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1. General rules for the selection and specification of quality 
materials for vacuum technology; an historical perspective

2. The main families of metals and alloys used in vacuum 
technology: from production processes to the final 
inspections

a) Stainless steels
b) Aluminium and alloys
c) Copper and alloys
d) Other innovative and/or less common materials/processes 

 Discussion of: 

• Examples of application
• Aspects related to manufacturing and joining
• Failure analyses, including corrosion issues

3. Advanced manufacturing and material examination
technologies

4. Conclusions 
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1. Ease of degassing
2. Adequate strength at high as well as low T
3. Thermal expansion coefficients
4. The purity of the material
5. Exact knowledge of the material properties, critical selection, careful 

control
6. Very constant properties of the raw materials, to be specially prepared
7. Ease of fabrication and cost of vacuum materials are often of secondary 

importance (sic!)

(Espe, Materials of High Vacuum technology, vol. 1, Pergamon Press, 1966)

1. General rules
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1. Sufficient mechanical strength
2. Corrosion resistance
3. High gas tightness (leak rates < 10-9 mbar·l·s-1)
4. Low intrinsic vapor pressure
5. Low foreign gas content
6. Favorable degassing properties
7. High melting and boiling points
8. Clean surfaces
9. Adapted thermal expansion behaviour
10. High thermal fatigue resistance
11. Stainless steel is the dominant material

(K. Jousten ed., Handbook of Vacuum Technology, Wiley, 2008-16,
see also O'Hanlon, A User's guide to Vacuum Technology, Wiley, 
2003)
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+ cooling 
capillars



1. General rules
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IT-4203/TE/HL-LHC

Being ordered: 

• 3.1 km of finished strip;

• 4600 m of seamless 

cold-drawn cooling 

tubes in lengths of up 

to 14 m

• Same stainless steel as 

for the LHC

Beam screen

• More than 450 tonnes of austenitic 

stainless steel strips

• Same stainless steel specification as 

for the LHC 

Fine-blanked collars MS-4294

FCC-hh
prototype
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2.a Stainless steels
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d-Fe

a-Fe

g-Fe

bcc

fcc

Stainless steel: iron alloys containing a minimum of approx. 11 % Cr



2.a Stainless steels, ferritic
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• ferritic grades, 14.5 % to 27 % Cr
• resistant to corrosion
• subject to grain growth during firing
• ferromagnetic at RT and below
• brittle at low T



2.a Stainless steels, martensitic
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• martensitic grades, Cr between 11.5 % and 18 %, 
C up to 1.2 %

• hardenable by HT
• high strength
• ferromagnetic at RT and below
• brittle at low T

C added to increase the 
"austenitic loop"



2.a Stainless steels, austenitic
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• formed by an addition of a 
fcc element (Ni, Mn) to the 
FeCr system

• g-loop expanded
• g-phase enhanced and 

enlarged
• formation of ferrite can be

suppressed (austenite former 
elements)

• transformation to martensite 
can be reduced or 
suppressed (increasing
alloying elements)

Ni, Mn (C, N...)

AISI 304, the "18-8" or "18-10" 
stainless (18%Cr, 8-10%Ni)
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Source: ASM Metals 
Handbook, vol. 3, 9th 
ed. (1980)

vacuum applications: 304L, 316L, 316LN









13CAS course "Vacuum for Particle Accelerators" Materials I: Introduction

Why low C (304L, 316L, 316LN)?
"Sensitization" of base metal, HAZs and welds

D. Peckner, I.M. Bernstein, 1977 

M23C6 (Cr23C6)

Cr depleted zones

A.K. Jha et al., Engineering Failure Analysis

2.a Stainless steels
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thick (4) B type 
inclusions up to class 2
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2.a Stainless steels, inclusions
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• For any wrought product (plate, tube, bar), an unfavourable inclusions 
alignment will be anyway present in the rolling or drawing direction



2.a Stainless steels
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2.a Stainless steels, inclusions

