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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

@ Engineering Department @

3. Advanced manufacturing and material examination
technologies

4. Conclusions
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E@w 1. General rules Handboskiel

Second Edition

neONPE

NO

Ease of degassing

Adequate strength at high as well as low T
Thermal expansion coefficients

The purity of the material

Exact knowledge of the material properties, critical selection |5
contr-'

Very (
Ease‘

Sufficient mechanical strength
Corrosion resistance

High gas tightness (leak rates < 10 mbar:l-s?)
Low intrinsic vapor pressure

Low foreign gas content

Favorable degassing properties

High melting and boiling points

Clean surfaces

. Adapted thermal expansion behaviour
wennee 10, High thermal fatigue resistance

“rmnme 11, Stainless steel is the dominant material

Precious r

=
©ONOU A WN P

= (K. Jousten ed., Handbook of Vacuum Technology, Wiley, 2008-16,

see also O'Hanlon, A User's guide to Vacuum Technology, Wiley,
2003)

Materials
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IT-4203/TH/HL-LHC

3.1.1  Special austenitic grade stainless steel strip (CERN supply)

The chemical composition of the CERN supplied stainless steel strip 1s grven in table 2.
Table 2 - Typical chemical composition (weight-%0) of the CERN supplied stainless steel strip.
%o C Cr Mo Ni Mn 51 N Cu 5 P B Co

Min 13.0 08 107 | 11.8 030
Max | 003 | 195 1.0 113 | 124 0.5 033 | 015 | 0002 | 002 |0002| 01

FCC-hh
prototype

I ————

. Beam screen
Being ordered:

« 3.1 km of finished strip;

« 4600 m of seamless
cold-drawn cooling
tubes in lengths of up

fo 14 m _ _
. Same stainless steel as Fine-blanked collars I\/\S. 4.1294
for the LHC « More than 450 tonnes of austenitic

stainless steel strips
« Same stainless steel specification as
for the LHC

Materials I: Infroduction CAS course "Vacuum for Particle Accelerators" 6
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TEMPER
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475°

ans

30 40
CHROMIUM, wt %

Fig. 2 The iron-chromium phase diagram. (From “Metals Handbook ” vol. 8, p. 291, 8th ed.,
American Society for Metals, Metals Park, Ohio.)
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TEMPERATURE, °F

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



2.0 Stainless steels, ferritic
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Fig. 2 The iron-chromiur
American Society for Meta

Materials I: Infroduction

e resistant to corrosion
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4,&" = 3000
= S
(a-Fe,Cr) 72400 w
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A ! ' ' "~ —
D] el 7S] 31000
| N,
‘20 30 40 S0 60 70O 80 90 Cr
* ferritic grades, 14.5 % to 27 % Cr ' 8th ed

* subject to grain growth during firing
» ferromagnetic at RT and below

 brittleatlowT
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2.0 Stainless steels, martensitic
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Fig. 2 The i
American Soc
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Cr

1863°
1800 ' Jﬁ_
' - 7 .
1600 : 4»/“' —3000
1538° [ 4s16° == — 2800
21% _ -
o 1400 RQu3eas o
S (a-Fe,Cr) —2400
g 1200 -
2 ol e C added to increase the
& 912° ¢ "austenitic loop”
£ a0o L3t Sy
. [ n._;.... ) T
L e P T~ - 1200
600 v — T 1000
""--—-‘""—-———'—."—' _—-——-—»—-—-———lr-——s»\ -
J =
400

TURE, °F

TE

martensitic grades, Cr between 11.5 % and 18 %,

Cuptol2%
hardenable by HT
high strength
ferromagnetic at RT and below
brittleat low T
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| AISI 304, the "18-8" or "18-10" [l \ -
\ (L)
@" stainless (18%Cr, 8- 10%N|) L\ :
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Source: ASM Metals

Handbook, vol. 3, 9th

ed. (1980)

2



I

®
MATERIALS &

MME

2.0 Stainless steels

EN/|

P
O
o
=
o
o
|—
(i
=

Why low C (304L, 316L, 316LN)?

