron = Off-line testning af friktion og smering i pladeformgivning
Dansk Metallurgisk Selskabs Vintermede, Kolding, Januar 20132
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Environmentally friendly sheet forming
lubricants (except dry film)

Only a few lubricant manufacturers have focused on development of
new, environmentally friendly lubricants

+ Masa 0Oil, Finland: Biodegradable oils derived from tall oil
extracted from fir tree. Fatty acid ester based.

* Rhenus Lub, Germany: Refined mineral oils with special
additives of natural fatty components, synthetic esters, sulphur
additives.

+ IRMCO Fluids, USA: Qil free, low viscosity, water soluble
lubricants made from vegetables and fruit.

E. Madsen. E. Ceron. N. Ba Miels Bay, Ermanno Ceron = Off-line testning af friktion og smering i pladeformgivning
’ : y Dansk Metallurgisk Selskabs Vintermode, Kolding, Januar 2013

Simulative sheet tribo-tests

4. Bending under

tension 3. Drawing with tangential

5 . compression
L e ﬁ
Wi dtl aies 1 F
AL 2K
o 7
LA
[} }

5. Bending with tangential
compression

/

6. Strip reduction
testing
)

o w0 |

) . 8. Hemispherical ?
7. Strip- tension  stretching
testing

2. Draw bead
testing t

N. Bay. K. Krebs Nielsen Miels Bay, Ermanno Ceron = Off-line testning af friktion og smering i pladeformgivning
Y Dansk Metallurgisk Selskabs Vintermode, Kolding, Januar 2013
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Selected off-line tests
Sheet forming tribology

Bending-Under-Tension Draw Bead Test Strip Reduction Test

9 = :

PUnching Test Normal Surface Tribological
Test  oressure expans. ¢MP- severety
BUT low 0 low low
V DBT  medium 0 medium medium
% 7
SRT high medium high high
medium-

. N. Bay

PUT infinite very high very high

high

Miels Bay, Ermanno Ceron = Off-line testning af friktion og smering i pladeformgivning
Dansk Metallurgisk Selskabs Vintermede, Kolding, Januar 2013
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Bending under tension - BUT

Tool pin can be
preheated to max. 80°C

Tube for
w?er—cooling

Tooi fraima Transducer fixture

Tubes for

Water-heating water-cooling

D.D. Olsson, K. Chodnikiewicz,
Niels Bay, Ermanno Ceron - Off-line testning af friktion og smering | pladeformgivning
11 J'L' Andreasen, N' Bay Dansk Metall k Selskabs Vi de, Kolding, Januar 2013

12

Bending Under Tension - BUT BT
Stainless steel Wn.1.4401, Plain mineral oil without additives,
v=80mmy/s
Fy
=161 Torque 1o o Torque
- o = - - o,
514 -~ Tg=20°C e 514 - Ts=45°C =
g12 —Fv 312 ==EU
10 o
° g g i
Zs —‘ — =614
= i = ——
™ ) ol
=] 1 e 21
o II" _ . fd i .[.« .
0 50 100 150 0 50 100 150
Travel [mm] Travel [mm]

16 [ [ — =
T1al— T.=60° 1l T.=70° S TOTU e
E14 T,=60°C E1e T.=70°C e
g12 g‘l - —(y
T10 T | e
£ g e
ol / — Torque o
e _Iph—" Fh g
2 2% —Fv &

0+ : . ' .
0 50 100 150 50 100 150
Travel [mm] Travel [mm]
J.L. Andreasen, D.D. Olsson, K.
» Chodnikiewicz, N. Bay N 7 = Db g it
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Faldgruber ved off-line testning -1

e For lav veerktgjstemperatur
e For lav emnetemperatur (flertrinsoperationer)

e /Endrede procesparametre
- Normaltryk
- Glideleengde
- Glidehastighed
- Qverfladeekspansion
- Tid mellem tests
- Kontakt/ikke kontakt mellem slag

e /Endrede smgrebetingelser
- P&faringsteknik
- Emne- og veerktgjsgeometri

e For fa gentagelser

E. Ceron. N. Ba Miels Bay, Ermanno Ceron - Off-line testning af friktion og smering | pladeformgivning
’ y Dansk Metallurgisk Selskabs Vintermode, Kolding, Januar 2013

Faldgruber ved off-line testning - 2

¢ /Endrede egenskaber af emnemateriale
- Flertrins operationer, f.eks. dybtraekning + kraengetrakning/re-traekning
- Dybtraskning + straekningsreduktion

¢ /Endret overfladetopografi
- Emne (f.eks. ved flertrinsoperationer)
- Veerktgj (retning af hypper ved drejning, slibning, polering)

Production tool Simulative tool (BUT)

Niels Bay, Ermanno Ceron - Off-line testning af friktion og smering | pladeformgivning
E. Ceron, N. Bay Dansk Metallurgisk Selskabs Vintermade, Kolding, Januar 2013
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New, universal sheet tribotester

BUT

F g |

DBT

N

SRT

E. Ceron, N. Paldan,

Niels Bay, Ermanno Ceron - Off-line testning af friktion og smering | p rmgivning
J. Gregersen, N. Bay Dansk Metallurgisk Selekabs Vi % Iadefol

Kolding, Januar 2013
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Universal sheet tribo-tester

e Automatic PLC controlled running of repeated tests

* Material feed from coil of more than 1000m

* Adjustable sliding lengths, speed, cycle time and total number of strokes
* Ensuring appropriate emulation of production conditions with

heating and cooling cycle

e Easy programming by Labview

=

BUT_test_running_detail.avi

-
-
[

BUT _test_running.avi

E. Ceron, N. Paldan,
17 J. Gregersen, N. Bay

Methodology for predicting lubrication
performance in production

Start | Product design Production
Workpiece matedial platform

Maodify component

FE analysis
of production
platform

Tribo- L H Tribo-parameters
of FE analysis of Planning of
In production in laboratory labor:
0 laboratory test laboratory test test y

or

y and/ <
pmﬂummw

s

Test
successhully

E. Ceron, N. Bay

18

Niels Bay, Ermanno Ceron - Off-line testning af friktion og smering | pladeformgivning

Dansk

Kolding, Januar 2013
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Production test example

Deep drawing in progressive tool - Grundfos

a.

b
€
d

Deep drawing

. 15t redrawing

2nd redrawing Tribologically the most severe operation

. Sharp pressing of flange

Step a Step b Step ¢ Step d

Workpiece material: EN 1.4301
Production rate: 40 spm

| Step ¢ E. Ceron, E. Madsen, N. Bay

Niels Bay, Ermanno Ceron - Off-line testning af friktion og smering | pladeformgivning
Dansk Metallurgisk Selskabs V de, Kolding, Januar 2013
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Deep drawing in progressive tool
Grundfos

E. Ceron, E. Madsen, N. Bay

rmanno Ceron = Oﬁ Ilne teslning af fﬂkmn og srmrlng | pladeformgivning
Dansk M Kolding, Januar 2013

Simulation of deep drawing and 2 redrawings

¢ |LS-DYNA 2D implicit model

e The blank is transferred from one process to the following
updating flow stress and equivalent strain

Step a Step b Step c

punch
punch

blank-
holder

Y

blank

5

Counter Counter Counter
punch punch punch
die =
Niels Bay, Ermanno Ceron - Oﬁ line teslning af fﬂkmn og smering | pladeformgivning
2 E. Ceron, N. Bay Dansk Metallurg de, Kolding, Januar 2013
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Distribution of radial stress in step c

Maximum contact pressure p,.x = 900 MPa

die

workpiece [MPa]

0.000e+00 _
15008402 __
3.000e+02 i
4.500e+02
£.000e+02
7.500e+02
-9.000e+02 |

Niels Bay, Ermanno Ceron - Off-line teslnlng af frlkllcn og smoring | pladeformgivning
E. Ceron, N. Bay Dansk M Kolding, Januar 2013

Simulation of BUT test

Round pin with radius R = 3,5

Maximum contact pressure 360 Mpa
with maximum back tension 300 MPa

(i.e. only 40% of maximum pressure in production tool)

Sliding
direction 8.527e-14
-6.667e+01 ___-I
=1.333e+02 _
-2.000e+02
-2.667e+02
-3.333e+02

4.000e+02 _|

Back
tension

E. Ceron, N. Bay Niels Bay, Ermanno Ceron - Oﬁ line teslnlng af frlkllcn og smaering | pladeformgivning

24 Dansk Metall de, Kolding, Januar 2013
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Distribution of radial stresses in BUT test

By modifying the BUT test tool to a 45° contact instead, sufficient
contact pressure can be reached

Maximum contact pressure p,,., = 1000 MPa with back tension 300 MPa

-1.705e-13
Sliding -1-55”"02:.
direction -3.333e+02 _
-5.000e+02
-6.667e+02
-8.333e+02
-1.000e+03

Back
tension

Niels Bay, Ermanno Ceron - Off-line testning af friktion og smering | pladeformgivning
25 E. Ceron, N. Bay Dansk Metallurgisk Selskabs Vintermade, Kolding, Januar 2013

Lubricant film breakdown in BUT test
Severe pick and galling

edge

Sliding
direction

Niels Bay, Ermanno Ceron - Off-line testning af friktion og smering | pladeformgivning
E. Ceron, N. Bay Dansk Metallurgisk Selskabs Vintermade, Kolding, Januar 2013
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Tribo-systems investigated

Tribo-  Workpiece

system material Tool material Lubricant

1 EN 1.4301 Vancron 40 rhenus SU 166 A

ANTICORIT
2 DP800 Vancron 4o | S e IO
3 EN1.4162 . L0040  rhenus SU 166 A

LDX 2101®

rhenus SU 166 A: mineral oil with EP additives, 160 mm?2/s at 40°C

ANTICORIT PLKS 100T: mineral oil, 100 mm?/s at 40°C

E_ ceron, N_ Bay Miels Bay, Ermanno Ceron = Off-line testning af friktion og smering i pladeformgivning

27 Dansk Metallurgisk Selskabs Vintermede, Kolding, Januar 2013
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BUT test

Tribo-system 1:

Material: EN 1.4301
Lubricant: rhenus SU 166 A
Test rate: 40 and 95 spm

30 10000 Tool after 1500 tests
'EZS — - 8000 Exit edge
Eig — - 6000 & :
P - y
B - 4000 E
E“‘ EN 1.4301 ' ¥
5 : - 2000
0 500 1000 1500
Stroke Sliding
—torque —drawing force direction
E. Cerorl, N. Bay Niels Bay, Ermanno Gerg:nsfﬁ Ilne te)slnlng af frlkmn og smﬂrln'?a:degd%?rl;l;nagrlvzrg;ig
BUT test
Tribo-system 2:
Material: DP 800
Lubricant: ANTICORIT PLS 100T
Test rate: 40 and 95 spm
40 ‘ L 15000 Tool after 1500 tests
E30 Exit edge
= Ty W Py
= | - 10000 £ —_— — . —er
%20 ‘ { E
| S
S10 - - 5000 =
‘ DP 800
0 -+ T T = A}
0 500 1000 1500
S Sliding
—torque —drawing force | direction
E. Ceron’ N. Bay Niels Bay, Ermanno Gerg:nsfﬁ Ilnf te)slnlng af frlkmn og sn':erln'?ﬂ:degd%?rl;l;nagrlvzrg;ig
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BUT test

Tribo-system 3

Material: EN 1.4162, LDX 2101®
Lubricant: rhenus SU 166 A
Test rate: 40 spm

60 - 15000 Tool after 32 tests
50 / ,
E . Exitedge
=40 - 100005 s R————
830 - | 8 ; ' (R A
= 1=
£20 - L 5000 &
0 EN 1.4162
0+ + 0
0 10 20 30 40
stroke Sliding
directi
—torque —drawing force S
E. Ceron, N. Bay N B B e ancic Metalurgiek Seiskais Vintemade, Koldimg, Tamier 2003
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Production tests

Tribo-system 1 Tribo-system 2 Tribo-system 3
Cup No. 1500 Cup No. 1500 Cup No. 40

Tribo system 1 and 2: no galling even at 95 spm
Tribo system 3: heavy galling after drawing 10 cups

Niels Bay, Ermanno Ceron - Dﬁ Ilne teslnlng af fﬂkmn og smerlng | pladeformgivning
E. Ceron, N. Bay Dansk M Kolding, Januar 2013

SEM pictures of tools - EN 1.4301

* Few scratches on the surface

¢ Slight amount of pick up can be seen like on BUT tool

e (part in EL R@R has less chromium oxide due to previous redrawing, may cause
fewer scratches on tool surface?)

Scratches Scratches
Scratches from test from polishing

from polishing \

Production tool

Niels Bay, Ermanno Ceron - Dﬁ line teslnlng af fﬂkmn og smering | pladeformgivning
E. Ceron, N. Bay Dansk Metall de, Kolding, Januar 2013
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Tool temperature development - EN 1.4301

Temperature increases fast
in the first 50 strokes

120

100 ——

80 -
60

40
20

temperature [C]

0 200

E. Ceron, N. Bay

400
stroke

600 800

Niels Bay, Ermanno Ceron - Off-line teslnlng af frllcllcn og smoring | pladeformgivning
Dansk M Kolding, Januar 2013

SEM pictures of tools — DP 800

¢ SEM picture of the tool surface
¢ Similar micro pick-up in production tool as in the BUT tool

Production tool

E. Ceron, N. Bay

BUT tool

Niels Bay, Ermanno Ceron - Off-line teslnlng af frllcllcn og smaring | pladeformgivning
Dansk M de, Kolding, Januar 2013
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Production tool 2 - LDX 2101

e Parts are not acceptable. Severe galling along rolling direction
» Pick-up occurs already in operation 2.

s Bay, Ermanno Ceron - ne testning af friktion og smer eformgivn
eron ay Niels Bay, E Ceron - OFfF-| ng af friktion og smoring | pladeformgivning
I e Dansk M Kolding, Januar 2013

ar

Production tool 3 - LDX 2101

s Pick-up occurs also in operation 3

s Bay, Ermanno Ceron - ne testning af friktion og smer eformgivn
eron ay Niels Bay, E Ceron - OFfF-| ng af friktion og smoring | pladeformgivning
I e Dansk Metallurg de, Kolding, Januar 2013
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Tool temperature development
Comparison between LDX and EN 1.4301

120
gloo
80
40
20

temperature

0 20

Wes TR

40 60 80 100
stroke

—LDX 2101 —EN 1.4301

E. Ceron, N. Bay

Niels Bay, Ermanno Ceron = Off-line testning af friktion og smering i pladeformgivning

Dansk Metallurgisk Selskabs Vintermede, Kolding, Januar 20132

Evaluation of a tribo-system for deep drawing production

Max. normal

pressure

Max.
prod. rate

P['Od UCtiOI’] / __.__...4'_‘.'::..............‘..“..

rate
Minimum die
radius

E. Ceron, N. Bay

Normal
_pressure

r

_Die
radius

Maximum
die radius

Niels Bay, Ermanno Ceron - Off-line testning af friktion og smering | pladeformgivning
g v

Dansk

Kolding, Januar 2013
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Evaluation of a tribo-system for deep drawing production

Poor tribo-system

production point above threshold surface

Normal
pressure
Max. normal
DrasEure e :
E : ‘ Promising tribo-system
— u. 5 [;',e Production point below
prod. rate i T Fadits threshold surface
_____ / -
Minimum die radius Normal
essure
diseaditie Max. normal  «P""
Prod:tcglon pressure
I
Die
Max. - :
prod. rate e
Protrj:tr;tlon et Maximum
die radius

E. Ceron, N. Bay

4

Niels Bar

Minimum die
radius

Conclusion - differences between production and laboratory

Production Laboratory
Work hardening High (max strain = 2) | Low (max strain = 0,2)
Completely different v
Surface topography from original Original
N ~1000 MPa
Normal pressure #1000 MPa but smaller contact area
Initial specimen -
temperature #110C 25C
Temperature developed _, AL
in the specimen %200C %20-100C
Temperature developed =110C x45C
in the tool (EN1.4301) (EN1.4301)
Sliding speed 100-150mmy/s 50mm/s
No workpiece/tool ;
g workpiece/tool contact
Thermal exchange contactticri#gng idle during idle time

E. Ceron, N. Bay

42
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E. Ceron. N. Ba Miels Bay, Ermanno Ceron - Off-line testning af friktion og smering | pladeformgivning
’ y Dansk Metallurgisk Selskabs Vintermede, Kolding, Januar 2013

Konklusion

Metodik til forudsigelse af smaremiddel performance i produktion
« Numerisk modellering af produktionsbetingelser

« Valg af simulativ test
+ Numerisk modellering af simulativ test
« Off-line testning

« Produktions testning

Miljevenlige alternativer til kloreret paraffinolie
+ rthenus SU 166 A

E. Ceron. N. Ba Miels Bay, Ermanno Ceron - Off-line testning af friktion og smering | pladeformgivning
’ y Dansk Metallurgisk Selskabs Vintermede, Kolding, Januar 2013
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Industriens udnyttelse af de store internationale
rentgen neutronfaciliteter

Henning Friis Poulsen, DTU Fysik
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Industriens udnyttelse af de store
internationale Rgntgen og neutron faciliteter
Hening Friis Poulsen, DTU Fysik
hfpo@fysik.dtu.dk

1050\ L o

gauﬂspggsxnmss.foun [[EZ) T # NE'X_ﬂAP

DANISH NATIONAL RESEARCH FOUNDATION Dcmséluh" ESRF \ & \‘\

ESS & MAX-IV

* ESSogMAXIVilLlund

— ESS (2019), verdens bedste neutronkilde,
finansieret af 17 europaeiske lande
(ca. 1,5 mia. euro)

— MAX IV (2015), synkrotron, svensk
finansieret (500 mio. euro)

* Det danske bidrag
— ESS: 1.4 Mia kroner + 12.5% drift
— Data Management Center i Kbh (62 ansatte)
— MAX-IV: Dansk beamlinie (74 Mkr) ?

* Science parks omkring Lund og
Kebenhavnsomradet

49




Verdens stgrste mikroskop

.. TRastio o 4 O Hassleholm ~*
L e e ESS, 2019
! sh,, s atoE b e e ; : Neutroner
DR - | e avn Lo Dk medvaert: 1.4 Gkr
Max-IV 2016

Medium energi Rentgen
Dk beamlinie: 74 Mkr 7

PETRA-III, 2011
en Hgj energi R@ntgen
DK medlemskab: 11 Mkr/ar Dk bruger

Hvad er en synktroton?
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Hvorfor bruge en synktroton?

Brilliance

6

Neutroner

| T T T | T ;
a) XFEL E
3rd generation SRS 'é
2nd generation SRS ';
1st generation SRS é
X-ray tuht_xi -;
o NI A I T
1920 1940 1960 1980 2000
year :
Forskel 1 tvaersnit
Rentgen
—=

Ser: hoje Z-numre
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Virksomheder som brugere af store faciliteter

Udfordringer:
— Manglende kendskab og ekspertise
- Ventetid og usikkerhed omkring maletid
"Data analysen koster en halv PhD”

Haldor Tops@e, Astra Zeneca, Novo Nordisk, Carlsberg .. er staerkt involveret

Mulige danske l@sninger:
— Strategiske partnerskaber
— Portaler/science hubs

Individuelle l@sninger:
— Opseg akademiske partnere
— Anseaet erhvervs-PhD studerende
— Science Link

SCIENGE LINK

Part-financed by the European Union (European Regional Development Fund)

SCIENCE LINK opens up research facilities for commercial R&D purposes
Partners:
MAX-lab, Lund DTU is Danish representative

Desy, Hamburg
HZG & HZB, Berlin

Offers:

- Access to beamtime for industry

- Consultant for preparing, and executing beamtime
- Help with analyzing data

Contact: Martin Meedom Nielsen
DTU Physics
Phone: 51801561
mmee@fysik.dtu.dk
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Forslag fra MAX IV:

i

DTU som science hub/ portal
for 3D imaging af materialer

Internationale
Faciliteter

DTU Imaging Portal:

nceudvik

amarbejde

* LOKALT UDSTYR

Rentgenstraling
Neutroner

3D Imaging center

Best practice: University of Manchester
Strukturfondsprojekt (2013-2014): ESS og MAX-IV som vaekstmotorer i regionen
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Neutron Imaging

arers | VISUALISING THE SOOT AND ASH

al

o DISTRIBUTION IN DIESEL PARTICULATE
FILTERS USING NEUTRON IMAGING

o% DIk i
CHRIETIMH CRONIWERS | Neutron tomography is presently the only pessibility to cbtain information about

Courtesy: PSI, HMI/HZB, FRM2

Residual Spaendinger

250
200
150
100

50

Spaending
(MPa)
o

-50
-100
-150

| I S N N [ I I G

Svejsesgm: British Energy

'200 ' L r T T N T N T

Position (mm)

Courtesy: Open University, UK
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3D strain map of friction stir weld

a)
AA2024T3 Alsi10Mg 1 3
tool side  advancing retreating 08 3
side side 3
31
E_ 0.6 gm“
§ E2 04 g
s o
H= =
g5 02 5
o g &
anvilside 18 .
distance from weld center [mm]
1500
b]lE 3
i, 1 &
8F, e
gt 5
5% 0 2
oo W
- o
c) 15 a %
E"é’ 500 2
8< 2
gz -1000
2
-10 5 0 5 10 15 -1500

distance from weld center [mm]

3D imaging af energimaterialer

Unminsstés | Daphoted Oil 1 L 3 = \‘
Coal Beds | or Gas Resorve ! ACL 5 1 L=

Em.mm.-.m_& o ) a,‘ Brandselsceller
et . e
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Fase kontrast tomografi af Al folie

Materiale: Alcan Al folie
Type:Al8079

Energi: 17.5 keV
Volumen:
90x30x48um?3

Voxel stgrrelse: 60nm3

Slide fra P. Cloetens, ESRF

Phase field simuleringer

Ris@: E.M. Lauridsen, S. Poulsen, A. Lyckegaard. Navy Resarch Lab: R. Fonda

Northwestern: P. Voorhees, |. McKenna ESRF: W. Ludwig, A.King, S. Rolland
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z [mm]

Stress corrosion revnedannelse 1 stal

A. King, G. Johnson, D. Engelberg, W. Ludwig, and J. Marrow, Science (2008) 321, 382 - 385

Spandinger omkring revnespids i Mg

o 02 02
G5 MPa 110 MPa 170 MPa
0.1 0.1 0.1
-, /

0 E o E o

-0 F | 0.1 1 -0.1
A =

-0 0. 0.