Spec. N°1001_1.4429_316LN_blanks

https://edms.cern.ch/ui/#!master/navigator/document?D:1767576086:1767576086:subDocs
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2.a Stainless steels, inclusions

 

Leaking location 

 

app. 2 mm app. 2 mm 
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2.a 

Stainless 

steels, 

macro-

inclusions

app. 2 mm
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2.a Stainless steels, inclusions
Outer surface

Inner surface

Ca, Si, Al, O

Large inclusion

Multidirectional forging 

alone, even if including

upsetting is not enough 

to avoid the risk of 

leaks due to 

macroinclusionsCourtesy of Imbach /CH

Courtesy of Interforge /FR
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2.a Stainless steels, inclusions

10-5 torr l/s

courtesy of A. Poncet
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2.a Stainless steels, macroinclusions
A. Choudhury: Vacuum 
Metallurgy, ASM Int., 
USA, (1990)
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2.a Stainless steels, 

steelmaking

Electrical Arc Furnace: 
functions solely as a melt-
down unit
Tapped as free as possible 
of slag into the ladle

Degassing, deoxidation
(down to 8-15 ppm), 
dehydrogenisation (down 
to 0.8 ppm) desulfurization 
(from 240 ppm to 10 
ppm), removal of Non-
Metallic Inclusions (NMI)

Pure gaseous oxigen 
blown onto the metal; 
for a pressure of 0.02 
bar abs., C down to 
0.015 % before Cr 
losses begin

C 
P 
(to a limited extent)
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2.a Stainless steels, steelmaking: ESR

Courtesy of Böhler Edelstahl
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2.a Stainless steels, steelmaking
Courtesy of Forgiatura
Vienna /IT
Max. ingot weight/capacity: 
250 t 
Two furnace heads, electrode 
exchange, protective gas 
hood, fully coaxial design; 
biggest ESR plant worldwide 
in operation

Courtesy of Breitenfeld
Edelstahl /AT. 
Electrodes of diam. 500 mm, 
750 mm, 1000 mm, 1200 mm, 
respectively, up to a length of 
4 m and a weight of 35 t. 
Annual capacity is 250 000 t.

The additional cost of ESR ingots is in the order of 1 EUR/kg (Minutes of the visit to 
Company A on 27 January 2015, ITER CS Lower Keyblock Material Progress 
Meeting)



Austenitic stainless steels to be
furnished and preferentially
used in their solution annealed
condition

All standards (except for 
specific applications) impose 
furnishing in the solution 
annealed condition

Max. hardness also limited by 
relevant standards and 
specifications

Post-weld heat treatments
generally not required
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Stainless steels, vacuum firing, stress 

relieving, possible sensitization
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CERN 
specification, 

316LN
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Stainless steels, vacuum firing, stress 

relieving, possible sensitization
3

1
6

LN
3

0
4

L
3

1
6

L

Vacuum firing of components and subassemblies to effectively 
remove the dissolved gas load in cleaned and degreased parts

• Outgassing

• Restriction due to B content in 316LN

 see P.Chiggiato, Materials & Properties IV, 8/06 
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Stainless steels, vacuum firing, stress 

relieving, possible sensitization

Handbook of stainless steels, D. Peckner, I.M. Bernstein. McGraw-Hill, 1977 

Stress relieving:
• Select temperature-time combinations outside the sensitization

range
• It can be made coincident with 950 °C vacuum firing treatment

whenever possible
• Avoid ranges of -phase precipitation specially for welded

structures

Alternative treatment at 650 °C
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Stainless steels, vacuum firing, stress 

relieving, possible sensitization

05/06/2017

316LN ITER grade, TF jackets, , extra low
C (<0.015%) grade, aged 200 h at 650 °C, 
tensile tested at 7 K

 

 

Sample 
Young’s 
modulus 

Yield 
Strength 

Ultimate Tensile 
Strength 

Uniform 
Elongation 

Total 
Elongation 

 GPa MPa MPa % % 

EN48CA-4 198.2 1209 1494 10.4 11.0 

TFb-4 197.9 1096 1601 37.1 43.1 

 