=] -04 03 02 -0a [ 0.1 b5 0.4 0.3 02 =01 [} [X] &0 04 03 -02 -01 [ 0.1

x [mam] * [mm] ¥ [mm]
Ve u. u.
by 5 MPa 3
55 190 MPa it 205 MPa - 10 MPa
o Q.
0 E o E o ’
C] ~

0.1 -0.1 0.1
-0, -0 -0

8. -04 -03 -02 -0 0 0.1 B5 -04 -03 02 -0 [} 0.1 b5 -04 -03 -02 -0 [ 0.1

1 [mm] x [mm] x [mm]
100 o 100 200 300

[MPa]

1. Oddershede, B. Camin, S. Schmidt, L.P. Mikkelsen, H.O. Sgrensen, U. Lienert, H.F. Poulsen, W. Reimers.
Acta Mater. 60, 3570-3580 (2012).
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diffraktions baseret

TEM TXM

Oplgsning: 1A 20-30 nm
Tykkelse: 1 korn in 2D 1000 korn in 4D
Orienteringer: 0.01-0.1 grad 0.001 - 0.1 grad
Spandinger: (indirekte) direkte

Diffraktions baseret Transmission Rgntgen Mikroskopi

Bright field imaging Dark field imaging Scanning mode
] Sample I B
S Grain
[ L
' [
Diffrac | I
beam % 1! Lens AV
p VY 4 Beamstop
\ Lens
i Large area
d Dlmon High resolution 2D detector
2D detector

Arbejdsgruppe:
DTU: H.F. Poulsen, E.M. Lauridsen, S. Schmidt, W. Pantleon, |. Oddershede, Y. Zhang, H. Simeons, |. Hubner, F. lense
ESRF: A. Snigirev, |. Snigireva, W. Ludwig, A. King, C. Detlefs.
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Mikroskopi

2 um 200 nm 200 nm
0.5 deg 0.15 deg 0.01 deg
Arbejdsgruppe:

DTU: H.F. Poulsen, E.M. Lauridsen, S. Schmidt, W. Pantleon, J. Oddershede, Y. Zhang, H. Simons, J. Hibner, F. Jense
ESRF: A. Snigirev, |. Snigireva, W. Ludwig, A. King, C. Detlefs.
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DMS Vintermgde 2013

Studier af rekrystallisation med 3DXRD

Dorte Juul Jensen
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Studier af rekrystallization med 3DXRD

D. Juul Jensen

Ris@ campus

V17,
i ﬂf de=

A
flerax)=F St 800 ——(2.7182818284

I vEI!
DTU Wind Energy ,
Department of Wind Energy &

oy

Staff MAC KOM =
Senior scientists
{incl emerit.) 7 8
Scientists 3 0
Engineers 0 6
Postdocs 3 3
PhD students 3 5
Technicians 3 7
Secretary 1 1
G umﬁ&jﬁﬁtﬁiﬂﬁmﬂy of Denmark 3 1

61




=2
—
=

Aim for Materials Science and Advanced
Characterization (MAC) section

M

To perform materials science and development on a
high international level with focus in particular on
materials and components for wind energy
applications

To advance existing techniques and to implement
new characterization techniques and data analysis
tools to match the needs of the scientific and
engineering projects

Covering the whole range from basic science to applications

Work on length scales from nanometer to meter

DTU Wind E nergy, Technical University of Denmark
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DTU Wind Energy

Sections

Composites and Materials
Mechanics

Materials Science and
Advanced Characterization

Fluid Mechanics

Test and Measurement
Wind Turbines
Aeroelastic Design
Meteorologic Section

Wind Energy Systems

DTU Wind Energy, Technical University of Denmark
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DTU Wind Energy

WIND ENERGY SYSTEMS
Wind resources and siting

Wind power integration and control
Offshore wind energy

Wind energy and society

WIND TURBINE TECHNOLOGY
Aeroelastic design

Structural design and safety
Mechanical components
Electro-technical components

BASICS FOR WIND ENERGY

Aero and hydrodynamics

Boundary-layer meteorology and turbulence
Light, strong materials

Remote sensing and measurement technology

DTU Wind Energy, Technical University of Denmark
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S rrocessing
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DTU Wind Energy, Technical University of Denmark
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e Processing
Rolling, extrusion, etc.
Very high strain: ARB, DPD HPT
Annealing

e Structure
Advanced electron microscopy
Advanced x-ray characterization
Serial sectioning

* Properties
Mechanical testing (KOM)
Calometry
Hardness
Physical proporties

DTU Wind Energy, Technical University of D
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ZEISS EVO 60

Funding achieved
Microscope
Installed

JEOL JEM-2000FX 200 kV

JEOL JEM-2000F

DTU Wind Energy, Technical University of Danmark
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3D X-ray microscopes at ESRF in France, APS
in USA and Hasylab in Germany

10 m

woed €M 100nm <10nm

DTU T
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Hard and wear resistant steel components
» Characterize structure to determine stress and strain gradients as input
for numerical modelling of e.g. friction and wear

» Develop reliable testing techniques (e.g. microsamples) to analyse
structure and properties of components damaged by impact, wear or
fatigue

Light and strong metals and alloys

+ Optimize strength and formability by thermomechanical processing - bulk
samples and multilayers

* Advance analytical and numerical modelling of receovery and
recrystallization through 2D and 3D characterization
Technique development

+ Implement and develop techniques for characterization of damaged
samples (incl lab residual stress measurements)

+ Develop techniques for optimizing metals including surface hardening

» Superusers of all relevant 3D/4D techniques with focus on research
results

DTU gy, T L y of Denmark
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ystallization
DTU Wind Energy, Technical University of D enmark
oy

Recrystallization kinetics - standard =
measurements

£ [ |

® aé : b ot

z ot 2s0%|: 223% ;m"l:

- 04

Y]

i ..-/J

100 000

WA Anderson and R.F. Mehl: Trans. AIME, 1945, 161, 140-172
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Recrystallization Kinetics — Standard model

Assuming:

» Random distribution of nucleation sites
» All grains grow with the same time-independent growth rate
¢ All nuclei develop att = o or as a linear function of t

V,= 1- exp (-Btk) "
P
t Time
B, k Constants related to nucleation rate, ol
growth rate and dimensionality of growth
‘o-a.e! w? n.r‘ w0 o

ANNEALING TIME (sec)

DTU Wind Energy, Technical University of Denmark

. DTU
Experimental results - examples plas
—
Problems
[a] 2 To'c 50°C GT0°C
n=137 4 nan/-nﬂlw
/' Y 4 v /Y
L /" A
/ / =070
= Ui /
J-‘-:' l.;'i :l
X of //
= 'y
4 ] '/_," /
= _.flr.-
c /
) /
;r .-'
2 7
A
' 1 | ' 1 | 1
2 3 4 5 68 7T 8 9 N
Init [s]} ANNEALNG TIME (sec)
Yaping L0, Dmitri A. Molodov, GUnter Gottstein, Acta R.A. Vandermeer and P. Gorden: in ‘Recovery and
Mat. 58 (2011) 3229-3243 recrystallization of metals’, (ed. L. Himmel), Interscience

New York, 1963, 211-240
DTU Wind Energy, Technical University of Denmark
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Clustered nucleation

Optical microscopy combined with
serial sectioning

R.A. Vandermeer and P. Gorden: Trans. TWMS-
AIME, 1959, 218, 577-588

DTU Wind Energy, Technical University of D enmark
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JMAK model

Assuming:

¢ Random dj i cleation sites

« All grains grow with the same time-independent growth rate

e All nuclei develop att = o or as a linear function of t

DTU Wind E nergy, Technical University of Denmark
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Experimental methods and results

Average growth rates - time and orientation dependencies

o
e Bx102 ]
8 % oo H
£ 9x10- =
§ £ 5
i a
A
g
102
- | N T [ L |
o o 109 3x10% 10
a TIME (sech b 1 (se0)
ey 10 T
ocube 3 S ?
< random a cube + cube twin }
107 - o 4
3 E "\ cube + cube twin 3
g =
H 1
‘g 1o g 102
3 £ i
= H ]
0 e . 10 J
i D. Juul Jensen: Acta
1wt <o TR orates {1 I TN IOV ST
w0 10 10° 10t 10f 10° e 7] o ok MetaI‘Il.EM :tf{; 41322,
d Time (sec) e TIME (sec) 3 i .

DTU Wind Energy, Technical University of D enmark
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Growth rates

e-independent growth

e All grains grow wi
rate

* On avarage grains grow as <G> = k- t-* or they have a
fast decreasing growth rate followed by a period of
constant growth and on average, cube grains often grow
faster than other grains

* What do individual grains do?

DTU Wind E nergy, Technical University of Denmark
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3D X-ray Diffraction (3DXRD)
3D Microscope for in-situ characterization of
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recrystallization kinetics

» Sub-um spatial resolution
+ Bulk penetration (0.1 mm - 1 cm)

+ Non-destructive

« Fast measurements (seconds — minutes)

DTU Wind Energy, Technical University of D enmark

Recystallization kinetic measurements

T = () min

T'=162 min
DTU Wind E nergy, Technical University of Denmark
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E.M. Lauridsen, HF. Poulsen, S F. Nielsen and D. Juul Jensen: Acta Mater., 2003, 51, 4423-4435
E M. Lauridsen, D. Juul Jensen, H.F. Poulsen and U, Lienert: Scripta Mater., 2000, 43, 561-566

DTU Wind Energy, Technical University of D enmark

Al (AA 1050) cr 50%

Grain volume, pm®

=
=

M

10 b
Grain 1 - 7ol + Grain1 wtne
1aff ¢ Grain2 : = Grain 2 s
® Grain3| : s u Grain 3 ag#ontog Vs
o Grain 4| 3 . eoll o Grain 4] 3 3 i
T8+ Grains| : | i v Grain 5 H —
1 alle_Guine e g v_Grain 6 3 s% =
i st 2 R
12| L . g i
® ¥
1 . 5
a 2
o 4
“n L v ]
048 i H
s
08 5
&
it
04
02
o
bezsmEiE A :
2 ==
80 100 120 140 160 180 200 80 100 120 140 160 180 200

Annealing time, min

DTU Wind E nergy, Technical University of Denmark

Annealing time, min

5.0, Poulsen et al. (2011)
Scripta Mater. 64, 1003-1006,
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Grain averaged activation energy for
individual grains determined by 3DXRD

i

: [ — T
i ~
v=MeF “
10
Q E
v=Moexp(+ﬁ]F e
0|
Q_R(1 _ 1J| v, : l
Tl T2 Vl 100 20 300 00 T
A, el
Figure 2. Distribution of grain-averaged activation energies, The mean
of the distribution, (@} =187 kI mol™, is indicated by the vertical
v Growth rate line. The sllandard dl!\l'i.'l.f.inl:l is ¢ =829 kImol ™', and the lo and 2o
ey confidence intervals are indicated by the colour of the bars.
M Mobility
F Driving force
R Gas constant S.0. Poulsen et al. (2011)
T Absolute temperature Scripta Mater. 64, 1003-
Q Activation energy 1006

DTU Wind Energy, Technical University of Denmark

Grain growth during recrystallization in weakly rolled "'V
aluminum single crystal ==

y [um], TD ° X [um], ND

Schmidt, S., Nielsen, 5.F, Gundlach, G., Margulies, L., Huang, X., Juul Jensen, D.,
Science, 2004, 229-232.

DTU Wind Energy, Technical University of Denmark
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Simulations of effects of distribution of
growth rates

r=A4

o 0 1 (K]

DTU Wind Energy, Technical University < log10()
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Nanometals

DTU Wind Energy, Technical University of Denmark
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Kinetics in nanostructured copper L
Copper DPD to g = 2.0
Linetal., Risa 2012
DTU Wind E nergy, Technical University of Denmark
my

001 110

DTU Wind Energy, Technical University of Denmark

> 15°
2°~15°
twin boundaries

Combined with TEM:
Twin spacing - EBSP:500nm, TEM:44nm
Type C - TEM: <100nm
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3DXRD measurements anneal at 120C i
E
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Annealing time (minutes)
DTU Wind E nergy, Technical University of Denmark
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Kinetics in inhomogeneous deformed

. -—

microstructures ——
111

X : RS 100 110

| | Iband2| |bana3l ®
20 um =15 2°-15° twin boundaries «— Compression axis

Lin et al., Riss 2012

DTU Wind Energy, Technical University of D enmark

Kinetics in inhomogeneous deformed a
—

microstructures

regionyA k /k =50 _,"
——regign A kAf](n=5094, y g
—Tegion A k“;k-f%.(mi‘: : //
——region B / py
— toveral )(_|.-1:_=:}0 /
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100 1000
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Lin et al., Rise 2012

See also Doherty et al., Rise 1936

DTU Wind Energy, Technical University of D enmark
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Conclusions

Recrystallization kinetics is strongly affected by:

e Spatial distribution of nucleation sites

eTime dependent and texture dependent growth rates
e Each recrystallizing grain has its own kinetics

e Wide distribution of activation energies

e Inhomogeneous deformation microstructures

3DXRD combined with electron microscopy are
efficient tools to study recrystallization kinetics

DTU Wind Energy, Technical University of D enmark

M=
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Den nyeste generation af rgntgen diffraktometre med
tilhgrende temperaturcelle

Flemming Grumsen, DTU Mekanik
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I DTU Mekanik
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Den nyeste generation af XRD med
tilhgrende temperatur celle

Flemming Bjerg Grumsen

Outline

Hvad er XRD?

Hvad er nyt?

Strip detektoren. Hvad kan den?
Mikrodiffraktion med et eksempel
Temperatur cellen

Expanderet austenit

Varmebehandling af expanderet austenit
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Hvad er XRD?
» Braggs lov: hA=2dsinB

Hvad er XRD?
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Hvad er nyt?

» Twist tube: linie- og punktfocus

Hvad er nyt?

» Snap lock til skift mellem polycap, gébelspejl og
divergence assembly
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Hvad er nyt?
* Polycap til punkt fokus

Parallel X-ray beam

yrrryyvervenyy

Mikrofibre til guided Fra kilde til naesten parralel beam
Rantgen beam

Hvad er nyt?
« Automatisk registrering at optik (Da Vinci)

Primary Beam Path Secondary Beam Path

e = 2

TubeMount TubeKFLCr2KDC
LYNXEYE
o 2
== Sollerhount
slitMount No Slit 10.5 [mm] == o3
Filter_V_LowBeta ..
- SollerMount
I === x
|UBC_Collimator_Long... . _Equatorial_Sol. ..

CentricEulerianCradie
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Hvad er nyt?
+ Silicon strip 1d detektor (lynxeye)

192 strips af 75 um tykkelse
og 16 mm lange

Billede venligst udlant af Bruker AXS

Stripdetektoren

« (OD: sammenlaegger alle strips il en detektor
« 1D hver strip fungerer separat og kompenserer for positionen

quartz five fingers

Rgd OD 0.6 mm detektor slit
Sort 1D detektor fuldt &ben

Lin (Counts)
£ L}

5

Il

P o .

2-Theta - Scale

11201 S 0 0 g brm. 0.3 Fem B (B i 3l

20N b i 1000”13 0 im0 .32 AT 23 [P - amm e, 03wl 110000 - Trmia.




Mikrodiffraktion pa Friction stir welding

Polycap med 0.3 mm collimator

20:64-72°

(Coupled TwoTheta/Thata)

21 mm .

0 mmtg-r—g

| e Corgld e \1‘”"""'
Austenit Ferrit og martensit

martensit

Temperatur cellen

Temperatur spaend: 25-1100 "C eller -180 til 450 °C

Vacuum eller gas flow
Ramping 0,1 — 1 grad pr. sekund
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nedbrydning og (Oxidation®) af ekspanderet
austenit

» Expanded austenit is metastabilt

* Ved temperaturer over 450 "C ned brydes den il
— CrN
— Ferrit

Fors@gsparametre

» Grazing incident 2, 5 og 15 grader, 26: 53" til 87~
30 min for hvert scan

« 30°C, 100 - 400 "C med 50 "C interval.
Ramping: 1 "C pr s.

*» 400 "C til 560 "C med 5 "C interval. Ramping:
0,1 C prs.

» Afkeling til 30 "C. ramping: 1 "C prs.
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Resultater

start
150
50
SN, LA
0
MMM 2..
CrzN I CrzN Cr2N I
Exp. aust Exp aust
aust aust
§ slut
: ‘ 15°
; " .
b} :
= l l 1 ¥
L z | .2 2 | T R
{Fe,Cr)304 l {Fe,Cr304 (Fe,Cr)304
Exp aust Exp aust
(o)}
Ferrite

Resultater

2 " grazing incident

(TwoTheta)

-
5 —

00T ——

450 T

400 T

2Tvota (T Thets) WL=2. 26970

86




resultater

5 ® grazing incident

(TwoTheta)
]
550 T

S0 o —

450

Resultater

15 ° grazing incident

(TwoTheta)

.
S o —

500 T
i,

450 "¢
"

400 T

2Theta (TwaThela) W1 <2 28970
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Hvad kan man ggre for at undga oxidation?

+ Au eller Pt coating?
» Ar/H2 gas?

« Metal med sterre affinitet til O2 end preven i
kammeret?

Og til sidst tak il Christian Hansson fra Bruker for support og til Trine
Nybo Lomholt for nye ideer, nar problemerne syntes uoverskuelige
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DMS Vintermgde 2013

NDT — relevant teknikkers muligheder og
begransninger

Peter Willumsen, Force
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NDT af svejsninger

NDT af
svejsninger

— .
Af Peter Villumsen - i

DS/EN 473 niveau 3

NDT af svejsninger

Metoder:

Rgntgen

Ultralyd
Magnetpulverpragvning
Penetrantprgvning
Taethedsprgvning
Hvirvelstramspravning
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NDT af svejsninger

Radiografi

Rantgen op til 300 kv.

Isotop (Gamma)
e Selen 75
o Ir 192
e Cobolt 60

NDT af svejsninger

Radiografi

Falsomhed 1-2% af godstykkelse

Radiografi bruges pd alle
emner/svejsninger i alle
former for industri bade i
forbindelse med ny
produktion og vedligehold.
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NDT af svejsninger

Radiografi bruges til af finde fejl i volumen
Radiografi er 2 dimensional.

Fordele:
God til runde fejl eks. Pore
God til tynde godstykkelser

Ulemper:
Straling
yBegraenset godstykkelser

NDT af svejsninger

Ultralyd

Manuel eller automatisk
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NDT af svejsninger

Manuel ultralyd bruges til:

Tykkelse maling
Lagdelings kontrol
Materialefejl
Svejsekontrol

0.37 mm i mindst 2 retninger

p,

Luftspalte min.
1/10.000 mm

NDT af svejsninger

Manuel Ultralyd

Fordele:
God til plane fejl
God til tykke godstykkelser

Ulemper:
Kraever plads
Ingen dokumentation
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NDT af svejsninger

»Hurtig automatiseret inspektion
»Optimeret inspektion

» Dokumenteret

» Gentagen inspektion

> Stdl, rustfrit stdl, etc.

GJEORCE

NDT af svejsninger =

Magnetpulverprgvning

For indikationer &ben til overfladen og kun pd
magnetiske materialer.

Falsomhed
Ca.0,1-1my
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NDT af svejsninger

Magnetpulverpravning

Kan udfgres som prevning med kontrast farve under
alm. belysning.

Eller som fluorescerende pravning i mgrke med
ultraviolet belysning

Princlp skitse of magnetpulverpreyning

— —> — —* — s — —»
s e e e s e N’
—_— —r — T s — —
—_— — — — —_— s — —

NDT af svejsninger

Magnetfelt

Svejsning

Revne
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NDT af svejsninger E

Fordele:
God til plane fejl dben til overfladen
Hurtig

Ulemper:
Kun overflade fejl
Ingen dokumentation

NDT af svejsninger

Penetrantprgvning
(Kapillarprgvning)

Kan udfgres som prgvning med kontrast farve under alm.
belysning.

Eller som fluorescerende prgvning i mgrke med ultraviolet
belysning
Den mest fglsomme metode
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NDT af svejsninger

Penetrant bruges pé ikke porgse materialer

Primaert p& umagnetiske som eks, rustfrit stal,
aluminium, magnesium osv.

For indikationer aben til overfladen

Falsomhed
Ca. 0,1 -1my

NDT af svejsninger

Kapillarvaeske traenger

Revnen ikke synlig
ind | evt. revner og

pa overfladen
poresiteter

Hverken revne eller Revnen ,synlig”. Frem-
kapillarvaeske er syn- kalderen har suget

lig pa overfladen vaesken ud af revnen
og dannet en bred in-
dikation oven pa revnen
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NDT af svejsninger

Fordele:
God til fejl dben til overfladen
Kan bruges som teetheds prgvning
Let at udfere

Ulemper:
Kun overflade fejl
Ingen dokumentation
Kraever meget renggring

NDT af svejsninger

Taethedsprgvning

(Leekagepravning)

Laskageprgvning er ikke bare en, men
mange metoder

De fglgende er nogle af de mest
anvendte

Visuelle - Akustiske — Trykforandring —
Sporstoffer - Radioaktive sporstoffer -
Termografi — Hvirvelstrgm -
Farveforandring — Rgggasser —
Krydskorrelator — kabilarprgvning
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NDT af svejsninger

Vakuum box

NDT af svejsninger

Hvirvelstrgmspravning

Undersggelse af elektrisk ledende materialer,
primaert metaller.

Metoden anvendes bl.a. til revne- og
korrosionsdetektion samt tykkelsesmalinger,
fx til undersggelse af varmevekslerrar og i
flyindustrien til kontrol af fx turbineblade og
understel.
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NDT af svejsninger

Slut...
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DMS Vintermgde 2013

Metrology and Quality Assurance

Maria Holmberg, Teknologisk Institut
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T

Danish Technological Institute

Maria Holmberg
Metrology and Quality Assurance

THE DANISH TECHNOLOGICAL INSTITUTE

nar Gregersen

"To support Danish industry, mainly small enterprises, by providing technical assistance in the
form of teaching, advice, testing and technological research”

"Technological research - developed with the necessary scientific approach, but without the
means of making science. The purpose is to develop new field for manufacturing "
Gunnar Gregersen
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DTI - DIVISIONS AND CENTRES |

ENERGY AND CLIMATE
Energy Efficiency and
Ventilation

mate and Humidity FEM—Seclretariat ‘ ‘
and Building [ns tgllatlog and Callbration
Refrigeration and Heat Pumyp

PRODUCTION

e
ustrialization Technology BUSINESS DEVELOPME
ng Pool Technology Pipe Centre Policy and Business D

Renewable Energy and Human Resources Develop

Transpoct Creativity and Growth
Automobile Technology Technology Partnership

r and Textiles

MATERIALS

Materials Testing L ID.H.NG
. [T Training
Plastics Technology
Production Development Confenniel
Leadership and M.

Tribology

Packaging and Transport Training

INTERNATIC

METROLOGY & QUALITY ASSURANCE |

asurements - shape and dimensions of p

Pil -p‘roduction

duct development
‘Subcontractors /customers
Training and courses

‘Trouble shooting
Product development
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METROLOGY & QUALITY ASSURANCE

DPLL (Danish Primary Laboratory for Length)

astitute within length - mechanical calibration of gauge block
jon within geometrical measurements
ET, TC-L (Technical Committee for Length)
libration and Measurement Capabilities)

rojects
Multi-sensor metrology for microparts in innovative industrial projects

al bla. overleve pa kvalitet, og det er vigtig, at virkso
denne kvalitet overfor deres kunder. Vintermgdet 2013 ha
sering af materialer, processer og komponenter, spzendende
meterskala og fra forskning & udvikling til monitorering af
nenter i drift.

ntere kvalitet overfor deres kunder
‘Geometrisk opmdling kan kvantificere dette - tolerancer, dimensioner, data
Reproducerbarhed

isering af materialer, processer og komponenter
Kombinere opmadling (dimension, form) med materiale karakterisering (de
-homagenitet, struktur) |
vilke parametre reprasenterer hvad?

% Udvikling

uble shooting — vi ved ikke helt hvad vi kigger efter...

gi & maleteknik i fremtiden - inklusive CT Scanning
komponenter i drift

ng som ikcke-destruktiv analyse med mulighed for 3D
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|CT SCANNING | D

INSTITUTE

CT - Computed Tomography - Scanning

X-ray source sample array detector
]
step-by-step
rotation ;: .
1

- g i-;cw cone beam

P

I tube control | |CNC object stagel Iglata acquisition |
| | |
[ computed tomagraphy / volume reconstruction |

{Reference: GE Measurement & Conirol}

{CT SCANNING |

TECHNOLOGICAL
INSTITUTE

» Measuring size, form and position of geometrical features
* Non-destructive analysis of inner structures
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| CT SCANNING | Pelliuoniea
Zeiss METROTOM 1500

X-Ray tube: 225 kV

Detector: 1024 x 1024 pixels

Sample size: 30x30x30cm

‘Detectability”: <10 pm

Industrial CT Scanner
Manufacturing, Production,
In-line Scanning etc.

r =

[CT SCANNING |

Bruker microCT, Skyscan 1172

X-Ray tube: 100 kv
Detector: 4000 x 2300 pixels
Sample size: 2 x 2 cm (possibility to combine scans)

‘Detectability”: <1 pum

HCT Scanner
Material characterisation, R&D,
high resolution etc.
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Document quality in regards to customers TECHNOLOGICAL

INSTITUTE

Documentation in regards to customers and subcontractors in a supply chain

Often a combination of different technologies, for example CMM and CT Scanning

Manufacturing
‘Quantification of quality’ using geometrical measurements
Example - release of moulds for injection moulding into production

Characterisation of materials, processes and components

DANISH
. . i . e TECHNOLOGICAL
Combining geometrical measurements with material characterisation INSTITUTE

How are used processes related to characteristics of resulting component?

Combining data on micro- and macro-scale
Material for use as a matrix aluminium syntactic metal foam

Hollow glass spheres (¢20-80 pum) that are bonded chemically to each other by water-
hased silane coating.

[mnovation consortium FsMat., Sgren Skov Bording, ssh@teknologisk dkj
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sonents ‘in-line’

sibility to perform non-destructive testing in 3D
canning system
e and time consuming

to have 3D7
combined with software solutions

Parallelism
window, P
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Characterization on all length scales - CT Scanning |

' Scanning in combination with pCT

nano ‘ et . meter

METROLOGY & QUALITY ASSURANCE |

+45 72 2030 06

mahg@teknologisk.dk
www.teknologisk.dk
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|CT SCANNING | e

INSTITUTE

Image artifacts

S

Beam- hardenmg Cone-Beam

Misalignment Undersampling

Truncation Ring artifacts Metal artifacts Noise artifacts
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Determining geometrically necessary dislocation
densities by EBSD

Philip Littlewood, DTU Mekanik
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Determining geometrically necessary
dislocation densities by EBSD

Philip Littlewood

A + Qf Oe™
(EIv")"=q- pA¥ 800—{2.718281822

) K > 5
DTU Mechanical Engineering ’
. El

=

e

Overview
e Theoretical basis for determining dislocation density by
EBSD

e Cross-correlation method for EBSD patterns

e Application to deformed Ti alloys

2 DTU Mechanical i ing, Technical University of Denmark  Determining geometrically necessary 17,/01/2013
dislocation densities by EBSD
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DETERMINING
DISLOCATION DENSITIES
BY EBSD

3 DTU Mechanical i ing, Technical University of Denmark  Determining geometrically necessary 17,/01/2013
dislocation densities by EBSD

W

Dislocation and Curvature Tensors
¢ Dislocation Tensor [1]:
O = Z nb;r;
¢ Relationship between Dislocation and Curvature Tensors (with/without
elastic strain) [1,2]
Q5 = Kjj — 51‘;'"6;:1:
. ’ lb ) , el
Kpi = — Oy = ‘i pi Vkk < ('pjk(,‘}\-‘l;'
[1] 1. F. Nye. Acta Metallurgica, 1:153-162, 1953.
[2] E. Kroner. Continuum Theory of Dislecations and Self Stresses. Springer, Berlin, 1958.
4 DTU Mechanical i ing, Technical University of Denmark  Determining geometrically necessary 17/01/2013

dislocation densities by EBSD

HE
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Limitations on Determining Dislocation
Densities with EBSD

e Only dislocations contributing to lattice curvature (GNDs) can be detected
- Dipoles, other multipoles are “invisible” (55D)

+ Dislocation tensor gives only nine equations

- Systems other than simple cubic have too many dislocation types — no
unique solution

- Linear pregramming can be used tc generate lower-bound solutions [1]

¢ Surface nature of EBSD makes information unavailable
- Z-components of curvature cannot be measured

- 5 components of dislocation tensor & difference of two others can be
derived [2]

- Can be overcome by 3D FIB-EBSD [3]
[1] S. Sun, B.L. Adams, C. Shet, S. Saigal, W. King. Scripta Materialia, 39:501-508, 1998.

[2] w. Pantleon. Scripta Materialia 58:994-997, 2008.
[3] E. Demir, D. Raabe, N. Zaafarani, S. Zaefferer. Acta Materialia, 57:559-569, 2009.

5 DTU Mechanical i ing, Technical University of Denmark  Determining geometrically necessary 17,/01/2013
dislocation densities by EBSD
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Cross-Correlation-Based GND Measurement
* Standard EBSD error is ~1° —

electron beam

- Magnified in calculations of
misorientation

- Cross-correlation method [1] was
developed to improve resoclution

Distortion of crystal lattice causes
shifts in EBSD patterns

- Crystal distortion can be
measured by measuring the
shifts

- Hydrostatic strains do not realign

crystal planes and cannot be
detected

[1] A. 1. Wilkinson, G. Meaden, D. Dingley.
Ultramicroscopy 106:307-313, 2006.

& DTU Mechanical i ing, Technical University of Denmark  Determining geometrically necessary 17,/01/2013
dislocation densities by EBSD
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Cross-Correlation-Based GND Measurement
+« Standard EBSD error is ~1° Inckdéit

electron beam

- Magnified in calculations of
misorientation

- Cross-correlation method [1] was
developed to improve resolution

e Distortion of crystal lattice causes
shifts in EBSD patterns
- Crystal distortion can be
measured by measuring the
shifts

- Hydrostatic strains do not realign

crystal planes and cannot be
detected

[1] A. 1. Wilkinson, G. Meaden, D. Dingley.
Ultramicroscopy 106:307-313, 2006.

7 DTU Mechanical i ing, Technical University of Denmark  Determining geometrically necessary
dislocation densities by EBSD

17/01/2013
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Calculating GND densities from pattern shifts

* A reference pattern is divided into regions
» Shifts of each region are measured at each point
e One region gives two equations:

duy  Dug iy 5 Oy 5 Oy g

rrs [I = d—z; !‘-.H':;E f';eTm . "lm = 1'1"2@ = Chry
dus  Dug iy 50Uy 50Uy Oy

rars [(’).r-_» = ()!s} I'H‘r{m f':ng . "QTFE — f':"zm = Qo3

* Measuring 4 regions allows 8 elements of distortion tensor to be derived

- 9t element must be derived from boundary conditions

- More than 4 regions allows least-squares fitting to improve accuracy

] DTU Mechanical i ing, Technical University of Denmark  Determining geometrically necessary
dislocation densities by EBSD

17/01/2013
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APPLICATION: FATIGUE IN
TITANIUM ALLOYS

9

DTU Mechznical Engineering, Technical University of Denmark

Determining geometrically necessary 17/01/2013
dislocation densities by EBSD

e

Crystallography of Ti-6Al-4V

¢ Two phases: HCP a and BCC R

- Ti-6Al-4V as received is mostly a
e Three main slip planes in a
- Slip along a <11-20> and c+a
<11-23> directions

- ¢+a requires higher stress to
activate (~3-4x)

10  DTU Mechznical Engineering, Technical University of Denmark

Pyramidal Slip Plane - [
<1100>

( Prismatic Slip Flane

Basal Slip Plane

hitp :/web earthsci.unimelh edu.avAvilsonsicel /introduction.himl

Determining geometrically necessary 17/01/2013
dislocation densities by EBSD
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Crystal Anisotropy
& ‘ @ Loading
Direction
y
X Medified from D Rugg, M Dixon, and F Dunne; Effeciive structural unitsize
= in titanium alloys; Joumnal of Strain Analysis vel. 42
* No resolved shear stress on basal/prismatic planes in center grain
e Grain becomes resistant to plastic deformation relative to others
11 DTU Mechanical i ing, Technical University of Denmark  Determining geometrically necessary 17/01/2013
dislocation densities by EBSD
oTu
—
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e

Fatigue Testing

* Material: Ti-6Al-4V rolled bar
stock provided by Rolls-Royce
- Globular primary a-phase
grains, small amount of
grain-boundary B phase
- Average grain size ~12
pm

grain-boundary 3

Primary

¢ Deformed in fatigue to failure

- Peak stress 900 MPa,
stress ratic 0.1

e Cross-correlation EBSD used
to measure GND distributions

12 DTU Mechanical i ing, Technical University of Denmark  Determining geometrically necessary 17,/01/2013
dislocation densities by EBSD
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Relating GND Densities to Microstructure

Direction of Applied Load

13 DTU M

Total GND density

13.5

125

ing, Technical University of Denmark

Schmid Factor (basal and prismatic

0

Determining geometrically necessary
dislocation densities by EBSD

17/01/2013
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5

a vs c+a GND densities

a type density for Ti-6-4 gauge section, batch 1-2
0 R & TR -

- 15
5 : 145
¥
. 14
10 Lo LA 1135
1, -
i L VR .
§ kb — 13
e P! T
15 4 125
B S WA 12
200 . " :& 15
e H
-1 11
25 st 4 d 5
0 10 15
X, pm
14 DTU Mech ing, Technical University of Denmark

=
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i

>

4
X
25 R R 105
0 5 10 15
X, um
Determining geometrically necessary 17/01/2013

dislocation densities by EBSD

Direction of Applied Load
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GND Pile-Up
s First proposed as a crack initiation [ J— -
method by Stroh [1] k'@'f : 17
e
* Suggested by Bache and Evans as 10 Y .
a mechanism in cold-dwell %
sensitivity [2] 15[ -
20| y "
E il .
', [ |
25 f‘f‘ ’ ' ) 114
30| )
. 13
35 e
’ . 40 L # 12
[1] A. N. Stroh. Proceedings of the Royal Society of . :ll” ] 5
London. Series A, Mathematical and Physical £y 2& O o
Sciences, 223:404-414, 1954, 0 5 10 15 20
[2] W. 1. Evans, M. R. Bache. International Journal of Xy um
Fatigue, 16:443-452, 1994,
15 DTU 9 University of Denmark Determining geometrically necessary 17/01/2013
dislocation densities by EBSD
E e
-
-—
GND Statistics
TE+15
L]
BE+15
+ 4200 Cycles
& = 3000 Cyeles
& PEN1E 4 1500 Cyeles
z = Unstrained
E 4E+15 -
a .
A
5§ 3E415
®
o
L]
w 2E+E
[=]
1E+15 -
i)
0
Angle (Degree)
16 oTu University of Denmark Determining geometrically necessary 17/01/2013

dislocation densities by EBSD

119




GND Statistics

3500 T T T T T T T T

- -

3000 ct+a | |

2500 1

2000 b

1500 il

Number of Points

1000 b

| . ..,nﬂﬂ.[l Il“!ll'm .

g 10 " 12 13 14 17 18
Log GND density

17 DTU Mechanical i ing, Technical University of Denmark Determining geometrically necessary
dislocation densities by EBSD
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Conclusions

¢ Cross-correlation based EBSD can be used te study storage of
geometrically necessary dislocations on a microstructural level

¢ Grain-grain interactions play a significant role in inhecmogenecus
deformation in Ti-6Al-4V
- No direct link between crystal orientation and GND density

» Dislocation pile-up along a slip band, and slip penetration into a
neighbouring grain, have been observed.

18 DTU Mechanical i ing, Technical University of Denmark Determining geometrically necessary
dislocation densities by EBSD
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17/01/2013

120




DMS Vintermgde 2013

Transformation af udskillelser pa atomar skala

Hilmar Danielsen, DTU Mekanik

121



Transformation af udskillelser
pa atomar skala

Hilmar K. Danielsen
DTU Mekanik

MN - CrMN

M=V, NborTa

Two different 12%Cr martensitic steels investigated:

(V/Nb)N - Cr(V/Nb)N
TaN - CrTaN
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Fremstilling af prgver til TEM
(carbon extraction replica)

Udgangspunkt Ftening
* & s ® b " ® a T 2
L ] L)
» u ]
r = T ] L Gt @
. Fe = & Fe
5 -~ = - L] B - = .
Atening kulpadampning
C C

e

o T B

ansy

Imvestigationz performed using FEI TITAM 300KY analytical TEM
with High Angle Annular Dark Field (HASDF)
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MN
(VN, NbN, TaN)

NaCl type enhedscelle

HAADF billede af (V,Nb)N

CrMN

Tetragonal
CrMN

Cubic MN
unit cell

unit cell

High resolution image of Cr(V,Nb)N
showing double layered structure.

MN layers

Cr layers
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The cubic MN and
tetragonal CriVIN are
bound together as
one particle, it is
possible to follow the
atomic layers through
the “interface”.

Cr(V,Nb)N

The Cr(V,Nb)N does
not have a perfect
lattice, there are triple
layers, layers changing
from Cr to (V,Nb)N etc.

125




CrTaN has much clearer
contrast as Ta atoms
are very heavy
compared to Cr atoms.
Ta atoms are clearly
visible while the Cr
atoms are very dark.

Cr atoms arrange
themselves as double
layers {dark lines)

126




Transformation with a clear orientation relationship

Cr double layers appear as straight parallel lines through the TaN crystal structure

Transformation with a chaotic orientation relationship
Cr double layers have not decided upon the orientation of the future tetragonal crystal
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Interface between
CrMN and MN. The
crystal structure can
be followed from one
region to the other.

TaN particles with amorphous layer

128




Areas where the electron beam has been concentrated crystallize

Before After

Entire interface crystallising after electron beam exposure

Before After
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Solvent (Al) atom

Solid solution

Precipitate interfaces

Solute (Cu)

atom #" Phase particle

“2-o8 3.

Semi-coherent precipitates

0 Phase particle

l'll'"'"'“'ll%
l"l'l‘lllll 9

Incoherent precipitates

Semi and incoherent MN

Lattice parameters

VN: 0.413 nm misfit: 2%
NbN: 0.439nm misfit: 9%
TaN: 0.440nm misfit: 9%

Baker-nutting relationship

0.4045nm

no amorphous layer
amorphous layer
amorphous layer
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Edge of a large
Fe.:W particle

NN
o 8290 3ugbaa 8520 0007
e Bs 6 P B Ot ot e oV L 0g 0 o
ok e e ORDa s et ag 62 L b ha b
B O i 8a 0e a0 a0 o Ro 9 e W oe 0l

Small Fe:W
particle (thin)
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Konklusion

* TaN kan transformere deres sammensatning
og krystalstruktur til en anden type partikler

* Partikler kan have en meget uordnet
krystalstruktur

* Pa atomar skala er vores prever lette at
pavirke (elektron strale, setsning osv)
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Microstrcopy — Spanning the micro and nano regime

Jakob Birkedal Wagner, DTU CEN
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Structural and Chemical
Characterization by Electron Microscopy
— Spanning the micro and nano regime
Jakob B. Wagner

Acknowledgements:

DTU Cen, Technical University of Denmark:
Hossein Alimadadi, Christian D. Damsgaard, Thomas W. Hansen

EPFL:
Quentin Jeangros

FEL:
J&rg Jinschek

DTU Cen
Center for Electron Nanoscopy
————

1
DTU Cen, Technical University of Denmark

Realized by a generous donation from
the A.P. Mgller og Hustru Chastine Mc-
Kinney Maller's Fond til Almene Formaal

DKK 100,000,000 ~ C14,000,000
Grant announced In January 2006

"Establish a World Class Facility with a
unique suite of advanced electron
microscopes, in a purpose-built building”
Inaugurated in December 2007

Hosting 7 electron microscopes
— 2 high-end TEM (1 ETEM)
-1 work horse TEM
- 2 dual beam SEM/FIB
-2 SEM

DTU Cen, Technical University of Denmark
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FEI Microscopes at DTU Cen =
* SEMs * TEMs
- Inspect 'S’ -Tecnai T20 G2
* Workhorse * Workhorse
* EDX/WDS * EDX/GIF
- Quanta 3D FIB/SEM —Titan 80-300 probe corrected
e Sample prep e Holography
— Quanta 200 FEG e EDX/GIF
* High res —Titan 80-300 image corrected
* Cryo « ETEM
s EDX s EDX/GIF
- Helios Nanolab FIB/SEM
e EBSD
» EDX
More info on the web: www.cen.dtu.dk
2 DTU Cen, Technical University of Denmark
L
Image Formation (at all scales) -
-Beam-specimen interactions Iickdexit stsciion
= —
» The fast electrons is focused SEM- secondary Backscatired
and controlled easily by -
electro-magnetic lenses ' i Xsays WDX
« Interaction between fast e
electrons and matter creates canodouminescence
a variety of signals -'WWQ |
Absorbed

—_—
electrons

Specimen current
imaging

Diffracted

Hectrone Transmitted alectrons
TEM (dark field) l (inelastic, energy lost)
TEM - EELS

od

elastic
TEM
(bright field)
4
DTU Cen, Technical University of Denmark
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Dual Beam: EBSD, ion channeling imaging

E-Beam E-Beam
I-Beam ..-'_ -
\";'"_)' CCD + phosphor screen
i
Y- 70° tilt
flat surface

EBSD Detector

SE Contrasts:

Crystallegraphic erientation (channeling)
Chemistry

Topographic

CA. Volkert and A.M. Minor - MRS

5 bulletin 32 -2007
DTU Cen, Technical University of Denmark
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Failure of Solid Oxide Fuel Cells
Fuel
SRENE]  H,0, excess fuel & oxidant gas
Load to burner, gas turbine and heat exchanger
Oxidant gas
0.8251 Imitial
+ Fuel Cell Anode Failure | B
~ Redox stability of _ osu M{ 2™ dem
NiO/YSZ based e oo 4omn 1o o
2 hour
anode z’ 0.775 Totox
g 0.?‘” fr-—-——-
4hour § e—
e & hour
0.725 Lo
0.700 v v v - «
0 50 100 150 200 250 300
12 Elapsed Time (hours)

DTU Cen, Technical University of Denmark
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Environmental TEM

e C; Image Corrector &
Monochromator. E-cell

Installed gas lines: N, He, Ar, O,
H,, CO, CO,, CH, & H,O

Possible to attach other (premixed)
gases

e Full control of composition using
mass flow controllers

e Total pressure in E-Cell: up to
2000Pa

¢« Temperature depends on heating
holder, gas pressure and gas
composition (Example: approx.
700° C @ 100Pa H.)

¢ Dynamic acquisition {at the moment
5 frames/s) Retractable

CCD camera

e EELS of gases pOSSible Gatan Image Filter (GIF)

FEG electron source
Extraction anode
Lenses/monochromator
IGP

Dummy ch:

Lenses

holder

Lenses

T. W. Hansen, 1. B. Wagner and R. E. Dunin-

13 Borkowski, Mater. Sci. Tecnol., 26, 1338 (2010)
DTU Cen, Technical University of Denmark

Imaging at Different Length

Scales

-2D to 3D and irreversible changes ETEM sample
FIB slice of NiOx/YSZ based SOFC
Complementary and & *
dynamic information E
from multiple facilities
on the same sample is
needed

HE

Reduction |

150Pa H,
SEM sample

Oxidation
320Pa O,

Q. Jeangros et al., Acta Materialia 58 (2010) 4578-4589

14
DTU Cen, Technical University of Denmark
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Elemental mapping (oxygen)

DTU Cen, Technical University of Denmark

DTU

-
e

From Structure to Application
Q. Jeangros et al., Acta Materialia 58 (2010) 4578-4589

o 50 0 s 200 280 200
Elapsed Time (hours)

16

DTU Cen, Technical University of Denmark 10 1/nm
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Deeper insight in Nickel reduction using
model system

¢ NiO crystals
e 130PaH,

112.5 min

DTU Cen, Technical University of Denmark
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Evolution during reduction

>

5 1/nm
Ni
T=615°C
t = 250 min
N1 NG 20
N10|111 l !NI 200 o220
4 5 6 7

¢ In situ reduction in 130Pa H,

Q. Jeangros et al., J. Mat. Sci. DOI 10.1007/s10853-012-7001-2

18
DTU Cen, Technical University of Denmark
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High Resolution ETEM

= Atomic arrangement
visualized at 500°C in
130Pa H,

7 > NI

* Moire and diffraction at 600 Cin 130I:"a H,

Q. Jeangros et al., J. Mat. Sci. DOI 10.1007/s10853-012-7001-2

19

DTU Cen, Technical University of Denmark
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Determination of Activation Energies
- Spectroscopical Analysis

2°C/min

a)

b} 1w
20000 — N0
15000 — Ni
10000
S000

850 855 B60 B65 B70 875 Energy Loss [eV]

Conversion fraction [-]

— 2*Cimin
8 10 e
Energy Loss [eV] w0l = #*Clmin
0.8 o ., — TI'Cimin
0.8 .
& {L3VL2) from pelynomial fit
04 -8~ I{L3YNL2) from Gaussian it
02 -9- MLLS
Yoy il Tre)
350 400 450 500 550 600

E, (NiO to Ni)=70=5k3/mol
Similar results obtained from diffraction analysis

- Q. Jeangros et al., J. Mat. Sci. DCI 10.1007/s10853-012-7001-2

DTU Cen, Technical University of Dunmark
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Methodology

+ A complete dataset using different tools and techniques can be acquired
- Different length scales

- Different types of information (crystallographic, morphology,
chemical, etc.)

* From analysis of such a dataset a coherent understanding of the process
can be obtained

a) W ST

: St Mg o oHOH: " Ovacancy
e Hlaee be e HHO ® Ni
v.‘*. 1" eee ree@e @ ®o
‘e @e@r Y XN

929 "2’ Ry

=
]
=

M

. . ; 4 o

Q. Jeangros et al., J. Mat. Sci. DOI 10.1007/s10853-012-7001-2

DTU Cen, i iversity of K

Nanoparticle mobility

2-4nm Au nanoparticles

He @ 5mbar

=
—
[—1
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Au/Graphene

e Ca. 4x real time

e RT, Vacuum: Particles are mainly
immobile

¢ Slight rotations are observed

* Coalescence events occur, but
equilibrium shapes are only slowly
obtained

¢ Surface reconstruction occurs

¢ All movies recorded at same beam

current density (ca. 1A/cmz?)

23

DTU Cen, Technical University of Denmark
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Au/Graphene

* Ca. 8x real time

» 104°C, 200Pa H,

» Cross correlation used for image
alignment

e At low temperatures, particles wobble
around equilibrium positions, but do not
tend to migrate long distances

= Particles in close proximity can coalesce
into to single particles, but do not readily
form single crystalline structures

24 )
DTU Cen, Technical University of Denmark
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Outlook - longer term
Combining complimentary characterization and
sample prep. techniques with TEM

Cluster source

i

& DTVTHH2

In situ XRD

Any ideas?

?

25
DTU Cen, Techni iversity of D k

oTU
Interested in collaboration?