EDMS 1095336
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Stainless steels, vacuum firing, stress 

relieving, possible sensitization

Sensitization: 
o Loss of corrosion 

resistance (Cr 
depletion at GB)

o Loss of ductility 
(specially at cryogenic 
temperatures), ductile-
to-brittle transition 
onset

o Check the effects of 
your treatment against 
ASTM A262

Sensitization: 

oxalic acid etching, 

ASTM A262, 

practice A (E) 

32

S. Sgobba, et al., Fusion Eng. Des. (2013), 

http://dx.doi.org/10.1016/j.fusengdes.2013.

05.002

S. Sgobba et al., IEEE Transactions on 

Applied Superconductivity, 22, 2012, p. 

7800104

 Assembly techniques, brazeability

and weldability, see S. Mathot, 15/06 

http://dx.doi.org/10.1016/j.fusengdes.2013.05.002
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2.a Stainless steels, alternative joining 

techniques, HIP diffusion bonding

Courtesy of Fraunhofer IFAM Dresden /DE:
• SS casing (1.4301)
• 950°C - 3h – 100 MPa Hot Isostatic 

Pressing (HIP)ing cycle

EDMS 1805777

33
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Figure 1 – UV light observation on the three samples after 30 minutes exposure to PT 

revelatory Androx developer 9D1B 

 Penetrant 
testing 
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Stainless steels, alternative joining 

techniques, HIP diffusion bonding

316L

no major defects were found at the tube-Cu interface as displayed on Figure 1. 
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Figure 1 – SOI location and SEM (SE2) images of the SOI were some discontinuities  
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Figure 1 – SOI location and SEM (SE2) images of the SOI were some discontinuities  

OF Cu
316L
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Figure 1 –OM observation of the three samples after mechanical polishing and detail of 

crossing grains on OF-Cu sample, showing crossing grains (red cycles)  

EDMS 1805777
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courtesy of ASIPP /CN

2.a/3 Advanced investigation techniques: 

X-ray microtomography

ITER magnet system, correction 
coils
He inlets and outlets of the NbTi
cable-in-conduit conductor (CICC)
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• Most stringent quality of welds imposed (EN ISO 5817 -
level B) or equivalent

• Volumetric NDT inspections indispensable
• Application of X-ray laminography (planar X-ray micro-

tomography)

detector

X-ray source

He inlet sample

2.a/3 Advanced investigation techniques: 

X-ray microtomography
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• Laminography

2.a/3 Advanced investigation techniques: 

X-ray microtomography
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2.a/3 Advanced investigation techniques: 

X-ray microtomography

38/89

Cracks (ref: 401) 
unacceptable to 

ISO 5817 level B

Wrap welded with the 
jacket and possibly with 

the superconcuctor

Excessive penetration and 
melt through (ref: 504) 
acceptable to ISO 5817 
level B (h ≤ 1 mm + 0.1 b, 
where b is a width of weld 
reinforcement)

38
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2.a/3 Advanced investigation techniques: 

X-ray microtomography

Excessive penetration 
(ref: 504) acceptable to 
ISO 5817 level B 
(h ≤ 1 mm + 0.1 b, where 
b is the width of weld 
reinforcement)

Tungsten inclusion (ref: 
6021) according to ISO 
5817 level B 
acceptance depends 

on application

Shrinkage grooves 
(ref: 5013) not 
acceptable to ISO 5817 
level B
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X-ray laminography: 
impressive 
correspondence
between XR 
tomography and 
microoptical
observations

S. Sgobba, S.A.E. Langeslag, P. Libeyre, 
D. J. Marcinek, A. Piguiet, A. Cécillon, 
Advanced Examination Techniques 
applied to the Qualification of Critical 
Welds for the ITER Correction Coils, 
Fusion Eng. Des. (2015), 
http://dx.doi.org/10.1016/j.fusengdes.2
015.05.009 40



Innovative alloys
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2.b Aluminium and alloys
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Wrought Al alloy designations