» Please contact us at
cen.dtu.dk

26
DTU Cen, Technical University of Denmark
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Nanostruktur og styrke af stal deformeret ved valsning
og med shot peening

Niels Hansen, DTU Vindenergi
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Vintermgde 2013

Nanostruktur og styrke af stdl deformeret ved valsning og ved
shot peening

N. Hansen?, X.D. Zhang!, Y. Gac2, X. Huang!
1Danish-Chinese Center for Nanometals, Wind Energy Department, Technical

University of Denmark, Campus Risg, DK-4000 Roskilde, Denmark
2Beijing Institute of Aeronautical Materials, AVIC, Beijing 100095, P.R. Chlna

AefBe

flx+Ax)= Z{—hflf (%) 800 (2. 7182818284

2 X

DTU Wind Energy ’
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Plastisk deformation

Structure

Properties

S

Processing

0
—0

Generelle principper

e Plastisk deformation forfiner mikrostrukturen
¢ En finere mikrostruktur felges af hgjere styrke
¢ Hoj styrke kan opnds gennem kraftig plastisk deformation

DTU Wind E nergy, Technical University of Denmark
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Evolution of deformation
microstructures
Subdivision of grains/crystals by dislocation
boundaries in characteristic 2D and 3D
configurations.
Uy’

Carpet structure in Cu

DTU Wind E nergy, Technical University of Denmark
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Cell structure in Fe
NIy RS,

"

5 DTU Wind Energy, Technical ula)

Cold deformed structures subdivided by o1y
extended almost planar boundaries (carpets)
and short cell boundaries forming cell blocks

99.96% Al &,y = 0.12

4
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Structural evolution during =
plastic deformation

Grains/crystals subdivide by formation of
dislocation and high angle boundaries,
creating hierarchical structures in a finer
and finer scale down to the nanometer
dimension as the strain and stress
increased to a high level.

DTU Wind Energy, Technical University of D enmark
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Large strain deformation

Structural length scale > 100 — 300 nm

Process examples are:

Rolling

Torsion

Drawing

Accumulative roll bonding

Equal channel angular extrusion
Multidirectional deformation

DTU Wind E nergy, Technical University of Denmark
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ECAE | ==
ARB -
!
} f _
° material—| e
HPT | .( CEC )
J
pressure
material
g iversity of D enmark l
- .
Al and Ni cold rolled to large strain =

10 DTU Wind E nergy, Technical University of Denmark




Large strain deformation

Structural length scale
> 50 nm

Process examples are:
High pressure torsion
Dynamic plastic deformation

11 DTU Wind Energy, Technical University of Denmark
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Structural length scale
>5nm

Process examples are:

Ball milling

Surface mechanical attrition
Friction

01U

TEM of 99.99% Ni cold-deformed by high pressure=
torsion to gy 12. The shear direction is marked.

iz DTU Wind E nergy, Technical University of Denmark




Surface mechanical attrition
treatment (SMAT) of iron -

* The surface layer is nanostructured with a
boundary spacing about 10 nm.
* The subsurface layer is graded and extend to

about 50 um below the surface.
(e e 0 -

Bright field image (a) and dark field image (b) of 99.95% pure iron —
Sm&rﬁnicd University of Denmark
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Analysis of structure and strength
of low carbon steel deformed by
shot peening and by cold rolling

] DTU Wind Energy, Technical University of Denmark
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Applications
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DTU Wind Energy. Technical University of Denmark

- DTU
Particle Impact =
Shot-peening SMAT (surface mechanical attrition

g e T treatment)

O
O 440 O
v oy ¥

\ T / ", sample

Shot-peening SMAT
Shot size 0.05-~ 1 mm 1~ 10 mm
Shot velocity ~ 100 m/s 1~20 m/s
Shot direction Single direction (~ 90° ) Multi-direction

(vibration frequency: 20 ~ 50
I17)

Temperature increase 50-100 °C 50-100 °C
Thickness ol graded ~20 pm ~ 40 um
nan nm}m&: Technical Univetsity of Denmark :
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Shot Peening (1) =
)
O 40 O
N T 0.8 mm high-carbon steel balls
D High shot velocity: 260-300 m/s
SR
Cold rolling: low to high strain
€ Siain rate: about 0.3 51
Material

Pure 1industrial iron: Fe-0.004C-0.44A1-0.017Ni1-
0.13Mn-0.0066P

17 DTU Wind Energy, Technical University of Denmark
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Shot-peening (2)

b) 1200 - 600 um from
%Ljrfl%%e— 260 um from
b ¢ | d [&ET1] ﬁ"jr%- 60 pum from

Eéljrg%cg 30 um from surface

Inner Surfa;:e f) 30 - 0 um from surface

b: 1200 - 600 um from surface

I =
Inner surface
Black line: high angle boundary {Misorientation angle > 15°)
18 DTU Wind E nergy, Technical Uni ity of D ’
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Shot-peening (3)

¢: 460 - 260 um from surface

"

- ——

d: 260 - 60 um from surface

- ——
Inner surface
DTU Wind Energy, Technical UniversivBf@eledine: high angle boundary (Misorientaélgon angle > 15°)
>
. 1]
Shot-peening (4) =

e: 60 - 30 um from surface

f: 30 - 0 um from surface

ok
_ L% - surface
DTU Wind Energy, Technical University of [Bhanak line: high angle boundary (Misorien ation angle » 15°)
>
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Frequency (%)

Shot-peening (5) ony

-
——

Lamellar boundary misorientation angle (EBSD)

1200 - 600 um from surface 60 - 40 um from surface

8 = 8 :
7 7 [INear surface 40-60 um_SP
8 8

gs g5

&4 T4

5 5

23 33

2 o
1 1
0 il 5 |

10 20 30 40 50 60 10 20 30 40 50 80
Boundary Misorientation (° ) Boundary Misorientation (deg.)

40 - 20 um from surface 20 - 10 um from surface 10 - 0 um from surface

8 8 8
7 I Near surface 20-40 ym_SP 7 [ Near surface 10-20 ym_SP 7 [E5I Near surface 0-10 um_SP
6 6 6
) 5 5
4 Fa g4
g 8
3 23 g3
o 2
g &g & ozf
1 1 1
4] 1] . [} .
10 20 30 40 50 60 10 20 30 40 50 80 10 20 30 40 50
Boundary Misorientation (deg.) Boundary Misorientation (deg.) Bouadary Misorientation (deg.)

D1U Wind Energy, | echnical University of D enmark

Shot-peening (6) oIy
=
Structural parameters in a lamellar surface
Fraction of HAB
6ua(deg.) Dyg(nm) ), o
Near surface 0-
20um_SP 354 223 80.6
Near surface 20-
40um_SP 34.9 301 80.7
Near surface 40-
60um_SP 24.6 515 65.2
5000
4000 L]
3000
€
£ 2000+ =
o .
1000+ i
. L
of ™"

0 100 200 300 400 500 600
Distance from surface (um)

DTU Wind Energy, Te
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Shot-peening (7) =

Hardness vs distance from surface

3.0
2.5¢

2.0+

1.5
1.0

0.5

Microhardness (GPa)
i
8
0
8

0.0

0 200 400 600 800 1000 1200
Distance from the surface (um)

W

The microstructure in a shot-
peened surface and subsurface is a
graded lamellar structure, also
observed in a friction and wear
sample. The lamellar morphology
also characterizes samples cold
rolled to high strain.

24 DTU Wind E nergy, Technical University of Denmark
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Microstructure of cold-rolled pure iron_Strain 4.26

25 DTU Wind Energy, Technical University of Denmark
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Scaling of DGNB

In samples deformed by shot peening (SP), cold rolling
(CR), surface mechanical attrition (SMAT) and friction

1.0}
i
0.8} 4
Sk !

0.4} i

:
02} }

o.o-'. ‘}Q3

Probability density

ryhAdqdPpOon

o H O X ew

0-10pm_SP

10-20pm_SP

20-40pm_SP

40-60pm_SP

True strain 3.8_CR

True strain 5.2_CR
Rayleigh

Top surface_SMAT [8]
True strain 1.6_CR [20]
True strain 0.7_CR [20]
True strain 1.2_CR Ni [27]
True strain 3.9_CR Ni [27]
Top surface_Friction Ni [27]

_‘ A ‘ oo o Morsrronn,

0 1 2

DGNB/DGNB

26 DTU Wind E nergy, Technical University of Denmark
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Relationships between microstructureal
parameters and the stress and strain state in a
graded surface layer as a basis for constitutive
equations

e Stress estimate: microhardness, nanoindentation,
miniature test samples.

e Strain estimate: displacement of structural
markers as grain boundaries, twin boundaries and
embedded pins.

Structure property relationships are difficult to
obtain as surface layers are thin (< 50 ~ 100 pm) and
the microstructure is graded at a nanostructural
scale.

DTU Wind Energy, Technical University of D enmark

OTU
-

-
—

Indirect estimate of structure-property
relationships in a graded structure

The deformed structures in shot-peened, friction
and cold-rolled samples have similar characteristics,
and is suggested to use the structure-property
relationships for rolled (bulk) samples as a baseline
for the analysis of graded surface structures.

28 DTU Wind E nergy, Technical University of Denmark
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Structure property relationshipé
for cold-rolled samples

Establish master curves for the relationships:

e Sfress (o) and strain ()
e Stress (o) and boundary spacing (D,,)

e Strain (¢) and boundary spacing (D,,)

29 DTU Wind Energy, Technical University of Denmark

Flow stress (o) as a function of the roIIing
strain (g)

Parabolic hardening (Stage m)
Linear hardening (Stage )

1000
Pure industrial iron __ .ee**
800+ el
a o."'." .......
% 600 - .”!.. ............
= ..;-"V ...........
o v e IF steel
v .-n*'...
400 = -....‘..llﬂ
) A
A
200 ;
0 1 2 3 4 5 6
30 DTU Wind Ex lr;\M
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Flow stress (o) as a function of

HE

boundary spacing (D,,)

1600

1400 ° Extrapolationofo .
T 1200 a uTs
E‘B | O o5
= 1000}
7]
@ 800 + M
n

600 |-
3
. 400

200 |

0 1 1 1
00 05 10 15

o =190.74

31 DTU Wind Energy, Technical University of Denmark

20 25 30 35 40 45
D—:{.s (um-o.s)

+301.36 x D, 05

Relationship between boundary 1
spacing D, (=2/S,) and strain (g)
= A Ni_CRI[27] J15
A Ni Friction [14] A v
Al <v> gu_$R [_30][311 i A w 140
¥ Cu_Friction [14] : A“wv
4L IF steel_C J P
24D e R i
= ® Iron_SP ol =2
= 5L ® I[ron_SMAT [11] & A.l 4300 U’J>
w Sa 81 N
c Vi o | "
— B} v f 0 cR 1 Friction, SP, SMATys00 &
o I (extrapolation)
T g & 12200
3 0 2 4 6
Ln ()

vM
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Stress and strain state in graded
structures

Based on master curves for rolled samples
the local stress and strain state in a graded
surface strcture can be estimated by a
measurement of D,, as a function of the
distance from the surface.

33 DTU Wind Energy, Technical University of Denmark

Strain (¢) as a function of

boundary spacing (D,,)
140
120
100
80

...].. LN l. L] .l [ ] ®

0 400 800 1200 1600 2000
D,, (nm)

=
=

HE
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Stress distribution in a graded
surface / subsurface layer

=
—
=

i

U Determined by microhardness, approx. 1/3 the

flow stress
® Determined inderectly based on a master curve

for the relationship between o and D,

Y
1400“- = .“ 1800
1200 1 140+ o % Calculated flow stress

(i L] % G o Flow stress from measured Hv
= | ®u H = 12
& 100 1 \ H % * Extending to a distance of 25 um
= 800“ n < 1000F % from the surface
= X .'l g *
3 \‘ 2 ) 800 - B 2
£ s00f ™" u 3 Ly
= ] . = 600 - kK o ¥E B om -
= 400} . & 400}
K= L]
[

200+ 200
O n n L 1 1 n
- L : L L : o] 50 100 150 200 250 300
0 100 200 300 400 500 60( Distance from surface (um)
Distance from surface (um)
DTU

Stress distribution in the top surface lay&
(0-25 um) of a SP sample

Flow stress (MPa)

1800
1600
1400
1200
1000
800
600
400
200
0

- Flow stress from extrapolated Hv
| * Calculated flow stress
- O [’;*V V
r “Oopk_
"00poppg :
L rn_xu_l:_zinznrmug%;”
0 5 10 15 20 25 30

Distance from surface (um)

36 DTU Wind E nergy, Technical University of Denmark
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Konklusion

e Et hardt overfladelag dannet ved plastisk deformation som f.eks. shot
peening har en gradueret nanostruktur, der straekker sig 50-100 pm ind i
materialet.

* Spaendings- og tajningstilstanden i overfladelaget kan analyseres ved
lokalt at bestemme afstanden mellem dislckationsgrasnser og
korngraenser, D_,, der relaterer til styrken, ¢, gennem ligningen

avr

oc=KeD, 05

K er en konstant for h8rdt deformeret materiale, der kan bestemmes ved
at m&le sammenhgrende veerdier for D,, og o for grundmaterialet
deformeret f.eks. ved valsning til en hgj deformationsgrad.

« Den foresl@ede mikroskopiske metode til analyse af en lokal spaendings-
og t@jningstilstand i et deformeret materiale kan anvendes generelt ved
analyse af deformationszoner, f.eks. nazsr revner, partikler og
korngreenser.

DTU Wind Energy, Technical University of D enmark

M=
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DMS Vintermgde 2013

Homogen og lokaliseret t@gjningsudvikling af
nanostruktureret aluminium

Jacob Kidmose, DTU Vindenergi

164



=
=
=

i

Homogen og lokaliseret tgjningsudvikling af
nanostruktureret aluminium
Fordele ved brugen af ARAMIS

Jacob Kidmose - 17./- i
5O e

flx+dz)= ):f—"’f ) | 800_{2 7182818284

vejledere: R)

N. Hansen, G. Winther and X. Huang ’

DTU WInd Energy
Depa nt of Wind Energy

—

=
—
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i

Start materiale

*Al1050
-99.5%

eKornstgrrelse
30 um.

3 DTU Wind Energy, Technical University of Denmark
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Accumulative Roll Bonding

Accumulative Roll Bonding (ARB)

Wire brushing

1 Cycle

Stacking

£3
e
Lo

Roll-Bonding

I=ﬁ <4

Degreasing Cutting

3 DTU Wind Energy, Technical University of Denmark
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6C-ARB Microstruktur

4 DTU Wind Energy, Technical University of Denmark
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6C-ARB1050AI plade

A
5
)
@
@
3.
3
[(®]
Dimensioner 700 x 190 mm
5 DTU Wind Energy, Technical University of Denmark
oy

R
Al

ARAMIS Tensile machine ~ ARAMIS software

e Dot pattern
eFacet size 0,75 mm
Sample

Side camera
system
(not used)

Front camera
DTU Wind Energy, Technical University of Denmark SyStem
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. . . AA.,I—OSO
Mechanical properties % « 6C-ARB

|

> ¢ Varmbehandling
r * 6C-ARB-225
> e Valsning

150 A ' ' 1 ¢ 6C-ARB-CR50
C-ARB + 50% Cold Rolling
© 100 6C-ARB 6C-ARB + Annealing
% at 225 C for 30 min
@
3
=] Al1050
@ 50

0 10 20 30 40 50
Strain [%]

7 DTU Wind Energy, Technical University of Denmark
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Homogen deformation

_Af. 6+ Qf Oe’"=
frevasr-5 S | E g ——2.7182818284

&) .x; ’>> , -

DTU Wind Energy

Department of Wind Energy
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6C-ARB
Stage 0 Major Strain
Time 0.00s
[%]
20
118
16
{14
12
=10
153.9
= 8
1200+
£ 100.0 N 5
= 80.0
£ 60.0+ = 4
“ 40.0-
2
2.3 T B 0
-0.00 1.50 3.00 450 6.00 7.87
Stage 0 Strain [%]
=
g
6C-ARB-CR50
Stage 0 Major Strain
Time 0.00 s
[%]
l20
18
16
114
—12
=10
0 = 8
=100.0
S 80.0 n ©
£ 60.0+ o 4
@ 40.0
20.0-}
0.2-f

0.0 20 40 6.0 8.0 10.012.014.0

Stage 0 Strain [%]
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Results

¢6C-ARB udvikler

shear band lige L
efter brud styrken .
*6C-ARB-CR50 har i
homogene % 100
deformation flere :
procent efter brud 1
styrke i
% 2 4 6 & 10 12 14
Engineering strain [%]
DTU Wind Energy, Technical University of Denmark
o1y
Varmbehandling
A "”’"6+ Q.[Se"’%
flxrax)=3 C¥) | 800 ——(2.7182818284

-

DTU Wind Energy

Department of Wind Energy

-
-

A &) x: ’>> ,
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6C-ARB-225
Stage 0 Major Strain
Time 0.00s
[%]
lzo
18
16
14
112
=10
75.0 §
£ 60.0 -~ 6
=
g 45.04 N,
# 30.0
15.0-] 2
3.2 . | , 0
00 75 150 225 326
Stage 0 Strain [%]
=
-
ARAMIS

* En-akset traek prgve
- tgjnings-spaendings kurve

- Sand tejnings-spaendings kurve (ogsa gaeldende efter UTS)
- Anisotropi

DTU Wind Energy, Technical University of Denmark
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Sand tgjnings-spandings kurve

Volume konstant=> &£Tykkelse== Ebredde- Eireek

Udregning af tykkelses tgjningen over bredden
af indsnaavringens zonen

Derved fas det aktuelle tveersnits areal af
indsnaevringens zonen

DTU Wind Energy, Technical University of Denmark
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Sand tgjnings-spandings kurve

AIN050
120~ - -

8

8

Stress [MPa]
3
_ __7 s = "
‘9

40 L
20 —Engineering
= True-ARAMIS
al . . _ . . — True-Converted
0 5 10 15 20 25 30 35 40 45

Strain [%]

DTU Wind Energy, Technical University of Denmark
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1
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g, =In(l+¢;,)
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Sand tgjnings-spandings kurve

ARB-CRS0
180

160 1

140,

120}

8

Stress [MPa]

] Engiheering

20 —True-ARAMIS
— True-Converted

0 2 4 6 8 10 12 14
Strain [%)]

DTU Wind Energy, Technical University of Denmark
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ARAMIS

* En-akset traek prave
- t@jnings-speendings kurve

- Sand tejnings-spaendings kurve (o0gsa gaeldende efter UTS)
- Anisotropi

DTU Wind Energy, Technical University of Denmark
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Spgrgsmal?

Tak for jeres opmeaerksomhed.

DTU Wind Energy
Department of Wind Energy
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Baggrund for Innovationskonsortiet REEgain om
magnetiske materialer

Jens Christiansen, Teknologisk Institut
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Baggrund for Innovationskonsortiet

REEgain om magnetiske materialer

- e, ——————— —— -}

Jens Christiansen og Martin Brorholt Sgrensen

TEKNOLOGISK
INSTITUT

Indhold

m Hvad er innovationskonsortier?
= Baggrunden for REEgain
m Virksomhedernes interesser

= Aktiviteterne REEgain
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TEKNOLOGISK
INSTITUT

Hvad er et innovationskonsortium?

m Konkrete samarbejdsprojekter mellem virksomheder,
forskningsinstitutioner og teknologiske serviceinstitutter

= Formalet er, at parterne i faellesskab udvikler viden eller teknologi,
som ikke blot gavner enkelte virksomheder, men hele brancher
indenfor dansk erhvervsliv

= Mindst 2 virksomheder, en forskningsinstitution og et teknologisk
serviceinstitut

m Varighed pa mellem 2 og 4 ar

TEKNOLOGISK
INSTITUT

Hvad er et innovationskonsortium ogsa?

*Kortslutning” mellem forskning,
teknologiudvikling og produktudvikling

m Stgtten til universiteterne og ~

Teknologisk Institut balanceres med K J/
virksomhedernes indsats 7
¥ | v
= Ingen temaer, men vurderes ud fra -
virksomhedernes og samfundets behov ‘ -
o
m Meget lidt bureaukrati, nar projektet er i . v /
gang LU
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Artikler om magneter og sjseldne jordarter
R d ] or
i n €ksp H Vi S,
el til “emk\}m?etﬂ*“ _::\{ffoderer“ﬁ Molje,
Farv : wt\rﬂ.ﬁwgﬂ% som (ORI P —— 1 Prig

TEKNOLOGISK
INSTITUT

Skyhgoje priser pa vigtige ravarer

Priserne pd neodymium er i denne maned reget helt op pa en pris pd 450 dollar
eller knap 2.400 kr. pr. kilo, der er den vigtigste af disse eftertragtede, strategisk
vigtige rdvarer. Det er en tidobling i forhold til prisen i slutningen af 2010. Samtidig
svinger priserne meget, s de ger det svaert og uforudsigeligt atindkebe ravarer fra
Kina. | dag betaler europaiske magnetproducenter over 30 procent mere for
neodymium end de kinesiske konkurrenter.

Dollar : I
pr.kg . erialPrice Diveelopment Rare Earths Prisen pé
o ; —[neodymium
o eridag 450
350 —
dollar pr. kg,
300 — -
250 [— = I
200 —

| e —— _.a-é—

2006 2007 2008 2009 2010 2011

Beriingske Businenss, august 2011
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INSTITUTE

De Sjeeldne jordarter

TEKNOLOGISK
INSTITUT

Sjeldne jordarters anvendelser

CERAMICS
La, Ce, Pr,Nd,Y

CATALYS La, Ce, Pr, Nd,Y
La, Ce (Pr, Nd) h -NimH batteries /(,7 —
-Petroleum ‘rlaﬂnj@ \ \ olls & L
~Catalytic conve| A 1 ‘_p
-Diesel additives -Lighter flints =
-Chemical processing allo 7 en

-Industrial pollutian scrubber

-Fluroscent lighting
-Medical imaging
-Lasers T s
-Fibre optics

Kilde: mineralsUK
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TEKNOLOGISK

INSTITUT
Sjeeldne jordarter i Toyota Prius
UV CUT GLASS
»Cuden GLASS AND MIRRORS
POLISHING POWDER
DIESEL FUEL ADDITIVE el Lo et
Corum / Ewropaum
\\ « Carnm
COMPONENT SENSORS
« Yttrium
HYBRID NMH
BATTERY —
- Cariam HYBRID ELECTRIC
MOTOR AND CENERATOR
2 Prassodymum
CATALYTIC CONVERTER _ « Oyigtsdian
= Coriam | Zeconum = Torbium
- Lantharum
25+ ELECTRIC MOTORS HEADUIGHT GLASS
THROUGHOUT VEMICLE *Nestfaiom
« Nd Magnets

Kilde: mineralsUK

DANISH
TECHNOLOGICAL
INSTITUTE

REEgain konsortiet

= DTU
Syddansk universitet .
Teknelogisk Institut y & envision

Envision Energy APS

FJ Industries A/S

HJ Hansen A/S

Holm Magnetics APS

Sintex A/S

Tanbreez Mining Greenland A/S
Technoflex APS
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Konsortium med fadekaede

Test

Technology

— — f—
Research j— j—
= .- - =

DANISH
TECHNOLOGICAL
INSTITUTE
TANBREEZ Mining Greenland A/S
- = Tl 7 = > yir 4
| 4 o Comparison of REE Oxide Tomnsge
;‘;ﬁ ‘9 # . Mountain Pass = Bearidiy
st L)
Han o5 Lake.
a oz
Kyanefeid 4
AN Dutibo
o5
Tror Lake @
1 Dang Paa
Naisrs Seee o5t
mv:d‘: 075 Mt
T -—'—’

'RIMBAL PTY LTD
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Ta-Nb-REE-Z(r) - malm

Tre fraktioner:
1. Eudialyt (20%)

REE
Zirkonium
Niob
Tantal

2. Feldspat — nepheline (40%)
s Kan szlges som byggemateriale
3. Arfvedsonit (40%)

= Uudnyttet

DANISH
TECHNOLOGICAL
INSTITUTE

Eudialyt

Zirkonium oxide |1.8%
Niobium oxide 0.2%
Lette REE 0.5%
Tunge REE 0.15%

Arfvedsonit - uudnyttet fraktion (40%)

Udnyttelse

m Indehclder stor forekomst af litium
= Magnetisk

m  Udvikle metode til at udvinde litium fra
arfvedsonit

Mulige anvendelser af arfvedsonit

m "Sort sand”
m  Sorte mursten?

m  Salget skal kun deekke omkostninger
ved fransporten - deponeringsomkost-
ninger udgas

Lithium-anvendelser:

« Li-ion-batterier

DANISH
TECHNOLOGICAL
INSTITUTE

* Produktion af glas (Li,CO,)
* Smgremidler (LiOH)

+ Medicin

* Organisk kemi (LiAIH,)
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Genvinding af permanente magneter fra
affald — urban mining

Magnetseparation fra kompressorer hos HJ Hansen
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H.J.LHANSEN

DANISH
TECHNOLOGICAL
INSTITUTE

Shredder: 100 biler i timen

DANISH
TECHNOLOGICAL
INSTITUTE
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Formgivning af NdFeB magneter

med Metal Injection Moulding

Styrker

= Kan automatiseres

= Mulighed for kompleks form

= Lavt spild

= sneevre tolerancer i forhold til
stgbeprocesser

Svagheder
= Begraenshing pd dimensioner
= Kreever stort styktal — eller hgj

stykpris

INSTITUT

Metal i
powder
Feedstock

Binder T
Mixing or kneading

Injection "\.—]EA—
U ———

moulding

[x] - [

Binder Sintering
removal

Udfordringer for MIM fremstillet

NdFeB magneter

= Forhindring af oxidation

= Kontrol af karbon - legering
reagerer med bindemidler ved
forhgjet temperatur

= Kontrol med kornstruktur

= Anisotropisk krympning af
aligned NdFeB

= Ingen komprimeringstryk

[ —y isotropic @

P anisotropic

TEKNOLOGISK
INSTITUT

Magnetens evne til at
modsta afmagnetisering

1.5 ——

’ Sweple Mo .1 (Nd ; 26.5 w/o)

£

IJ[ ¢ 9
5

itic (WA/m)

9. 850ipp
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Magneter til vindmaller

= Kan magneterne designes, sa de blot skal
remagnetiseres?

= Kan meengden af magnetisk materiale
reduceres?

m  Hvor store magneter kan vi lave?
m  Har vi sjeeldne jordarter nok?

m  Kan simple blandinger af sjseldne jordarter
benyttes?

Foto: ing.dk

DANISH
TECHNOLOGICAL
INSTITUTE

Pilotudstyr og analyselaboratorier Teknologisk Institut
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Delprojekter i REEgain

m  Mixed Rare-Earth-Fe-B sintered magnets — DTU Energy Conversion
(manager), Holm Magnetics (exploitation manager)

= Minimizing Magnetic Materials by design and recycling - DTU Elektro
(manager), SDU, Envision Energy (Exploitation manager), HJ Hansen, Sintex

m Minerals chemistry, separation and recycling - Tanbreez (manager), DTI, HJ
Hansen

m  Materials investigation and processing - Sintex (manager), DTI, FJ Industries

m  Operational magnetic systems - reliability and surface protection - Technoflex
(manager), DTI, Envision Energy, Sintex

DANISH
TECHNOLOGICAL
INSTITUTE

Felg med i projektet pa www.reegain.dk
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Tak for opmaerksomheden

Jens Christiansen, sektionsleder —
Materialedivisionen, jec@teknologisk.dk
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Superleder tapes karakteriseret fra nanometer pinning
til meter store spoler

Asger Bech Abrahamsen, DTU Vindenergi
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Superconductors characterized from
nanometer pinning sites to meter size coils
for direct drive wind generators

Asger B. Abrahamsen! and Bogi Bech Jensen?

1Department of Wind Energy
2Department of Electrical Engineering

Technical University of Denmark A i e+ .Qf 8 e""_

flxvaz)=3 Gy E —=—1 715818284

2 X’ R b
Dansk Metallurgisk Selskab, Vintermgde 2013 °
January 16-18, Kolding, Denmark
DTU Wind Energy

TILLA
Outline Cost Of Energy (COE)
 Motivation COE = CAPEX + OPETX
Energy production

+ Scaling laws of turbines

* Superconductors
CAPEX: Capital Expenditure

» Generators 1.5 MEuro/MW* —
e Conclusion 7.5 MEuro for 5 MW

OPEX: Operational Expenditure

“EU 2030 target for offshore wind

DTU Wind Technical Uni ity of D k
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DT
Motivation for superconducting generator =

=

Te = 1043 K
B, ~ 0 Tesla
‘O chains

Power o« BI Dl @

!

[1G : Copper + Iron |

2G : R,Fe,,B magnets+Fe
10 MW ~ 6 tons PM

3G : RBa,Cu,0q,, HTS + Fe
10 MW ~ 10 kg RBCO

DTU Wind Ti Uni ity of D k

T. = 583K To =93 K
Br ~ 1.4 Tesla Bc2 ~ 100 Tesla

=
=
=

Motivation: Up-scaling the turbine power

i

Constant tip speed —» Rotor diameter D otor ~ P*”
Torque T ~ P3/2
Generator diameter Dgen  ~ (BI)™:P3/4

3.0+

.
~
2.5+ / !
— D "
gen A .
vl} - sl -
- 2.0 )
nﬁ
— 154
s [a}
=g Drotor
1.0 - . —e-DgenBg=10T
’ o —a-DgenBg=15T
DgenBg=20T
—— Dgen
_ _1 2 3 0.5+
P_Ta)_épDrowrvﬂ(’p ————— p—————————————
1.0 1.5 2.0 25 3.0 3.5 4.0

=B ID}, L0 PIP,

gen""gen
Abrahamsen et. al.,, ASC 4LF-04 (2012)
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Superconductivity =
© 0000
° o000 o
r i
0O 0000

R=00 P=RP=0Watt |

DTU
Critical fields ==
chA Vortex;:ine Meissner state

(I) T —
07 2

Vortex
lattice

Meissner state
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Critical current density

¢ Lorentz force on vortex line

+ Pinning force

* Vortex movement when:

—
2&

Upin

=
=
=

f=Tx®z
. du Uy,
.fpm = d_ re—
x ¢
jpm

o
sm===P & Pinning site ~ 2z
~ 1-10 nm

NbTi Bruker EST

0.4 €/m
)
n
@
=
=
&

1-4 €/m

MgB, HyperTech

Choice of superconductor

[ 03% 12% 3-4% 5-8% 10-13%
LHe LH, LNe LN, LO,
120 o L—hr—
NbTi Nb,Sn MgB, YBCO
- Bi2212
] \\ —a—NbTi |
- —e—Nb,Sn
- Mng J
—v—Bi2212
60 <1 Bi2223
i \ —a—YBCO
40 N,
1o N
204 ".\{.x‘ 41‘ -
| \ WA <
4 -
0 ¥ — T T fe—
0 20 40 80 80 100
Temperature [K]

120

Jensen, Mijatovic & Abrahamsen, EWEA 2012
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DTy
HTC tapes and coils SUPerW‘ihddk =

4 mm YBCO (1 um

I(77K)=95A Jco=95A /4 mmx0.001 mm =24 kA/mm?
Jo=95A /4 mmx0.2 mm =119 A/mm?2
Mygco = 519/ km

> 242 mmr

124 mm

=
=i
=

i)

IV curves of coils @ 77 K in liquid nitrogen

10* Quench
U..
i e YBCO 348 C
[ |\ KsT I. =69 A

10? = U(J — n=42
E 10’ I "
>
E 10°d — j /
E Bi-2223

§ e Ic = 76-84 A
_ n = 14-15
= —m— Coill
s —e—Coil2
~A—Coil3

—w— Coil6 quench
Coilé after quench

) T Y Y T
40 50 60 70 80 90
1[A]

ity of Denmark Abrahamsen et. al.,"Feasibility of 5 MW superconducting

DTU Wind Energy, Techni
wind turbine generator”, Physica C471, 1464 (2011)
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i

Radial flux machine

HTS race-track coils
D Rotor support

Rotor iron

Back iron Cu stator

DTU Wind

~

ity of D K

Abrahamsen et. al.,, SUST23,034019 (2010)

=
=
=

Superconducting generator and Je

i

—a—MgB2 T = 4K”

—v— MgB2 T = 10K
1 +—MgB2 T = 20K

500 ~—AmSCT=20Kb

SuperPower T = 22 Kc

— Qg

-

w

o

Lo
E
300
< SP4050
=" 200 ‘e
100 Hypertech AN % G
= 4.2m T = 4.2 MNm 1 24 filament e ;\Z“ﬁ Ampe-
=1.4m °1 0.7 x 1.5 mm rium
0.25 EFE - gi 1 . 1[ : ; : :
= b m . = a
airgap B [Tesla]
. = 0.04
= 0.053 Culoss = 5% )
e = 0.04 as, I:Ln:ogloil., IEEE Trans. Appl. Supercond. 22, 2012,
= 0.01 Bsup ~ 3.3 T (FE) b:;-nsc Ampe.rium application note
oy = 0.029 ‘D.W. Hazelton and V. Selvamanickam, Proceedings of the
=0.25 J. = 70 A/mm? IEEE, Vol. 97, 2009, p. 1831.

+ t t + t ct T
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Coated conductor VS.
10'-:
e e i 0 s
10° 4 - - = -
] .\“"‘*-.,,___-.

Active Maws [tons|

o
o
1

et ——
. ek ™

Mass of active material [kg]

—r—"

J_ =300 Almm*

RBCO: SP4050

-
e-w

T T T T T T T
20 36 40

8 12 16 24 28 a2
Pole number
24 poles m ~40 tons
L=134 km 30 Euro/m
Tape cost ~ 4.0 Meuro

CAPEX fraction 53 % > 1/3

Abrahamsen et. al., Physica €471, 1464 (2011)

150 -

DTU
MgB, =

MgB,: HyperTech :T;L::t
J. = 70 A/mmz S feus

287

24

[} 8

HNumber of poles

20 n F)

16 poles m ~ 60 tons

L =347 km 1-3 Euro/m
Wire cost ~ 0.4-1.0 MEuro

CAPEX fraction 5-13 % < 1/3

Abrahamsen et. al.,, ASC 4LF-04 {2012)

Top head mass (nacelle + rotor)

GE Global Research
10 MW DE-EE0005143

* Mg, ~142tons
D ~5m
9 * Effic. ~ 90 %
1500 .\\(,V ¢ LTS NbTi wires
1200 mcg‘?’ _* Use of MRI technology
& %y * Cost ~ 280 $/kwW
S 1000 s 25/ » COE ~ 0.075 $/kWh
= e y
g Enercon 6 MW ‘\W s
a3 800 & American Superconductors
£ = ) Vestas . + 10 MW SeaTitan
E 600 Enercon_ii—M_W * Mgen =~ 160 tons
= e eD ~5m
‘E 400 Vestas iemens * g‘ﬁ;:acelle ~ g’ig/tcns
3 MW 6 MW . ic.
200 Enercon Siemens 3.6 MW 0
T2Mw < Siemens 3 MW ¢ HTS YBa,Cu306,y
0 iemens 2.3 MW . COEl ~ 7 ) o
0 2 4 6 8 10 12 14 16 18
Nominal power (MW)
Source: www.btm.dk
DTU Wind E Ti L ity of [ K

World market update 2011
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Conclusion =

Magneto Resonant Imaging + Wind =

Superconducting direct drive generator

NbTi & MgB, almost cost competitive now. HTC in the long run.

DTU Wind Energy, Techni iversity of D i Source: GE
EI!
Thank you for your attention ==

12 LTy T = ) o To] T AVA Acknowledgement
DTU Wind Energy

Superwind.dk
DTU Globalization

-~ INNWIND.EU
~ FP7 Energy
2012-2017

Superconducting
generators
P =10-20 MW

H< 250 m
P< 16 MW

Copyright Siemens Denmark

DTU Wind Technical Uni ity of D k
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B |
L SIEMENS

= | Karakterisering af
| mikrostruktur i SG-jern

DMS Vintermede 2013

Karl Martin Pedersen
Siemens Wind Power A/S

© Siemens AG 2013

SIEMENS
Outline
= Mikrostrukturevaluering i SG jern
= Visuel evaluering
= Billedanalyse
» Grafit stgrrelsesfordeling i 2D og 3D
» Grafit pa brudflader
© Siemens AG 2013
Page 2 18-01-2013 Karl Martin Pedersen Siemens Wind Power AfS
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SIEMENS
Hvorfor 8G jern

Ved st@rkning
= Metaller svinder (=porgsiteter i
centrum af emnet)
= Kulstof udvider sig ved dannelse af
grafit (modvirker porgsiteter)
= Kulstof seenker st@rkne-temperaturen
ca. 350°C i forhold til stal

N e, (e, L, |
Grafit-kugler i stedet for grafit-flager 5 - :
= Hgjere styrke og sejhed E

Processen
= Stor geometrisk frihed

Pris

© Siemens AG 2013
Page 3 18-01-2013 Karl Martin Pedersen Siemens Wind Power A/S

SIEMENS

Karakterisering af mikrostruktur (Visuelt)

. — o
ITERATING IN DUX

Grafitten
+ Form og sterrelse ———————_,
* 1SO 945-1

Matrixen
+ Perlit/Ferrit indhold
» Evt. Karbider eller andet

Iron Society

Poster fra Ductile

MICROSTRUCTURE RATINGIN DUCTILE IRON

ISO 945-1

Poster fra Ductile Iron Society

© Siemens AG 2013
Page 4 18-01-2013 Karl Martin Pedersen Siemens Wind Power AfS
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SIEMENS

Karakterisering af grafitform (Billedanalyse)

ko] b
2l s 1%
g[8 g }
| = &  forml Form | gormy | Form Vi
S 2 E v
= | = 3
= "'__:,: 0.5 Dresesnlrsssssssslossssssssssshssssssssssss
= ] Form 11l
3 0,167 +
: 4 Form |
S 0 funssay ? . >
S, 0 0,15 0,4 0,7 1
~ Sphericity
. . 4x 1 x Area
Sphericity = -
(Perimeter)
Har anvendt Image Pro®
Billedanalyse kan ogsa give information om

nodulantal pr areal, samt starrelsesfordeling. i
) Siemens AG 2013
Page 5 18-01-2013 Karl Martin Pedersen Siemens Wind Power AJS

SIEMENS
Validering af billedanalyse (1ISO 945-1)

VI

©) Siemens AG 2013
Page 6 18-01-2013 Karl Martin Pedersen Siemens Wind Power A/S
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SIEMENS

Validering af billedanalyse (ISO 945-1)

Charts i Figur 1 i ISO 945-1
Form Form Form Form Form Form
Malt I 1l 111 v A VI
Form | 90.6 38.5 3.8 0 0 0
Form 11 39 46.7 0 0 0 0
Form 111 55 9.4 80.1 0.9 0 0
Form IV 0 4.1 11.5 74.7 36.1 0
Form V 0 1.3 47 23.4 60.0 0
Form VI 0 0 0 1.0 4.0 100.0
© Siemens AG 2013
Page 7 18-01-2013 Karl Martin Pedersen Siemens Wind Power A/S
Validering af billedanalyse SIEMENS

(Poster fra Ductile Iron Society)

Aspect ratio

Form| Form | eoesi & Eoren i
nl o : :

05

Form Il

0,167

Formi

4]
0 015 0.4 0.7 1
Sphercity

Bade Form V og VI
er acceptable

Page 8 18-01-2013

== Nominal

110
== Measured
100 |
e
3
=
270+
60.
FREEE FEFEF FEEFRE FFEFEFE REFRFE ERFEER
oocooo coocoo o oocooo cooQoQ o000 00 oococoo
PRI PRHFTO PRBFO FRIFS FLIGO DRBFI
Pl T e (=N =-N-5-1 OO0 cCOooQ oo QO (==~
N NWD WO o coooog W0 0o [=R=Nalel=] (=N ===
o =] ‘—'—v—v—'c_ v—v—v—‘—E mnmmg mmmmg
Chart (Nodule count - Nodularity)
. Area of acceptable graphite
Nodularity = x 100%
Total graphite area
@ Siemens AG 2013
Karl Martin Pedersen Siemens Wind Power A/S
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SIEMENS

Nogle praktiske erfaringer om billedanalyse

Taget med fa millimeters afstand
TES L Bt | = T E

Praeparering meget vigtig i---\".-"-'-'-'-'é— P ST
Krav om flere billeder {(bruger typisk ; ‘s . -_"" s
@ . Pl
10 billeder) e e
e .b"..:." L
I § 8,90 Vge 10
Opger fordeling af grafitform udfra :'.-_’_ o

areal, ikke udfra antal

Ofte lige sa hurtig at gare det visuelt, men
billedanalyse kan virke mere overbevisende.

Visuel evaluering kan udf@res pa setsede emner
eller pa replica (sammen med vurdering af
ferrit/perlit indhold). Billedanalyse skal udfares
pa polerade emner.

Billedanalyse har sveert at tage hajde for darlig
grafitform, f.eks. Chunky grafit (tilbagemelding til
produktion)

© Siemens AG 2013
Page @ 18-01-2013 Karl Martin Pedersen Siemens Wind Power A/S

ISO/TR 945-2 Mikrostruktur i stebejern. SIEMENS
Del 2: Grafitklassifikation ved billedanalyse

Har ikke anvendt den endnu, men nogle fa kommentarer:

Omhandler IKKE matematiske beskrivelser af grafitformer
Ikke anvendelig for fordeling af grafit i grat stebejemn.

Beskriver nogle krav eller ting til overvejelse (listen er ikke komplet):
= Prezeperering
= Billedtagning
= | ysstyrke, skarphed, graskala
= Pixelst@rrelse (1pum/pixel)
= Minimum 20 grafitpartikler pr billede
= Analysere mindst 400 til 1000 partikler
= |kke grafit partikler/porer skal ekskluderes
= Opdel sammenhaengende grafitpartikler
= Validering ved sammenligne med visuelle méalinger

© Siemens AG 2013
Page 10 18-01-2013 Karl Martin Pedersen Siemens Wind Power A/S
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Konvertering fra 2D til

SIEMENS
3D

Volumen fordeling

"g ®@ ©®
§ A @ A]I b B
- @ @
|
Page 11 18-01-2013

Forudsaetning: Ensartet nodul starrelse

N,=d-N, - I .
d{quJ% NV:[&},gJ (NA)A
Ny

N, = Area count [mm’z ]
Ny, =Volume count [mm'z]
d = Digmeter [mm]

[& = Fraction of graphite

Varierende nodul starrelser:

b
NV:£LJ (Q'NA)%
6%

a = size distribution parameter (~1.2)

© Siemens AG 2013

Karl Martin Pedersen Siemens Wind Power A/S

3D starrelsesfordeling

SIEMENS

Visuelt pa tveersnit
1o A
. ( |t ™
4 M \ 2 b s N < M M "%
= - ) T~ <
W > 3D7? U000 S
£, H s \ : 4 E
R - | | I P i 3
5EEEBERE I REIE - | i 3
OO0 |
| | ; —h
b d i} =}
SO O %
: i =
(Ny); %;: (L) (NA e MQ (3
}: ;u -)
2(i.1) =1 tor 1=1
I
~ z
liq a(i. 1) %\n(l _V ii, 1! 2 ) i>1
__.-// o i+ \i" (] 1|:; i—1+4/(i 1)? 2
%(1.]) In 1>]
-y o - n 1 1 2
Vandret snit i grafitnodul S i s e

5 storrelsesintervaller

Page 12 15-01-2013

© Siemens AG 2013

Karl Martin Pedersen Siemens Wind Power A/S
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SIEMENS

3D starrelsesfordeling

Area count [mm?]

2D size distribution 3D size distribution

%200

1580

o
=]

Volume count [mm

m
=}

S8%388888828¢8¢88

S 2R ABSFSEEBRELS S S DD

e = e m S

Graphite diameter [um] ‘ Graphite diameter [um] ’

A N > 4

2D 3D .
Grafit noduler

Count (<30um) 12,3 mm~? 405 mm-
Count (>30um) 34,2 mm? 621 mm+

© Siemens AG 2013

Page 13 18-01-2013 Karl Martin Pedersen Siemens Wind Power A/S

SIEMENS
Grafitindhold pa brudflade (Udmattelsestest, R =-1)

17 mm fra kant

Finale fracture

3 mm fra kant

Initiation

© Siemens AG 2013
Page 14 18-01-2013 Karl Martin Pedersen Siemens Wind Power A/S

205




SIEMENS
Grafitindhold pa brudflade

Graphite content at fracture surface
| © P13 O P27 & P29 ——Polished cross section |
60
S
501 o o
= 0 ooV B¢ o
353 - 1) < ™
S48 D o QB 8 -
c = Qoﬁ».... @ s o
g = o e, s O “E5es
S a{g -.' %@.n .O. .0'
o 30 A o ot O.O.O
2 :ﬂ,ge‘;@@ J
= el
g 20 et Final fracture
10 | X
Grafit indhold i emnet
0 T T T T
0 5 10 15 20
Distance from edge [mm]

© Siemens AG 2013
Siemens Wind Power A/S

Page 15

15-01-2013 Karl Martin Pedersen

SIEMENS

Plastic zone at crack tip

400 Flain strain
’E‘ /
.2; 300 =
= 200
S
revne 5 /
3 100 //
a [
0
0 2 4 & g 10)
Crack size [mm]

K =spendings intensity factor

hes
v e B . =Mmax spending
S s (Plam srram) oy, = flydespending
T\ o
Fy
I a=revnelengde
K =Yoo Tt :
max A #, =plastisk zone
]
afl Yo . . Y =Form faktor
Ri=e— L (Plam srram)
6 O
© Siemens AG 2013
Page 16 18-01-2013 Karl Martin Pedersen Siemens Wind Power AfS
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SIEMENS

Plastisk zone og grafit noduler (lille zone)

Plain strain

»
o
o

(¥
g
\

L~
P

[ ———

0 2 4 3 & 10
Crack size [mm]

Plastic zone ry [pm]
e LX)
(=] =
=] o

=1

. Middel afstand til
narmeste nabo

—  Middel grafitstarrelse

@ Siemens AG 2012
Page 17 18-01-2013 Karl Martin Pedersen Siemens Wind Power A/S

SIEMENS

Plastisk zone og grafit noduler (stor zone)

piie

Plain strain

.
=
=

[
g
\

Plastic zone ry[pm]
=)
=]
=3

- ——
f"' B //
’I 100
o 2 4 1 8 10|
Crack slze [mm]

Middel afstand til

1 neermeste nabo

4
g
’
¥ 4
’
1
i
|
\
\
\
\
\
A Y
')

ly2 ® Siemens AG 2013

Page 18 18-01-2013 Karl Martin Pedersen Siemens Wind Power A/S

- Middel grafitstarrelse
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SIEMENS

Plastisk zone og grafit noduler

Plain strain
400
£ ]
=
G E SUU il
£ 200
S
= 100
o W
o
0 2 4 6 g 10
Crack sze [mm]

— Middel afstand til
narmeste nabo

Lille K

= Niddel grafitstgmrelse

© Siemens AG 2013

Page 19 18-01-2013 Karl Martin Pedersen Siemens Wind Power A/S

SIEMENS

Cross section of fracture surface

\
\ 4
N =
[
=

pe& Fatgiue test bar - 20 : i‘gu .r - 1
0,1 mm

© Siemens AG 2013
Page 20 18-01-2013 Karl Martin Pedersen Siemens Wind Power AfS
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SIEMENS

Striation (8mm from edge)

Task 1501 2010-03-18 X250 300 um
Fatigue test bar - 13

© Siemens AG 2013
Page 21 18-01-2013 Karl Martin Pedersen Siemens Wind Power A/S

Striation
(8mm from edge)

Task 1501
Faligue test bar - 13

>

e Eroterrerns AG 2013
18-01-2013 Karl Martin Pedersen Siemens Wind Power A/S
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SIEMENS

Eksempel pa fejlet komponent

Finale fracture

SR

Initiation

Haijt grafit indhold indikerer initiering
ved en haj belastning efterfulgt af
udmattelse ved lavere belastninger

A D84 x120 S00um
© Siemens AG 2013
Page 23 18-01-2013 Karl Martin Pedersen Siemens Wind Power A/S

SIEMENS

Tak for jeres opmaerksomhed

© Siemens AG 2013
Page 24 18-01-2013 Karl Martin Pedersen Siemens Wind Power AfS
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SIEMENS
Kilder

Grafit noduler i 2D og 3D:

=  KM. Pedersen and N.S. Tiedje: Graphite nodule count and size distribution
in thin-walled ductile cast iron, Materials Characterization, Vol 8, p 1111-
1121, 2008

= E.E. Underwood: Quantitative Stereology. Addison-Wesley Publishing
Company; 1970. p. 109-145

= (C.B. Basak and A K. Sengupta: Development of a FDM based code to
determine the 3-D size distribution of homogeneously dispersed spherical
second phase from microstructure: a case study on nodular cast iron. Scripta
Materialia, Vol 51, p. 2556-260, 2004

@ Siemens AG 2012
Page 25 18-01-2013 Karl Martin Pedersen Siemens Wind Power A/S
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Kvalitetssikring af Stebegods i
MAN B&W Motorer

Knud Strande
Production Supp
Engi [
Marine Low

Kvalitetssikring - MAN B&W Motorer

» MAN Diesel & Turbo - Kebenhavn

» Typiske stebte komponenter i MAN B&W motorer; Grajern, Stal, SG
jern og Kompakt grafit jern.