Alloy Group Designation AA

Pure aluminium 1xxx series

Al-Cu 2xxx series

Al-Mn 3xxx series

Al-Si 4xxx series

Al-Mg 5xxx series

Al-Mg-Si 6xxx series

Al-Zn 7xxx series

Al+other element (Li) 8xxx series

EN AW-6082
(6061)

EN AW-5083

weld fillers

EN AW-3003

EN AW-2219

Example

DS, rapid 
solidification 
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2.b Aluminium and alloys
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2.b) Aluminium and alloys

6061

2219

4043
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2.b Aluminium and alloys
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2.b Aluminium and alloys
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0.5 mm

Al-Mg2Si eutectic R. Liu, Z.J Dong 
and Y.M. Pan, 
Solidification crack 
susceptibility of 
aluminum alloy 
weld metals, Trans. 
Nonferrous Met. 
Soc. of China 16, 
2006, pages 110-
116
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2.b Aluminium and alloys
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 1 mm EDMS 573069, Micro-
optical characterisation of 

TIG welds between two 
EN AW 6060 tubes

Porosity:
• Gas entrapment 

from poor shielding, 
shielding gas, air

• Hydrogen from 
moisture, unclean 
wire surface, base 
metal

• Excessive cooling 
rate (outgassing)
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2.b Aluminium and alloys

CAS course "Vacuum for Particle Accelerators" Materials I: Introduction

8xxx series8xxx seriesAl+otherAl+other element (Li)element (Li)

7xxx series7xxx seriesAlAl--ZnZn

6xxx series6xxx seriesAlAl--MgMg--SiSi

5xxx series5xxx seriesAlAl--MgMg

4xxx series4xxx seriesAlAl--SiSi

3xxx series3xxx seriesAlAl--MnMn

2xxx series2xxx seriesAlAl--CuCu

1xxx series1xxx seriesPure Pure aluminiumaluminium

Designation AADesignation AAAlloy GroupAlloy Group

8xxx series8xxx seriesAl+otherAl+other element (Li)element (Li)

7xxx series7xxx seriesAlAl--ZnZn

6xxx series6xxx seriesAlAl--MgMg--SiSi

5xxx series5xxx seriesAlAl--MgMg

4xxx series4xxx seriesAlAl--SiSi

3xxx series3xxx seriesAlAl--MnMn

2xxx series2xxx seriesAlAl--CuCu

1xxx series1xxx seriesPure Pure aluminiumaluminium

Designation AADesignation AAAlloy GroupAlloy Group

Heat treatable alloysNon heat treatable

()()



47

2.b Aluminium and alloys
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Non heat treatable

Annealing T: 343 °C

O (annealed) 
or H111 (as-
fabricated)

H18 (work 
hardened to 
the hardest 
state)
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2.b Aluminium and alloys
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O (solution 
annealed)

Toward artificially aged states (T6x tempers) 

EN-AW 6061
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2.b Aluminium and alloys, EN AW 2219
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Properties at RT, affect of aging at high T
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YS, aging at 260 °C

YS, aging at 315 °C

YS, aging at 370 °C

domain of cumulative 
activation of NEG
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2.b Aluminium and alloys: failure analysis of 

thin walled Al-alloy bellows for the LHCb experiment
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EN AW 2219 bellows
• machined from forged round blocks
• welded assembly (2 flanges + 2 bellows + 1 tube) for 

the LHCb experiment
• leaks detected on a significant fraction of bellows

EDMS 681631
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2.b Aluminium and alloys: failure analysis of thin 

walled Al-alloy bellows for the LHCb experiment
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2.b Aluminium and alloys: failure analysis of thin 

walled Al-alloy bellows for the LHCb experiment
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2.b Aluminium

and alloys
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EN AW-2219-T6 forged blanks for 
ultra-high-vacuum applications

Producer 2, EDMS 1757087

Producer 1, EDMS 1757087

https://edms.cern.ch/file/1429318/3/Spec_618_2219-T6-3DF.pdf


2.b Aluminium and alloys
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Espe, 1966