= Kvalitetssikring — Controlled Component Concept.
= "Dagligt arbejde” i Production Supports stebegruppe.

= Tekniske udfordringer foranlediget af design og af produktion -
eksempler.

* Indleb og efterfadning — "god latin”.

= Sammenfatning, kvalitetssikring - "Veaerktgjskassens” indhold.

MAN Disel & Tt Krad Strande Predustion Support
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MAN DIESEL & Turbo

Company Logo

Company Brand ﬁAN Dlesem'rurx
Product Brand ( \
(WA RN |

MAN | PrimeServ

Service Brands
MAN | PowerManagement

Product /Type 51/60DF  B&W K9BME-C TCA88  SaCoS,n,
Designations
(Examples) VBS1180 MARCE DWE THM turbeleg
A3 Diessl & Turbo | Wrudl Strande | Production Eupport |ssnu20ta| = 2 =

MAN B&W Motoren

= Sterrelser: 26-98 cm cylinder diameter
= Effekt: 450 kW — 87.000 kW

= Typiske stabte komponenter: Grajern,
Stal, SG jern og CGl jern

= Ca. 30% af motorens vagt bestar af
stebegods

= P4 en 6S60MC-C motor (~15 MW)
svarer det til ~ 100t

= P4 15 GW svarer det til ~ 100.000t

WA Digsel & Turto Knud Strande I
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Stebegods i MAN B&W motorer
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Kvalitetssikring — Controlled Components

(MmAN!

» Simple Components

Requirements to material properties (alloy), geometrical tolerances and
surface tolerances stated on drawings and in general accepted
standards.

» Controlled Components
Components with certain functional requirements and/or components
considered difficult to manufacture.

» Quality Specification
States quality requirements, which always are based on expected
component performance set by the designer (and experience).

« First Time Approval Test (FTA)
Supplier has to show his technical ability before being approved.

* Production Recommendation
Special process knowledge required.

AN Diesel & Tubo | Wrad Strande | Production Buppert |J,=-u::-:|-: <1 s

Stebegruppens samarbejdspartnere

LEP

Production Support

LDD

Research & Development

LEL/LES

Design Departments

LICENSEE

Froducing foundries

WA Digsel & Turto Knud Strande Praduction Support danur 2013 < 8 >
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Eksempel pa kvalitets specifikation

Cylinder Frames
Cylinder Frames, Grey Cast Iron

This document is valid for existing engine
types on order as of the date of this docu-
ment:

Engine types:

All two-stroke engine types
(Specified with C3Cu Cylinder Frames).

Core drill test pisces 1o be
taken from cylinder cover,

AN Diesel & Tubo Wrad Strande | Production Buppert

WA Digsel & Turto Knud Strande Production Buppert

Janur 2013 < 10 >
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Casting Simulation

Filling, Absolute Velocity

Absolute Velocty
mis

Pouring, Absalule Velosity
aits mASma

AN Diesel & Tubo Wrad Strande | Production Buppert |J,=-u: 2013 | PR

Feed back from "real life”

Cylinder frame castings — material strength

HNTJLP?ISILE

Empty

200.0
1986
19711

196.7
1943
1829
191.4
190.0
1886
LLIA

186.7

1843
182.9

Tengion Test

CHARGE : Tensile Yield |
Pi
No. chm Strength drargth Flongation

Nimm? Nimm? %

Specification min.150 | = =

soXa11 L - =

Cast-on test pieces according to QC 0743089-5.6 e

8e|e
=
I

e ] - | -

WA Digsel & Turto | Knud Strande I Praduction Support danuer 2013 | < 12 >
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Feed back from ’real life”

Cylinder frame castings — material strength

=]

Core drilled test pieces in according to QC 0743089-5.6

A3 Diessl & Turbo | Hrud Strande | Production Eupport |ssnusr201a] < 12 >

Feed back from ’real life”

Cylinder frame castings — too low material strength IMAI\-TI

340
309
|2?8
247 g
"“/4-/ =
T e 216 ?
L 4 i =
. — —i185 @
” 2154 E‘
fess =
= el S ok g 122
74
L ks ‘7,7“/‘7/-34 93
06 11216 221 3 4 5 [
30 50 75 100 125 150 mm
Bar diameter
MAN Digsel & Turbo | Krud Sirande I Production Buppart I.I.‘I:IJ.' ?:I'i|| < 14 >
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Feed back from "real life”
Cylinder frame castings — too low material strength

MAN Diiesel & Tubio rud Strarde | Praduction Bupport |ssnusr201a] < 18 =

Feed back from "real life”
Cylinder frame castings - too low material strength

Crack case 1

77

%mﬁ ..
| o ia

B
?/

WA Digsel & Turto Knud Strande Praduction Support JanuEr 2013 | < 16 >
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Feed back from "real life”
Cylinder frame castings — shrinkage defects

MM Diesel & Tubo Wrud Strande | Praduction Support |ssnus20ta| < 47 =

Feed back from real life”
Cylinder frame castings — residual stresses

Stresses caused by engine operation

WA Digsel & Turto Knud Strande Praduction Support danur 2013 | < 18 >
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Feed back from ”real life”
Cylinder frame castings — residual stresses

Reducing residual stresses by desigh modifications

MAN Diiesel & Tubio Wrud Strande | Praduction Bupport |ssnus20ta] < 18 =

Feed back from "real life” /\\

Indeslutninger/overfladefejl (MmAan)

WA Digsel & Turto Hrud Strange I Praduction Support I.I.ﬂ:u.t ?ZI':Il T 20 >
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6S50ME-B9 cylinder frame

KPF, nodular cast iron

MAH Diesel & Tubo Krud Strande | Praduction Bupport |ssnus20ta| 21 =

Dummy filling, layout 1
Vertical sprue, @90

WA Digsel & Turto Knud Strande Praduction Support Janur 2013 | « 22 >
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Dummy filling, layout 2

Split sprue, @100 & @90

MAH Diesel & Tubo Wrud Strande | Praduction Bupport |sanusr 2013| = 23

Dummy filling, layout 3
Split sprue, @100 & @90 - @50

WA Digsel & Turto Knud Strande Praduction Support Janur 2013 | « 24 >
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Dummy filling

Same pouring rate for all three layouts

Inlet ID 1
’ ]

20,000

17.500(

15,0001
3
=
E
£ 125001
3
=2
S 100
£ 10,000 |
2
=]
> 7s00f - *

- -
5.000 |
25001
6 5§ W 15 A 2B N FH 4 45 0 %5 0 6 70 V5 B0 85 N 5 W0 WS M0 M5 10 125
Time (s)
* inletlD 1

MAN Diiesel & Tubio Wrud Strande | Praduction Bupport |J,=-u,:-:|-: < 28 >

Layout 1

Absolute Velocity, fill time ~128s

——
b

WA Digsel & Turto Knud Strande

Production Guppert

Janur 2013 | © 26 >
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Layout 1
Absolute Velocity

ey — mAGma

AN Diesel & Tubo Wrad Strande | Production Buppert |J,=-u: 2013 « 27 >

Layout 2

Absolute Velocity, fill time ~130s

Fnteg st Yo Gn

WA Digsel & Turto Knud Strande Praduction Support danur 2013 | < 28 >
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Layout 2

Absolute Velocity

tmpn
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e
st
1
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1
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p st
ash
wam
[
Il
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Piomiiag. Abaclute Varkos
W i mAGua

AN Diesel & Tubo Wrad Strande | Production Buppert |J,=-u: 2013 « 2 >

Layout 3

Absolute Velocity, fill time ~140s

Fnteg st Yo G

WA Digsel & Turto Knud Strande Praduction Support danur 2013 | < 30
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Layout 3
Absolute Velocity

Tmiing. Abkaduts Velsisty
e

Praduction Bupport

|ssnus20ta] = 21 =

Comparison, ~6 sec.

Layout 2

Layout 3

MAN Dizsel & Tubo

Production Guppert

danur 2013 |« 92 >
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Comparison, ~45 sec.
Layout 2 Layout 3

AN Diesel & Tubo Wrad Strande | Production Buppert |J,=-u: 2013« 33 >

Cylinder liner GS0ME-C

G iron—Ta

I EEEEEEEE

&

EEEE

WA Digsel & Turto Knud Strande Praduction Support |.| anusr 200 || < 3 >
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Kvalitets sikring — internt & eksternt

Veaerktajskassens indhold

= Optimere designet, sa det er stebevenligt
- stabesimulering.
= Udarbejde specifikationer og rekommandationer
- designkrav + erfaring + tilbagemeldinger fra producenter.
= Hjzelpe specifikke producenter med at optimere stebe layoutet
- stebesimulering.
= Hjaelpe specifikke producenter med at optimere smeltebehandlingen
- smeltemetallurgisk viden.

= Hjaelpe specifikke producenter med at optimere formmaterialerne
- viden om formsand og bindemidler.

Wrad Strande | Production Buppert |J,=-u: 2013 < 38 >
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DMS Vintermgde 2013

Ny metode til kvantificering af grafitstgrrelse og —
morfologi i stebejern

Steen Krogh Jensen, MAN
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Ny metode til kvantificering af
grafitsterrelse og —morfologi i stebejern

Dansk Metallurgisk Selskab,
i 1ede 16-18/1-2013

Disclaimer

All data provided on the following slides is for information
purposes only, explicitly non-binding and subject to changes

without further notice.

2 Hrogh Jersen Kuantifiearing 3t graftstdrmatie og -morelogi | stbajern I 11} I 1801 2012 I < 2 >
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Cylinderforing — gammel materialspecifikation

ISO 945 — graphite classification

Cylinderforing — eksempler pa grafit struktur, matrix and hardfase
n Grafitstgrrelse — en ny definition

|
|
|
|
Hardfase — maengde og fordeling |
|
|
|
|
|

n Ferrit — meengde?

Cylinderforing — ny materialespecifikation

n Eksempler fra staberier

“Stempelring — materialespecifikation — nodularitet

ISO 16 112 — Compacted (vermicular) graphite cast irons - Classification

[ Ste Jems I Kivantificering af grafitstarrelse og -merfolog | stebejern I o0 | IJJI;L'Z-‘I¢ S

Cylinderforing
Gammel materialespecifikation

MAMN
MAN BEW Diesel A/S n'
Cast lron
Cast Iron for Cylinder Liners Tarkall-C
Machanical Properies
® Tomsie ~ L min, 348"
g L
vt Harinans (550 $508-1981) MBS 10m0oons 118.30%
" in the upper pant of the Cyleder le
2 Tons skirgation o bachrs plastic siongation. See O C. 74 58 980
Microstructure
- Cirnphite (50 BSTHTH | A 234, o _
T e T et p———— -
Microstructure 7

2
@ Graphite (ISO 945-1975): 1 A 2/3/4.
® Matrix: Lamellar pearlite. Max. 3% ferrite. 3-7% cementite + steadite.

s = /
s e ‘\\ 5 _
'
Simitar Standards \ I
180 f
BN -
s — = e :
- e sty
Supply Foerm

b i ¢ _

Canprypright % MAN AW Nerusl A Wowermons 1. Material Shoet PETE2
MAM Ciesel & Turba Steen Kiogh Jensen I Kvantificaring af grafisstarralse og -merfolagi | stebejarn I ue | 18.01.2012 |¢ 4 >
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Grafitform ifelge ISO 945

Grafitsterrelse ifelge 1ISO 945

Table 1 — Dimensions of graphite particle forms | to VI

Dimensions in millimetres
mfe?:iec;a:t?;bel orsﬂfva:;a:lf‘lt::rﬁ::;ﬁlffc:::n Actialdirisnsion
‘L = 100 =1
o7 50 t0 < 100 7 05t0<1 ™
[HE 25 to < 50 ( o025t0<05 )
\ ¢/ 1210 <25 N\ 01210025/
el 610 <12 00815 0,12
[ 3to<6 0,03 to < 0,06
7 15t0<3 0,015 to < 0,03
8 <15 < 0,015
NOTE 1 When determirnin: g size ranges 1 and 2, a lower magnification (=235 or «50) may be used
NOTE2 When delermining size ranges 6 to 8, a higher magnification (200 or =500) may be used.
MNOTE 3

For determining size ranges, the largest visible graphite particle size is used.
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Grafiteform - 7 steberier

MAN Diesel & Turba | ; Jersen | m at ar og-merfologi I stebsjern | @@ @ | 1012012 [« 7 >

MAN Diesel B Tuba Stean Hmgh Jensen ag-merfologi |stabejern | @ @@ | 1e012012 | <
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Hardfase - 7 staberier

3-7% cementite + steadite. iy

Samlet vurdering af Mikrostruktur

7 stoberier

Graphite type % Cementite + % Ferrite
Steadite
Position Matrix_] inside | centre | outside }inside | centre | outside ] inside | centre | outside

MAN Diesel A/S | Pearlite | 1A/4/5 | 1A3/4/5 | 1A3/45 | 213 | 152 | 188 | <1 <1 <1
Leverandar nr. 1 | Pearlite Ad <2 -
MAN Diesel A/S | Pearlite | 1a3/4/5 | 143/4/5 | 1a3/4/5 | 382 | 297 | 336 | <1 | <1 | =<1
Leverandor nr. 3 Pearlite A2-4 - 3-4 <3
MAN Diesel A/S | Pearite | 1A3/455 | 143745 | 1aziais | 276 | 240 | 360 | <1 | <1 | =<1
Leverandar nr. 4 | Pearlite A2-4 3-4 <3
MAN Diesel A/S | Pearlite | 1a2/3/4 [ 1213785 [ 1213185 | 591 | 695 | 708 | <1 | <1 [ <1
Leverander nr. 2 Pearlite |A3/4 42-64 Ma. 1
MAN Diesel A/S | Peariite | 1a2/3/4 | 1a2/3/4 | 1a2/3/4 | 448 | 550 | 588 | ~1 | ~1 | ~1
Leverandar nr. 6 | Pearlite - - -
MAN Diesel A/S | Pearlite | 1A2/3/4 | 1a2/3/4 | 1A3/415 | 446 | 427 | 329 | <1 <1 <1
Leverander nr. 5 Pearlite A3 1A3 1A3 5.0 5.3 4.6 0 0 0
MAN Diesel A/S | Pearlite | 1A2/3/4 | 1A2/3/4 | 1A2/314 | 5.7 5.3 8.1 <1 <1 <1
Leverandor nr. 7 | Pearlite | 1a3/4 | 1A3/4 1A3/4 5.2 4.8 4.5 <2 <2 <2
Spec. Takalloy-C | Pearlite IA2/3/4 3-7 Max. 3

= Ud fra ovenstaende tabel er det sveert at differentiere mellem forskellige leverandgrer
= Vurderingen af specielt grafitst@rrelsen er delvis subjektiv
= |kke seerlig god overensstemmelse mellem vurderinger fra leverandarer og MD

TETE B

MAN Dipsel & Tuba | Steen Hgh Jensen | Huantificaring of graitstorraisa og -merfelogi | stobsjorn |
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Serviceerfaringer

Serviceerfaringer:
* Hgjere slid pa nogle foringer end andre
= Starre tilbgjelighed til scuffing pa nogle foringer
* Revnede foringer

Observationer i mikrostrukturen:
= Stor forskel pa grafitsterrelse (Laengde/Bredde/Areal)
» Keempe forskel pa masngden af hardfase og fordelingen af denne
= Store variationer pa maengden af ferrit
* Derudover fandtes store variationer pa treskstyrken/udmattelsesstyrken

Brug for et generelt |aft i kvaliteten:
* Malemetode til ensartet bestemmelse af grafitsterrelsen
» Bedre fordeling af hardfasen — primeere cellestgrrelse
* Bestemmelse af ferritmaengden

MAMN Diessl & Turba | Steen Krogh Jensen | at gr g-merologi | stebejern | © @ | 0012002 [« 1 >

Grafitstarrelse — ISO 945

Forstarrelse: 100x

Reprassentativt?
Statistik? .
Primaer cellestgrrelse?

L@sningen er

Mosaik!
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N

Grafitsterrelse - Sa er det jeres tur! Man)

MAN Digsel & Tuts Jersgn at g gi | stabajern 00 | emm2 < 12 >

MAN Diesel & Tuta ] Jensen I at ] i | stobejern I.l.l |an|2m'.'|¢ " o>

N\

Grafitstorrelse - Lidt Hjeelp man)

1mm

15% -
10% -
A
0% - —-— - . . - . "
1 2 3 4 5 6 7 8

(>1000y) (500-1000u) (250-5004) (120-250u) (B0-120w) (30-B0p)  (15-30p)  (<15p)
IS0 reference number
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Grafitstarrelse s N\
Lidt mere hjalp | ; (MmAN)

MAM Diiesl & Turbo Steen Krogh Jemsen ot gr g-mertologi | stobejern | DO @ | 1012012 | < 18 >

Grafitsterrelse N

Nu kommer det “nye” — Eksempel 1 ore

;‘ﬁ“' f = | ength
/"' = - ——JArea
AT 3 80% - —— Accumulated Area - 80%
: AR g ; 70% — — Graphite Size 70%
: 60% - - B0%
50% 50%
40% - - 40%
30% 30%
20% 20%
AN | TR R
o . — 11 . ! : 0%
1 2 3 4 5 L] T 8
(=1000p)  [SO1000u) [250-5004)  (120-250u)  (BO-120u) (0B [ 45-30u) [< 154}
IS0 reference number
AN Diessl & Turto Steen Kiogh Jersen at ) gl | stobejern [ o8 I w012 I < 16 »
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Grafitstorrelse 7N

Nu kommer det “nye” — Eksempel 2 r AN)

| cngth
Area

80% e fccumulated Area [ i
70% - = = Graphite Size - 70%
| 60%
________ 3,2 | 50%
L 40%
- 30%
| 20%
BLL.-
1 2 4 5 6 I g
(=1000p)  (S00-1000u) (505000  (120-250u)  (B0-130w)  (30-604) (15300} {= 150
ISO reference number
MAMN Diessl & Turba | Steen Krogh Jensen | at gr g-merologi | stebejern | © 9@ | 0012002 [« a7 >

Grafitstorrelse

Nu kommer det “nye” — Eksempel 3

| ength

- a0%
[ JArea
80% - - 80%
—Accumulated
Area + T0%
- B0%
N — 3,4 L s0%
4 - A0%
1 ©30%
| — - 20%
| L I I_ [
o= 1| il | A,
3 -] 4 . & 7 g
(>1000g)  [SO-1000p) (250-500p) (120-2500)  (BO1204) (3080 [15- 300} [=15p)
IS0 reference number
AN Diessl & Turto SEEn Kingh Jemen at g gl | stobejern ] o8 I w012 I < 18 >
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Grafitsterrelse - sammenfatning

2.3 3.2 3.4

1 (=100
2500 1000y m)
3(250.500um}
4(125.250um)
5 (01 2pm)
B (3150pns)
7 (15305
LIS
| at gr g-merologi | stebejern | © @ | 0012002 [« 15 >

MAN Dizsel & Turtsa |

AN Ciiesed & Turto Steen Kiogh Jersen at '] gl | stobejern @ | wozmz < 20 >

241




Hardfase - Eksempler

36%  6.4% " 4.4%

Hardphase contert{%)

Hirdphase contest %)

Hardghase content (%)

Frame no.
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Ferrit?

MAMN Diesdl & Turbo

Steen Kiogh Jemzen

N\

(mAaN)

ee® | rnzna|< 22 »

Cylinderforing

“Komplet” beskrivelse af mikrostrukturen

LA Dissed & Tasbo
REPORT No. N9123

1
-
=
-
[

T
-

I ETEREREREE

-

77 N\

(Mman)

[

RTA ENCLOSURE 3

MUAN Daeued & Turba
REPORT No. NOTIY

Fraeme ne.

Fig I Crapivio s delriaton ok ban comeises & cskor on nghl prois stov
[l.u-nmdnnmluo ﬁum] Samcis .,
mo' | sses Sae | i gaghie Fig 2 Hard phase measieed in lramwes of 3 mo®
[ | Crm|
AN Diessl & Turto SEEn Kingh Jemen at g gl | stobejern ] o8 I W02 I < za »
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Cylinder foring

Samlet mikrostruktur evaluering

Cementite I
RT1S MDT Matrix Graphite + Ferrite Enclosure|
Riser I . Steadite
MH | RT2S Position Form|Distribution|Size| Area] Average | Max| Average |Max
T «~ RT38 RT1 Pearite] | A 30|83| 61 |128] <1 | - | zands
Tl TT 1S, 25, 35 RT 2 Pearfite| | A 32|78 &7 [128] <1 - | 4ands
VIS RT3 Pearite| | A 31| 72| 54 |es| =« - | Band7
1vas TT1 Pearite| | A 20[80] 51 [ez] = - | 8ando
H M i TVas TT2 Pearite| | A 30[86| 49 |o7]| =1 - |10and 11
' y TT3 Pearite| | A 28|76| 48 |ao] = - |12and 13
™1 Pearite| | A 30[86] 44 [so0] = - |14and 15
V2 Pearite| | A 29|79] 51 |es] =1 - |16and 17
V3 Pearite| | A 30[82] 48 [aa] = - |18and 19
FR1 Pearite[ | A 32[75] 68 [125] =« 20 and 21
FR 2 Pearite| | A 31|74 41 |es] <« 22and 23
FV1 Pearite| | A 32[79] s |eo] <« 24 and 25
FV3 Peariite| | A 34|62] 58 [|wo] < 26 and 27
FR1S.25  [Spec for Tarkalloy C [Pearite 1A2/3/4 - g || «a |-
B FV 18,28
Bore-cooled type
st I S1REn Koo JEnsen I at g og gl | stebajern I L ] | woImz < 28 »

Cylinderforing

Ny materialespecifikation

MAN Ciiel & Turbo r""‘\‘.
o, Cast [ FYE ]

Man

MAN BEW Diesel A/S Cast leon for Cylinder Liners Tarkalloy
Cast lron
Cast Iron for Cylinder Liners Tarkall-C ik S
Mechanical Properties

e = = st it e e
et Hacioans (50 0506 108T) MBS 1030008 1982907

& i the upper part of the cylmder .
= Toks ekngaton ot achre | & st plsic sergetion. Sem G.C. 74 1496.0,

Microstructure

® Graphite 550 BASASTY 1A 3.