T. Mast, diploma work, 

2014

Courtesy of RSP & Delft University 



Ti6Al4V additive manufactured 
“spiral load” prototypes (power 
attenuation at the output of RF 
cavities)

 Additional details about the 

process, see S. Mathot, 15/06 

Tensile test specimens for a 
study of the influence of 
orientation and location

Diaphragm for UHV leak 
tightness tests, different models

55

Additive manufacturing

Selective Laser Melting Machine 
SLM 280 HL available at CERN

2.d Other grades, innovative materials and 

manufacturing techniques
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2.d Other grades, innovative materials and 

manufacturing techniques
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Porosity percent as measured by image analysis

Ti6Al4V (ELI powder) as HIPed (3T)

EDMS 1792172

Ti6Al4V (ELI powder) as printed (CERN)

EDMS 1736674

 Outgassing properties, see P. 

Chiggiato, 8/06 



2.d Other grades, innovative materials and 

manufacturing techniques

Materials I: Introduction

 Reference Rm (MPa) Rp0,2 (MPa) A (%) 

NO HIP 
#1   B05412 M X 967,4 ± 3,1 870,7 ± 2,9 10,7 ± 0,1 

#2   B05412 M Z 960,3 ± 7,2 858,5 ± 7,3 14,0 ± 1,0 

HIP treated 
#3   B05414 M X 989,6 ± 4,5 886,3 ± 9,0 10,2 ± 0,7 

#4   B05414 M Z 959,9 ± 2,7 861,0 ± 1,9 13,3 ± 0,8 

NO HIP 
#5   B05648 M X 990,3 ± 0,3 908,1 ± 0,8 10,0 ± 0,9 

#6   B05713 M Z 985,7 ± 3,6 891,1 ± 2,7 11,7 ± 1,0 

HIP treated 
#7   B05713 M X 942,3 ± 12,3 876,7 ± 7,0 5,1 ± 1,3 

#8   B05648 M Z 895,4 ± 12,8 841,8 ± 15,0 5,5 ± 0,4 
 

EDMS 1765091
• Good isotropy achieved
• High strength
• Limited ductility, 

toughness? (might prevent
cryogenic applications)

• Annealing and/or HIPing
treatments should be
foreseen

57
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Conclusions

A structural material for a vacuum application is not a 
mere "chemical composition" or a designation

a) specification
b) steelmaking
c) definition and extent of the controls
d) certification
e) price

Application of extensive “state of the art” NDT techniques

a) materials for vacuum applications 100 % examined during 
production and at reception

b) advanced techniques, example of the X-ray computed 
tomography for ITER CC He inlets

Low T and/or non-magnetism of components require 
special care

Advanced materials imply extensive prior R&D

Stainless steels

o 304L, general purpose  3-3.5 EUR/kg
o 304L, vacuum/cryogenic application  6 EUR/kg
o 316LN, as above  11 EUR/kg (bars) to 32 EUR/kg (plates)
o 316LN, blanks  50 (and up to above 100) EUR/kg 
o P506, 316L convolutions for bellows  50-80 EUR/kg 
o Additive manufactured 316L  65 EUR/kg (powder)

Aluminium and alloys

o Al and alloys, general purpose  5 EUR/kg
o EN AW 2219 forged blanks  80 EUR/kg
o Special forgings, EN AW 6061, velo windows  15 EUR/kg

Titanium

o Grade 2  50 EUR/kg (plates)
o Ti6Al4V (ELI)  (50-)140 EUR/kg (rods/plates)
o Additive manufactured Ti6Al4V  320-360 EUR/kg (powder)

Coppers

o OFE Cu  25-40 EUR/kg (3D forged)
o OF Cu  10 EUR/kg (basis)
o CuBe, high (low) Be  40-90 EUR/kg (strips)
o Glidcop  55 EUR/kg
o Additive manufactured 99.9 % Cu  100 EUR/kg (powder)
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* belts, braces

* 