® Matrin: Lameliar paaritn. Max. % feeris, 1.7% comenie | T ——
i, 37% ¢ T T =
Chemical Composition =T - I N - —
i Ch BM  Mew PR mx e Cm ve et
ol se ez as__1a
== 33 11 os T
L4 N = %4 uw s & am [=]
e )
Heat Treatment |
e —| )
1 s o hemasnc for shewes eGPt . B Che 1 BBC'C, b o 4 b, commaRTon_waTEs
S——— L % i il M- e b st e T S Nty 8 srvster o3 13 % 3 Ay soepisten. b 10 5t 4
: 4 — e i £ g o e pani 8 s
» Figers
. el ¥ e v castio
Tarkanc.
Simiar Standards
5o o
[T - . —
] —
LT e e e p——————— T
SupplyForm
TersC sarre Taskation .
Copyright  MAK AW Dol A%, Mowemaer 188 Mutorisi Shoot P 672
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Cylinderforing

Ny materialespecifikation

Gammel
Microstructure

® Graphite (ISO 945-1975): | A 2/3/4.
@ Matrix: Lamellar pearlite. Max. 3% ferrite. 3-7% cementite + steadite.

STRUCTURE - IRON__ ACCORDING TO ISO 945 (1975)
Dimension Graphite Graphite Reference Cementite+ Ferrite Pearlite
{mm) Form Distribution Size Steadite % % %
m |< 800 mm [l A 2-3-4 <T% < 3% Rest
m |z 800 mm 1 A 2.3-4 2.5% =1% Rest

STRUCTURE - NOTES
The notes are valid only for group 3 cylinder liners - 0-40 mm from finish machined inside surface:
m  Max 3% Ferrite - measured within a test area of app. 2 mm?, where highest concentration is observed
m  Max 7% Cem+Ste - measured within a test area of max 3 mm?, where highest concentration is observed

= Jget ensartehed = Fundet "aktive” leverandgrer

= Generelt kvalitetslaft = Ferritmaling er endnu ikke automatiseret!

= "Ny" omgang FTA = |ndkeb af billedbehandlingsudstyr hos underleverandarer
MAN Diesed & Turbo I Sten kKrogh Jensen ] at gi og togh | stabajerm ] eee I 18.01.2012 I< 21 =

Cylinderforing
Eksempler fra underleverandgrer

1.00 mm

MAN Diesel & Turbo I Stren Krogh Jensen Kvantificering 3f grantstarrelse o —morfologi | stabejen | eoe I 18012012 | < 28 »>
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Cylinderforing
Eksempler fra underleveranderer

S
4 B
n B
¥ |
Yamptes maies
weter | : | :
watn | hwa | hemwa w - " - IR Frhma | A P - ~
a8 -
B Bas
Yo fumm o
Sompes| 2 o aese | S | e
Sy [ Wen | feked | Wea | feoaea | A W | Fei dera Frs [T &
i o
an o
Saam -
Tl | ampies |
W | Ren | femen ror . =y v | Awn | e - =
o
™
o
smmpes |
W | ea | ferden - e == e
™
=
Smmpies |
el | e i deen P Bera | Fesuen Beva Per e [T o s "
o
o
S - ™
sampies | e
[ 14 | T
| e ahd | af gr wtologi | stobejern | | aiz [ < 2

Cylinderforing
Eksempler fra underleverandarer
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Cylinderforing
Eksempler fra underleverandgrer

Kvantificering af grafitstorrelse og —morfolagl | stebejem |

] I 18012012 ] < 3 >

Stempelring
Materialespecifikation

MAK Diesel & Turbo
ron, Caet

[

Nodularitet

Cast Iron for Piston Rings (Vermicular graphite) ot r 5 .
e b : = Evig diskussion!
e st = Subjektivt vurderet
TR b = Indflydelse pa varmeledningsevne
rvos it f et . -t 843 vy 203 - . .
e ———— = Pavirker tribologiske egenskaber
« (e I . e
MACHARCAL FROPDAIIS MOTEL ) - N‘y’ standard — 1ISO 16112
STRUCTURE -IRON ACCORDING TO ISO 945 (1975)
[Dimension Graphite Graphite Reference Cementite+ Ferrite Pearlite
(mm) Fo Distribution Size Steadite % % %
u [Fo0800 I nodulafty < 20 % Y A 3 -3 =3 Rest
u [<e900 i; nodulaw A 46 7 53 Rest
STRUCTURE - NOTES
m The nodularity must be determined according to ISO16112 or JIS5502 respectively
« R —y -
STRUCTY M’ﬁ iDIWmmJ“m - e T
s = el

STRUCTURE . NOTES
B el L T ——

PIFFSICAL PROPERTIS

R T TE T
=] 1 1 |

MAN Diesel & Turbo I Steen Krogh Jensen
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Nodularity according to ISO 16112

Percent nodularity is calculated on an area basis as follows:

A 44
Roundness = =—
Ay mxl fil Z 0.5
A +0,5x) 4 i
: nodules " intermediates
A Percent nodularity = x100
m Z Aall particles
A Anodules is the area of particles classified as speroidal (nodular) graphite;
[ Aipemediates 15 the area of particles classified as intermediate forms of graphite;
m
Agil particies 15 the area of all graphite particles greater than 10 um.

e . = ..

3 e ® 4 s
. * oy

Am 0100 Of Circid of Glameter I ' . o

A area of the graphite particle In question ¢ - . .

Iy maxmum axis length of the graphite particle in question = maximum distance between two points on the graphite s : - - T ,'I_ - v,
particks parimeter Fe &, ° = .t CIPL A
Roundness-shape factor Graphite form ., ¥ Ay » @& o - 1

0,625t0 1 Nodular (ISO form V1) » - . « gev ®
- " .
0,525 to 0,625 Intermediate (1ISO forms IV and V) ™ P 2 5

* .

20,525 Compacted (1SO form Ill) ‘. BN ’

r : g -
Flake graphite particles and graphite particles with maximum axis length less than 10 ym are R s .'." i > :
not included in the analysis. I . 1
] I I arg og g1 | stabajern I ) | wmaz [« @ »

5. Image analysis (calculation of nodularity) procedure

(1) Import the image data of graphite structure 3.-a)
(2) Digitalization: split into black particles (graphite) and white part (matrix)
A (3) Ceorrection of digitalized images: eliminate graphite which size is not over 15m — 3.-b)
. (4) Calculation of nodularity (automatic calculation)
A i) Classification of graphite: divide graphite shape into | -IV and V-Vl
*Classification method;
—— Im If a graphite area ratio against the minimum circumscribed circle of the graphite
(Argg of gmphite] X 1.00 . )is:

Area of minimum circumscribed circle

- under 55% => | -IV

- over 55% => V-Vl

Am iy

ii) Calculation 3-0)
_Figure of shape V-VI graphite 0 _ Nodularty (%)
Figure of all graphite
ol o8 9l | stebejern I w] ::-=||'.'||:-]< M >
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Nodularitet - Eksempler

MAM Diesl & Turbo Steen Krogh Jemsen ot gr g-mertologi | stobsjern | @O @ | 001202 [ < 8 >

- 3 i A
= a7 o
=
' Size |N9041.29.2 Graphit
y 356 ] 44 5. [7) 14
A58, lom [ m [
— Length m Langth
+ 0% so%
_— Area / | — Area
8% T Accumulated Area % || accumvdated Area
0% + — — Graphite Sire + 0% | 7o0% + — — Graphite Size
| | 6o%
0% | s0% b — —— — — — —— — — — 14
| 0%
| 0w 4
20%
10% -+
% —
1 2 3 4 5 6 7T 8 1
1=10000) (S00-1000u) (250-500u) [130-250u) (60-120w)  (30-60u)  (15-30w)  f<aSu) | [+1000u) (300-1000u) (250-500u) (120-250w) (83-120w)  (30-60w)  (15-30w) {18
150 reference number 150 reference number
AN Diesel & Turto Sieen Kiogh Jersen I at g -mertelogl | stobejern l o8 ] ALE i) I< 3/ >
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Stempelring

“Komplet” beskrivelse af mikrostrukturen

MAN [wesel & Turbo LL) MAN Dresel & Tureo I/ & L—h
REPORT No. NN9192 844 ENCLOSURE 4 REPORT No. N9192 2814 ENCLOSURE 3

. Fig | Lokt eached microgragh. Fxght Deep etched mecrograph (Hard phase P
o i T ———re === = ot
s -~
- P - g
2
- - E "
i . H
P
- J ‘ i L - .
5 - Ll
. ' v . ) ¢ m ouw @ om om o W m om
- Frama na.
Fp 3 Graphine 606 Grbaion Cooned Bars comelaes 16 colirs on right frtae awe. Fig I e e
[ —"T11 Pianned ses | (rapass | o . (e
G0 WA AR ' ea ' | S
TN i [ T
MAMN Diessl & Turba | Steen Krogh Jensen | at gr g-mertologi | stobejern | @[ worzn[< o1 »

SEen Kiogh Jersen at Tl gl | stobejern | ® [ 18012012 l < 38 >

WA Digsel & Turto
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Disclaimer

All data provided in this document is non-binding.

This data serves informational purposes only and is especially
not guaranteed in any way. Depending on the subsequent
specific individual projects, the relevant data may be subject
to changes and will be assessed and determined individually
for each project. This will depend on the particular
characteristics of each individual project, especially specific
site and operational conditions.

Tak for opmaerksomheden!

MAN Dizsel & Turtsa | Steen Kiegh Jermen | atgr g-merologi | stebejern | © O @ | 0012002 [« B >
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DMS Vintermgde 2013

Materialevalg/Stalfremstilling

Stig Rubaek, Metal-Consult
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DMS Vintermede 2013

Materialevalg/Stalfremstilling

Seerligt indleeg ved DMS s Vintermede 2013
pa
Hotel Koldingfjord

16.-18 Januar 2013

Stig Rubeek /Metal-Consuit

Driftsbetingelser

Standarder som Generelt Genanvendelse

Fx : DS/EN 10025:2004-1/6

N

Klima

Miljg krav

7

Belastninger

EUROCODE 3
CE-maerkning

DS/EN 1090-1 Tilgeengelighed  Direktiver

DS/EN 1090-2 -CPD

DS/EN 1090-3 -PED
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) Wb@

(b)

Materialomes egenskaber er altd det centrale element ved materalevaig. Eksempler
pa o kAN samies | . Not stiff enough

(E too Jow)

Not strang enough
(o3 100 low)

Not tough enough
1K 1o 100 low)

iy ) Too dense
{p o0 bigh)

Figure 1.2 Mechanical propertie:

DMS

7

$960Q (S1100Q/51300Q) DS/EN 10025

S690Q

S460M

S355J0+N
A
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DS/EN 10025 del 1 til 6

Del 1 Generelle tekniske leveringsbetingelser

Def 2 Tekniske leveringsbetingelser for ulegerede konstruktionsstal
(5235 -, S275 -, 5355 - og 5450- med undergrupperne JR, JO, J2 og K2,
samt tillsegsbetegnelseme +AR, +N og +M (kun lange produkter))

Del 3 Tekniske leveringsbetingelser for {ovn)nomaliserede/valsede normaliserede
svejselige finkornskonstruktionsstal
{ 5275 N/NL, S355N/NL , S420N/NL, S460N/NL)

o D55 T e
Del 4 Tekniske leveringsbetingelser for termomekanisk valsede T
svejselige finkornskonstruktionsstal
(S275M/ML, S355M/ML, S4200M/ML -, S460M/VIL) T Ao

kenstruktionsstl -
. Del 1: Tehniske leveringsbatingelser

Del 6 Tekniske leveringsbetingelser for flade produkter af
haojstyrke konstruktionsstal i sejhasrdet tilstand

( S5460Q/QL/QAL1T, S500Q/QL/QL1, S550Q/QL/AL1T, S620Q/QL

5890Q/QL/QL1, 960QQL)

/QL1, S690Q/Q

Del 5 Tekniske leveringsbetingelser for konstruktionsstal med fo.
korrosionsbestandighed (korrosionstraege stal)
{ 5235 -W, 5355 -WP, 5355 —W med undergrupperne JR, J0

DMS

Design Strategi:
Hold dig over DBTT!

* Pre-WWII: Titanic « WWII: Liberty skibe

* Problem: Anvendelse af staltyper med
omslagstemperatur omkring rumtemperatur.
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Slagpravning (Charpy)

Start hojde

Omeslags-Temperaturen

* Ductile-to-Brittle Transition Temperature (DBTT)...

Slagsejheds energi (J)

= Omslagstemperaturen

CC metal (fx., jern ved T < 911°C)
polymers

Mere Duktilt

Mindre Duktilt
<«

Temperatur

Ductile-to-brittle
transition temperature

DMS
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CEV (%) = C+ Mn/6+(Cr+Mo+V)/5 + (Ni+Cu)/15

DSIEN H025-4:2004
DTN 10005 23004 = = —
Batognatse Mhaks, CEV i % for noeninel prodularykolsa | mem
Holge Ifolge 218 »18 »40 | »83 | =120
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847 | 0an | o - =
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s Hoige s@ | *® 100 msoocs | 1w I_
momy (e cw0 | s T T T T
o CR 10000 ey -~ [T rr am
r—3 T wssocut | 1mes
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saTIn 10497 Barocs, b ws | arr | am
b oLt | 1w
04 | oas 045 o —
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== oo == T =
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Sencen, 1903 ¥ o g | sewo s |
[ WE T B e e et T T l
+ P ol M o lermardes, o bt CEV, 39 120 |

DMS

Fremstilling af svejselige konstruktionsstal med
udgangspunkt i :

EN 10025:2004 del 1-6
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DMS

Edactric Arc Fumace
Froduces molien sl

Steel Rafining Faciity

L)
Coal Injection

Baslo Oxygen Furnaoe

o R Fig ron Casting

Continueus Casting.

-
Sisbs  Thin Slae

o /ﬂ
Do Bibets |

Blokstabning
Ingot - IMould Casting

RH (VCP)
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"Soft reduction”

Z-prevning (Z=70%)

Slabs tveersnit




Pinholes

Longitudinal Mid-Face Cracks
Transverse

Star Cracks Cracks

Sub-Surface
Porosity

Corner Cracks

Longitudinal
Corner Cracks
Off-Corner Cracks
Inter Columnar

Cracking Centreline Spider Cracks

Segregation

Varmvalsning

Slabs temperat

Valse temyféns
omra

Edge Cracks/Splits

i
Max. kulstof(carbon) indhold for svejselige
konstruktionsstal i overensstemmelse med
DS/EN 10025: C |, =0,24%
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Styrkeegning

Dislokation
MPo (Aamt) Pt PR
& (s Plastisk deformation | ~jeyepey B! !
% ey
o vbv. Y i
Soe
Elagtisk deformation Di:ﬁ}i? D:E??H% oiﬂiﬁﬁ ma% §1d
T ; JIe JIMIMe QI e (0i3e
T 7 TR TR R L S e 'ag"-.f'i,.m “°°']:f1'u.,“uf;.i§;,ﬁ;

Dislokationbarierer/-bremser = udvidelse af det elastiske omrade = Styrkesgning:

- Fremmedatomer (fx C og Mn)

- Korngranser (ved kornforfining)

- Dislokationsforegelse (deformationshardning)
- Fremmede faser (ved modningshardning)

Top roll

Deformed
i elongates
Eraing

anginal
rains .
E New grains

ErOWIng

New grains
forming

i
-
L]

o
Remnants
of celormed
Erains

Bottom roll

P TS AT

DR s T

e yoely [y LB
e B s LD

Structure

composed

entirely of

new graing
!

DMS
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Valseprocesser

Kvarto- valsevaerk

TEsaERATYA
"

Br?devalsnlng

DMS

serende valsning (+N eller N)

fTMCP Termomekanisk valsning (M)

—TMCP/ ACC (M)

ACC-udstyr

CR-valsning = Controlled Rolling

Valseprocesser

4 ™masmatun
L=

rioe
|
Wew |

{eo0 |

\
\

=
Fy
8

Breddevalsning

-Rolled (+AR)

Normaliserende valsning (+N or N)

Y

b
\\__‘_... \\!, Ay TMCPM

o

TM(M)

Tamper alur

walin
—

I

( —
Kantraliarst walsning

o
:

I
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DMS

Tap rati
Egenskaber frembragt ved en
valseproces. Satarmes -
LLLT U eemptied
[ weeay ol
3 faw franl
Varmvalsning
1y Normal varmvalsning {Leveringstilstand as-rolled) Sttt
En evt. breddevalsning udferes iddelbart efter, at slab fblokk er udtaget af slabs/blokevnen.
Slabs/bloktemperaturen er typisk 1250 “C. Herefter vendes den b og lang 1 pab
umiddelbart.
Langderstningen pa pladen omtales som gen”

Dt varmvalsede stils struktur sr relativt grovkornest (ASTM kornstarrsise omkring 5-6, alt sfter pladsdimension).

[1}] Kontrolleret (styret) valsning (CR-valsning = Controlled Rolling)

Siden 30'erne er der udviklet kontrollerede (styrede) valseprocesser, som gir under fellesbetegnelsen sKontrolleret valzning,
forkortet CR (Controllad Rolling).

CR-processeme omfatter en reekke processer, der som falleskendetegn har det ene, at de sidste 20 %'s deformation foregér
under ngje temperaturkentrol, dvs. i et bestemt temperaturinterval.

DMS

I.a) Normaliserende valsning

v sam b under varm men de sidste stik (tykkel: 1) i det
temperaturinterval, hveor stalet normalt (evnjnermaliseres, altsd lige over Ay

De resulterende skal d e det (ovn) produkt. Det er veesentligt at papege,
at stalstandardeme ikke skelnerlmellem de to processer. Dette betyder derfor, at en forbruger ikke | certifikatet, uanset type,
kan fé oplyst, hvilken type normaliseret stal forbrugeren har modtaget.

1.k} TMCP-stal (Thermo Mechanical controlled Process)

TMCPvalsning d&kker over et antal forskellige valseprocesser,

For de fleste af disse processer findes flere betegnelser, hvilket fra et forbrugersynspunkt kan vaere meget forvirrende.
Det vil derfor altid | tvivistilfalde vaere en god ide at gennemlese specifikationen efter standarden for det aktuelle stal,

I.b.1} TM-stal (Thermo Mechanical Rolling)

Startvalsstemperaturen er normalt, men ikke noduondiqvls #n del lavers and for varmvalening. Endviders udfares slutvalsningen
ved 54 lave temperaturer, at i ikke rekr er, dvs, ved en temperatur lige over A, eller i tofaseomradet imellem Agh,,
og der dannes derfor en finkomet struktur,

| sidstnaevnte tilfeelde kan de hejeste styrkeegenskaber opnas, idet der lidt populeert sker en form for »kolddeformations af de enkelte korn,
som sammen med den finkornede struktur giver en markbar styrkeforpgelse, samt en god sejhed.

1.b.2) ACC-stal (Accelerated Controlled Cooling)

En Japansk udviklet proces til fremstilling af hajstyrkestdt med smrdeles gode egenskaber, hvad angdr lav kulstofekvivalent (CEV),

omslagstemperatur mm.

Udgangspunktet er et normaliseret valset/TM-stal. Den endnu varme plade fares igennem et langt keleanlag (typisk 40-50 m), hvori pladen afkgles
styret fra ca, 800 °C til ca. 800 “C, alt efter onsked . Derefter afkaling i luft.

Strukturen en ferritisk/finpeditisk/ainitisk
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Varmebehandling

(Ovn) Normalisereng og sejhaerdning

TEEOME Bustenitisering
Joco
o e
e = Normalisering (N}
L Fin kornet perlit/ferrit
L P QI A,
200 A ;

Boo

Anlgbning
Luftafkeling

3 da 10

Haerdet (Q)
Martensit

5 T Sejhardet (Q/T)
Roll h dst
ofpienching “udsiyr Anlgbet martensit

DMS

Egenskaber frembragt ved
vamebehandling

1) {Ovn) Noermalisering

Processen udfsres ved at opvarme emnet til temperaturen over A -linien (til austenitomradet) i en ovn. Efter en kort holdetid,
afkeling i luft

Den opniede struktur er finkornet ferritisk/perlitisk (ASTM-komstgirelse 5-11, alt efter pladedim ension).

Man opnar herved en forbedring af flydespzndingen sivel som en sznkning af emslagstem -peraturen (en forbedring af
slagsejhedsegenskaberne).

De opniede egenskaber er mkvivalente med egenskaber opniet ved normaliserende valsning.

n QIT-stdl {QuenchiTempering = (Martensitihardningfanlabning) Pa dansk er betegnelsen sejhzrdning.

Som den engelske forkortelse antyder, er der her tale om to varmebehandlingsprocesser. En hzrdning til martensit (quenching)
efterfulgt af en anlgbning {tempering),

Hzrdningen udfgres ved at opvarme et vanmvalset produkt til en tem peratur over A -linien (til austenitomridet). Efter en kort
holdetid sendes pladen igennem et hzrdeanlzg, hver selve brat-kelin-gen og dermed martensitdannelsen finder sted.

Vaer opmarksom pd, at martensithirdheden udelukkende er et spargsmal om kulstofindholdet, hvilket indebaerer, at starkere stil
har et hgjere kulstef indhold

Anlgbningen udfgres fx i en normaliseringsevn, og temperaturintervallet imellem 600 °C og 660 °C. Ferbrugeren bgr vare
opmarksom p3, at producenten nermalt angiver anigbningstemperaturen i certifikatet, idet en overskridelse af denne temperatur fx i
forbindelse med en varmbearbejdning kan fere til en reduktion af stilets styrkeegenskaber.
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DMS
ACC-treatment (7alloying with water”)

Accelereted Continuous/Controlled Cooling

DS/EN 10025-4-S420M

of MoNiMoNb-steels

2 CCT i

Hydrogen inducerede revner (ca. 1980) DMS
Staltype : St52-3 Svovl: S00,008% Hydrogen: H<0,0010% ?

TR il

-t

Plade tvaersnit Microstruktur : 400 x

265




DMS

Hydrogen inducerede revner (ca. 2010)

Staltype : $355J2 Svovl:S00,002% Hydrogen : H<0,0002% ?

Revnen lgber i det perlitiske band i den
sejrede zone i pladens center

DMS
MED OCH UTAN SJUNKBOX |

Blokstebning

Ingot Casting q

o Production of material for rolling of e.g
rod, pipe, wire or sheet metal .
o The Mould:
o Usually made of cast iron.
o Different shapes (conical)
o Metoder: o o 3
~ Downhill casting. S sjunkbox
- Centering s very important e = : isolerande plattor
« problems : splashes, waves, oxidation, 7
low productivity/slow process
~ Uphill casting
+ More preparation steps
. - Higher produktivity

GJUTNINGSMOMENTET,

GJUTSTRALENS
UTSEENDE |
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DMS

Makrostruktur

Moderne blokstabning med vandkglet kobberkokille

A
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DMS Vintermgde 2013

Varmebehandling og karakterisering af nye
udskilningshaerdbare superlegeringer

Uffe Bihlet, MAN og DTU Mekanik
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Varmebehandling og karakterisering
af nye udskilningshardbare
superlegeringer

DMS Vintermgde 2013

Uffe D. Bihlet
ErhvervsPhD studerende
MAN Diesel & Turbo
DTU MEK

=
=
=

foesd)

Agenda

i

e To-takts motoren og udstgdningsventilen

e Udskilningshaerdning i Inconel 718

*Ny legering

e Verificering af haerdningsmekanismen i ny legering
—Rgngtendiffraktion (XRD)
—Focused lon Beam Imaging (FIB)
-TEM

*Wrap-up

2 24.05.2013
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Ventilspindlen
Legering Cr Nb Ti Al Fe Mo Ni
IN718 19 5 0.9 0.5 18 3 Bal

A
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h

700°
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Rao et al, 2003
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Agenda

e To-takts motoren og udstgdningsventilen

e Udskilningshaerdning i Inconel 718

*Ny legering

eVerificering af haerdningsmekanismen i ny legering
—Rgngtendiffraktion (XRD)
—Focused lon Beam Imaging (FIB)
—TEM

e \Wrap-up

Kx.ﬁ_zi_‘_} 2

Fra Inconel 718 -> ?

Legering Cr Nb Ti Al Fe Mo Ni
IN718 19 5 0.9 0.5 18 3 Bal
No. 6 40 3.5 0.5 - - - Bal
0.35 . :
S
03f —*%%cr_ — V"(Ni3Nb) | 1
— - — — a-Cr
o 0.25p 3%, -~ - 1
g N S ~
o S e ~
£ 0.15 \ A%c, |~ N ~ 1
©
= 04f ~N
0.05 -
e N~ 19%Cr~<
. - : b : ~
200 B0 600 700 800 900 1000 1100
10 T (C) 24.05,2013
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Opl@sningsgladet | ' Udskilningshaerdet
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Agenda

i

e To-takts motoren og udstgdningsventilen

e Udskilningshaerdning i Inconel 718

*Ny legering

o\erificering af haerdningsmekanismen i ny legering
—Rgngtendiffraktion (XRD)
—Focused lon Beam Imaging (FIB)
-TEM

*Wrap-up

12 24.05.2013
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Rongtendiffraktion (XRD)
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Agenda

e To-takts motoren og udstgdningsventilen
e Udskilningshaerdning i Inconel 718

*Ny legering

e Verificering af haerdningsmekanismen i ny legering
—Rgngtendiffraktion (XRD)
—Focused lon Beam Imaging (FIB)

—-TEM
*Wrap-up

14

24.05.2013
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i

Primary Ga+ ion

. Backsputtered ions via single
¥ or multiple scattering
secondary electrong

X-rays -
Or Auger e-"—
s

/ Low energy sputtered
¥~ jons and neutrals

vacuum
R
solid

O T e, B o e

¢

"ol . primary ion

penetration depth
Implanted lon R, (~50 nm for 30 keV Ga+)

The collision cascade

Partikelstgrrelse: 20-50 nm  fii

curr | mag BH "HFW WD | tilt _
17 9500 x(7.31 ym|16.1 mm|-2 Helios NanolLahb
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Agenda

i

e To-takts motoren og udstgdningsventilen

e Udskilningshaerdning i Inconel 718

*Ny legering

eVerificering af haerdningsmekanismen i ny legering
—Rgngtendiffraktion (XRD)
—Focused lon Beam Imaging (FIB)
-TEM

e \Wrap-up

17 24.05.2013
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Partikelst@grrelse: 5-10 nm

) =

Agenda

e To-takts motoren og udstgdningsventilen

e Udskilningshzerdning i Inconel 718

*Ny legering

eVerificering af haerdningsmekanismen i ny legering
—Rgngtendiffraktion (XRD)
—Focused lon Beam Imaging (FIB)
—TEM

*Wrap-up

22 24.05.2013
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DMS Vintermgde 2013

GD-OES applications

lo Mizushima, IPU
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Anvendelse af Glow
Discharge Optical

Emission Spectrometer
(GD-OES)

lo Mizushima
IPU

IPU: A dedicated on-campus innovation team

Side 2

= A non-profit organisation at the = 50 full-time staff

Taf Denmark = 70+ associated DTU staff

= Research and development

brojects on contract = Co-location with DTU colleagues

on campus
= Commercialisation of ideas,

innovations, and patents % Tumopers-=6 mill ELRIr

... since 1956

IPU
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Outline Side 3

1. GD-OES - princippet
2. Fordele og ulemper ved GD-OES
3. Eksempler

Bulk-analyse

Dybdeprofiler

Praktiske anvendelser

4. Opsummering

IPU

GD'OES Side 4

GD-OES anvendes til analyse af den kemiske
sammenseaetning.

Bade bulk-materialer og overflader kan analyseres
med dybdeprofiler (0,1-100um).

g

< CofCr)

Concantration/Mass%
2 8

< 8 8
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Machine components

Side 5

Emne 110 — 800 nm (H:121,6nm, K:766,5nm)

Polykromatar_ ‘_/._ .....

& Notomultiplier
Atomic 3 it i3 >
L slif —
emission <
pt| »
1 Polychromater for several
! elements analysis
Power et = = o
1otomu.

I
I
1
1
Computer :
1
1
1
[}
1
L

.I_ S e e o i

_,
o

———

L

Monochromater for sinple
element analysis

Monokromator

Bglgeleengden kan veelges frit p& monokromatoren,
som i princippet kan méle alle elementer.

Detailed view of the G0-Profiler 2

Optical emission lines Side s

= 121,807 Sb 206,833

o 190817 Ga 417,205

N 149,263 wW 429 461
Nb 316,34 In 451,132

C 185,701 Au 242,795
Co 345,351 Mn 257,61

S 180,734 Ge 275,459

Ti 365,35 M 285.213

Fe 271,864 H 286,637
Ca 393,367 Li 670,791

Al 396,152 K 766:.49

GD-OES kan male selv lette grundstoffer som f.eks. hydrogen.
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GD-OES periodic table of available elements ) _ . _ _ _ sier

H ' Polykromator:  udvalgté elementer (43) ' ' ' ' .Hé

Monokromator: ekstra element kan .

- : © veelgesfnt
Li | Be Bl C|N]|]O]|F]|Ne
Na | Mg Al[Si|P| S |CI|Ar

Rb[Sr| Y | Zr[Nb|[Mo|Tc |Ru|Rh|Pd|Ag|Cd]|In |[Sn|Sb|Te | | | Xe

Cs|Ba|lLa|Hf | Ta| W|Re|OCs| Ir [ Pt [Au|Hg | Tl |Pb| Bi | Po | At [ Rn

IPU

Emission part Sida s

Atomic
pmission

F YY vy

Polychromater for several
elements analysis

lotomuftiplfer

Computer

| Monochromater for single

clement analysis

-

IPV
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Emission part

Side 9

A
y

® atom fra emne
4 cation
O gas (Argon)

Sputtering af grundstoffer:
ioniseret argon — eksitering af grundstoffer — emission (udsender lys)

IPU

Intensitet aandring

Side 10

Intensitet eendres ved-
Tryk (pressure)
Speending (voltage)
Afstand mellem anode og emne
Urenheder pa linsen
Bulk materiale

@ atomn fra emne
4 kation
© gas (Argon)

IPU
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Sputtering hastighed Side 11

w
=1

-
=20
? _’L..........J‘_‘
E 10
30
o 2000 4000 6000 8000
distance (um})
=% F T3 PUCTIPTE T3 CT3
(%) ( ¢ /min) (g/em3)
Ag 99.980 220 10.49
Al 99.500 36 2.69
Au 99.950 200 19.26
Co 99.900 36 8.90
Cr 99.900 5.2 7.19
Cu 99.994 9.6 8.93
Fe 99.570 4.6 7.87
Mg 99.900 120 1.74
Mo 99.950 6.4 10.20
Nb 99.900 3.6 8.57
Ni 99.700 52 8.90
Pb 99.990 40.0 11.34
Pd 99,950 13.0 12.16
Pt 99.980 8.0 21.45
Si 100.000 2.2 2.33
Sn 99.900 18.0 7.30
Ta 99.950 4.9 16.60
Ti 99.900 24 4.50
W 99.950 5.6 19.30
Zn 99.990 23.0 713
Intensitet a&ndring side 12
F
Intensitet eendres ved- — B —
o Ao gas
Bulk materiale
Tryk (pressure)

Speaending (voltage)
Afstand mellem anode og emne
Urenheder pa linsen

® atom fra emne
4 kation
O gas (Argon)

10um/min = © O

Sum/min

Udstyret skal rutinemeessigt kalibreres, og helst med standarder
der er sammenlignelige med emnet der males.

IPU
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Fordele og ulemper ved GD-OES

Side 13

Fordele
- 43 elementer kan analyseres pa én gang

- lette stoffer, bl.a. hydrogen, ilt, kul, nitrogen og klorid kan
males

- meget sma koncentrationer kan males
- hurtig maling (1-10 um/min.)

Ulemper

- emner skal veere flade og skal have areal pa mindst 5*5mm?
- det tager lang tid at foretage kvantitative analyser grundigt
- emner skal vaere generelt elektrisk ledende

Eksempler Side ¥
Bulk analyser l I
Dybdeprofiler o 1 T

|
Cu
e
M
=1 l
§ s
c . \
i
o F——— —
sputteringtime (min.}
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Side 15

Eksempel 1 - bulk analyse

Emne — AlISiI9Cu3Fe0.5 indeholdende Mn, Mg, Ti, Sr

Metode — B General Al

Referencer:
SQ-15KA Al-12%Si, 0,7%Fe, 0.5%Cu, 0,06%Mn, 1.2%Mg, 0.1%Ti, 0.03%Sr

SQ-12TL Al-1.1%38i, 0.6%Fe, 4.8%Cu, 1.1%Mn, 0.16%Mg
SQ-11PG Al-0.2%Si, 0,2%Fe, 0.5%Cu, 0,4%Mn, 3.1%Mg, 0.1%Ti

Resultat af maling pa standarder:
m-mm-n

15KA 12 078 0.41 0.08 009 004

12TL 095 073 39 1.3 0.14 - -
MPG 0418 022 044 049 27 0.09

Genkalibration

Resultat af maling pa testemne:
ﬁ B2 T T 7 T

034 006 0.04

sample
Eksempler — Zinkat behandling Side 15
Al
— :
g | Ni
Ag 90 [\
Ni 3
Cu m
£ 60
wn
Al 5
E
30
Znx 10
- 20 [9inA) 0
0 20 40 60 80 100
sputtering time (sec)
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Eksempler — Elektropletteret silicium wafer

Side 17

30

[
[t

Intensity {a.u.)

a 20 40 80 80
Sputtering time (sec)

Analyseomrade

1PV

Eksempler — Fejl i svejsning

Side 18

Svejsning med plastiskfolie pa bagside

Kan en slibning fierne det breendte plastik fra overfladen?

IPU
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GD-OES maling af emner med svejsninger

Side 19

3 for slibning

e
i Z s 2 6
B @ 2]
2 = g
£ E £
- e T e A
2 |t
.- 2
0 20 40 80 680 100 0 20 40 8O 80 100
sputtering tid (sek) sputtering tid (sek) sputtering tid (sek)
Korrosionstest og GD-OES-maling Side 20
Grinded in HAZ
o Grinded outside HAZ T
As welded outside HAZ
As welded in HAZ
600 < =
g
<
40045
<
@
g
200 %
0
200 T T T T T
1E6 1E-5 1E4 1E3 001 o1 1
kul ilt
6 3
— -
z* g’
i @
57 g
£ €
=5 =4
1 )
i o W
o i 20 30 40 o 10 20 30 40

sputtering tid (sek)

sputtering tid {sek)

IPU
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F

orbehandling af aluminium

Side 21

Aluminium plade forbehandlet med vadbleesning
(indeholder fint kalk pulver)

&0 el 1z0
sputtering time (sec)

Meget calcium er stadig tilbage

— bakterier er dade

kalcium

Forbehandling af aluminium side 22
Original aluminium plade Efter vadbleesning
10 10
H =H
Al Al
—() —()
i R B —
—Ca —Ca
£ i —_— g —a
g —C a0 g -
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Kalcium malinger pa Al forbehandlet pa forskellige mader Slae 20

0.2 016
sprit varmt vand
0.15 —r e 008 0.12 —lafore
- —aftar matting 2 w— e matting
‘_g 0.1 ethencl Smin ?.;3 0,08 water 50deg 3min
E athanol 15min ‘_E' —yater S0deg Smin
0,05 0,04
(] 0
0 30 60 %0 120 0 30 60 40 120
sputtering time {sec) sputtering time {sec)
015
kommerciel syre bedste made
0,1
Q m—hyfore
g
‘E — after matting
- 0,05 dry acid 2sec
"W = —
d g =
L] 30 60 90 120
sputtering time (sec)
Deponering af guld med kobberforurening Side 24
25
Rent guld. e
20 [
13
§'0 | -Cu"S0
g | i
5 Au
0 10 20 30 40
sputtering time (sec)
25
Urent guld
20
215
2
=10

50 [T
sputtering time {sec) Fua Scele 853 cls Cursor: 0.000
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Fosfor aktiverede kobberanoder

Side 26

——

015 01 -0.05

IPU

Ikke-ledende emner

Side 26

Ledende lag Polymer

0,8

0,2

10 20 1 30 40 10
sputtering ll'ne‘(sec]
1
1

sputtering time (sec)

IPV
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Summary Side 27

GD-OES kan anvendes til karakterisering af
sammenseetning, evt. kan en dybdeprofil opnas.

Det er vigtigt at kende fordele og ulemper ved
metoden, nar man foretager GD-OES maling.

Det kreever meget tid at gennemfere en ordentlig
kvantitative analyse vha. GD-OES, dog er det
muligt at male selv lette grundstoffer praecist ved
at bruge sammenlignelige standarder.

GD-OES kan benyttes til at male urenheder der
ikke kan detekteres med andre metoder.

IPU
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DMS Vintermgde 2013

Egenskaber for korrosion og rensbarhed af rustfri
staloverflader

Rasmus Lage
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Praesentation - DMS Vintermgde

Korrosion og Cleanability Egenskaber for
EN 1.4404 Rustfri Stal Overflader

Fredag d. 18/01 , 2013, Kelding.
Rasmus Lage — MSc Design & Innovation

Oplag om korrosion og cleanability

Malsaetning for dagens oplag

* Gennemga uddrag af udfart studie i hvordan forskellige
overfladebehandlinger kan have kraftig indvirkning pa de
efterfalgende egenskaber for korrosion og cleanability

* Sammenligne egenskaber for udsnit af nogle af de
mest almindelige benyttede overflader i industrien

» Sammenholde ruhedsparametre for specificering af
overflader med de resulterende egenskaber

Korrosion og Cleanability Egenskaber for EN 1.4404 Rustfri Stal Overflader
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Overordnede overvejelser for korrosion og cleanability

Valgt legering og overfladebehandlinger

Resultater for overflader, cleanabilty og korrosionsegenskaber

Opsummering

Korrosion og Cleanability Egenskaber for EN 11,4404 Rustiri Stal Overflader

Overordnede overvejelser for
korrosion og cleanability

Korrosion og Cleanability Egenskaber for EN 1.4404 Rustfri Stal Overflader
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Overordnede overvejelser

Overordnede overvejelser

+ Overfladetopografi har stor indvirkning pa cleanability og
korrosionsbestandighed af overflader, selvom de er af samme
type rustfri stallegering.

+ Forskellige typer af overfladebehandlinger vil introducere vidt
forskellige topografier afhaengigt af den enkelte behandling.

+ Valg af overfladebehandling og trade-offs?

* Cleanabilty

* Korrosionshestandighed
» Mekaniske egenskaber
* Visuel karakteristika

* Eksisterende praksis

+ Fastlagte krav

* Pris

Korrosion og Cleanability Egenskaber for EN 11,4404 Rustiri Stal Overflader

Valgt legering og
overfladebehandlinger

Korrosion og Cleanability Egenskaber for EN 1.4404 Rustfri Stal Overflader
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Valgt legering og overfladebehandlinger

Valgt materialetype

+ EN 1.4404 stal (316L)
+ Analysearbejde foretages pa 2 mm pladeemner.

Hvilke overflader er tilgaengelige og benyttes i praksis?

+ Slebne, matteret, barstet og rystepudset
* Poleret

* Blaeste

*» Vfibrationsslebne og vibrationspolerede
+» Slyngrenset

» Kemiske og elektrokemiske

Korrosion og Cleanability Egenskaber for EN 11,4404 Rustiri Stal Overflader

Karakterisering af overflade
topografi

Korrosion og Cleanability Egenskaber for EN 1.4404 Rustfri Stal Overflader
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Karakterisering af overflade topografi

Karakterisering af undersagte overflader:

For tilstreekkeligt at kunne skelne mellem konsekvenserne
af de enkelte overfladebehandlinger og deres indvirkning
pa korrosion og cleanabilty egenskaber, ma den
introducerede topografi undersgges i dybden.

Metoder til karakterisering:

» Scanning Electron Microscopy (SEM)
* Metallographic Cross Section
* Ruhedsmalinger (R, i seerdeleshed)

Korrosion og Cleanability Egenskaber for EN 11,4404 Rustiri Stal Overflader

Karakterisering af overflade topografi

2B overflade

Fremstillingsproces

+ Kold valset
* Annealed

+ Bejdset

* Let valset

20 pm

Korrosion og Cleanability Egenskaber for EN 1.4404 Rustfri Stal Overflader
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Karakterisering af overflade topografi

Slebet korn 180 overflade

Fremstillingsproces

* Slebet korn 80
* Slebet korn 120
* Slebet korn 180

20 pm

Korrosion og Cleanability Egenskaber for EN 11,4404 Rustiri Stal Overflader

Fremstillingsproces

+ Slebet korn 80

+ Slebet korn 120

* Slebet korn 180

* Matteret m. 3M SC-BS A
MED

S@rm

20 pm

Korrosion og Cleanability Egenskaber for EN 1.4404 Rustfri Stal Overflader
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Karakterisering af overflade topografi

Electropoleret overflade

Fremstillingsproces

* Electropoleret
+ 25 A/dm?

* 15 min
«50C°

20 pm

Korrosion og Cleanability Egenskaber for EN 11,4404 Rustiri Stal Overflader

Korrosionsegenskaber og
effekt af topografi

Korrosion og Cleanability Egenskaber for EN 1.4404 Rustfri Stal Overflader
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Korrosionsegenskaber og effekt af topografi

Cykliske Polarisationskurver (CYP)

CYP er en accelereret test for korrosionsbestandighed,
hvor en nedseenket overflade patvinges en gradvis
stigende elektrisk spaending (potentiale).

Denne speaending er et udtryk for hvor aggressivt et milj@
den pageeldende overflade befinder sig i.

Der testes i en saltopl@sning for at sikre at korrosion kan
opsta.

Ved at male den resulterende strem mellem overflade og

omkringliggende medie, kan begyndelsespunktet
identificeres for korrosion (pitting potentialet)

Korrosion og Cleanability Egenskaber for EN 11,4404 Rustiri Stal Overflader

Sammenligning af korrosionsegenskaber

Cykliske Polarisationskurver

CYP - Bearbejdede Overflader

—28
Matteret

—Slebet P180

Potentiale mV (SHE)

—Elektropoleret

0.000001 0.00001 0.0001 0.001 0.01 01 1 10
Stram mA/cm2

Korrosion og Cleanability Egenskaber for EN 1.4404 Rustfri Stal Overflader
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Sammenligning af korrosionsegenskaber

Cykliske Polarisationskurver

Slebet korn 180 overflade

20 pm

Matteret overflade

20 ym

Korrosion og Cleanability Egenskaber for EN 11,4404 Rustiri Stal Overflader

Cleanability og effekt af
topografi

Korrosion og Cleanability Egenskaber for EN 1.4404 Rustfri Stal Overflader
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Cleanability og effekt af topografi

Cleanabilty som resultat af topografi?

Ref Professor Amy Wong — Microbewiki.

Korrosion og Cleanability Egenskaber for EN 11,4404 Rustiri Stal Overflader

Cleanability og effekt af topografi

Kvantitativ metode - Impedans Analyse

Kvantitativ bedemmelse af resterende bakterier pa
undersggte 10x15 mm samples efter rengwaring. Antal af
bakterier (Colony Forming Units - CFU ) pa overfladen
bestemmes ved, at male udviklingen af CO, der
produceres af de resterende bakteries stofskifte.

Visuel methode — Agar Replica Plating

Visuel bedemmelse af resterende bakterier pa
undersegte 10x15 mm samples efter rengaring. Bakteriel
overfgrelse fra den rengjorte overflade opnas via aftryk pa
Agar substrat efterfulgt af observation af den mikrobiel
veekst.

Korrosion og Cleanability Egenskaber for EN 1.4404 Rustfri Stal Overflader
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Cleanability og effekt af topografi

Cleanability for udvalgte overflader:

o 2
w0 E=]
& = CFU — 159580
E 8 (1,5x 10%)
=] ak
G <
3 5 CFU — 3502
2 3 (3,5x 10%)
o =

[1%)

o

Korrosion og Cleanability Egenskaber for EN 11,4404 Rustiri Stal Overflader

Palidelighed af ruhedsmalinger
som parameter

Korrosion og Cleanability Egenskaber for EN 1.4404 Rustfri Stal Overflader
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Palidelighed af ruhedsmalinger som parameter

Nuvaerende brug af R, vaerdier

* Mest almindelige ruhedsparameter til specificering
af overflader.

* Velkendt og let at benytte.

* Bruges i langt de fleste nuveerende standarder og
guidelines for design af applikationer med henblik pa
korrosion og cleanabilty.

* Anklages for at veere for upreecis til tilstreekkeligt at
kunne afbillede overflade topografi og
overfladeregenskaber.

Korrosion og Cleanability Egenskaber for EN 11,4404 Rustiri Stal Overflader

»
L

Palidelighed af ruhedsmalinger som parameter

Vurdering af nuvaerende standarder og guidelines
i henhold til brugen af R,

+ R, veerdier kan ikke altid relateres til egenskaber for korrosion
og cleanability.
+ R, veerdier kan kun opfattes som tilneermelser af den egentlige

overflade topografi.

* R, veerdier vil for mange overflader have indlejret usikkerheder
med hensyn til gengivelse af skjulte spreskker og revner.

* Nuvzerende standarder og guidelines tager ikke sadanne
usikkerheder tilstraekkelig til efterretning.

Slebet P120

Korrosion og Cleanability Egenskaber for EN 1.4404 Rustfri Stal Overflader
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Opsummering

Korrosion og Cleanability Egenskaber for EN 11,4404 Rustiri Stal Overflader

Opsummering

Opsummering

+ Valg af overfladebehandling har stor indvirkning pa henholdsvis
cleanabilty og korrosionsegenskaber. Anvendt behandling og de
resulterende egenskaber bar derfor overvejes i henhold til den
givne applikation.

» Nuveerende specificering af overfladekriterier via eksisterende
standarder og guidelines indeholder flere faldgrupper. Dette
skyldes iseer brugen af R, veerdier som overfladekriterium.

*» \ia overvejelser omkring effekten af topografi kan der etableres
et forbedret udgangspunkt for valg af overfladebehandling.
Formidlingen af disse overvejelser kan assistere med udveelgelse
og forbedret forstaelse af overfladespecificering.

Korrosion og Cleanability Egenskaber for EN 1.4404 Rustfri Stal Overflader
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