"Sensitization" of base metal, HAZs and welds

_". . i . . . :::i Z

-

e K S s B .

:
MysCe (CrsCe) . |
= W ST r. e 3 : f ~ “ . .; /./\—" .“\. -:""—"'\
A ‘ ’/: TN
) Sy ! :

SN L SO
- R

la} 550 C (10§2°F) (b) B50°C (1202°F)

7 R ‘ "'A-\. .
D P v >
% <04 N\
— 8
= A

B 4 S i
. . . ol ° - 5 v, \
{c) 750°C (1382°F) . (d) BS0°C(1562°F)
Fig. 55 Appearance of 'l‘_\’inless steel (0.065% carbon) sensitized for 6 days (144 h) :
at various temperatures. Speci otched electrolytically in 10% oxalic acid.2?® (a) 550°C (1022°F). . . . ]
750x. (b) 650°C (1202°F). 750x. (c) 750°C (1382°F). 750x (d) 850°C (1562°F). 750x. A.K. Jha et al., Engineering Failure Analysis
D. Peckner, I.M. Bernstein, 1977
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{1 CERN — European Organization for Nuclear Research

TS/MME-MM

Section de Metallurgie et Metrologie/ Metallurgy and Metrology section

Rapport expérimental | Investigation veport

4 NEPARTMENT

TECHMICAL Silsa
=

P. Lepeule ATVAC

G. Faber PH'UCM; A. Hervé PH/CMO; R. Veness AT/VAC
C. Saint-JAL FI'LS

Deomaine / Field: Date: 10032006 | N°EDMS /EDMS Nr.: 710706
CMS (Ton pump)
Requeérant / Customer: Liste de distribution / Distribution list:

Metallographic observations of 316LN leaking bellow

i
10 120 130 140

|
1=0

&3 AW FABER-CASTELL 133
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2.0 Stainless steels,
Inclusions

* Qversized (1,2,3) and
thick (4) B type
inclusions up to class 2

100 x

100 x

Materials I: Intfroduction CAS course "Vacuum for Partficle Accelerators" 15
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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

Materials I: Infroduction CAS course "Vacuum for Particle Accelerators" 17



Lﬂgl») Designation: E45 - 11a

“ull

INTERNATIONAL

Standard Test Methods for
Determining the Inclusion Content of Steel’

This standard is issued under the fixed designation E45; the number immediately following the designation indicates the year of original
adoption or, in the case of revision, the f last revision. A number in parentheses indicates the year of last reapproval. A superscript

change since the last revision or reapproval

epsilon () indicates an editorial

This standard has been approved for use by agencies of the Department of Defense.

TABLE 1 Minimum Valuss for Severity Level Mumbears
(Methods A, D, and E}*F

{mm {in.} &t 100w, or cound)

Sevarly ) B C -
63 ATI0.16) 1.7(0.07) 1.B[0.07) 1
1.0 12.7{0.60) 7.7(0.30) 7.6{0.20) 4
15 2E.1(1.03) 16.4{0.72) 17.6{0.69) 2
20 43.8{1.72) 34.3{1.35) 32 0[1.28) 18
25 B4.9{2.56) BE.5(2.19) 51.0[2.01) 25
.0 BB.8{2.54) B2 2{3.24) T4 6[2.84) 28
15 118.1(4.85) M4T(452)  102.0{4.085) 49
40 148.8{5.90) 152.0(602)  135.8(5.35) G
45 180.8(7.47) 197.3(7T77)  17A7[B.B4) 81
50 223.0{878) 2478876  216.3[B.E3)

[Hm {in.} & 1x, or count)
A B T o-
a7.0(.002) 17.2[.0007) __ 17.6[.0007)
127,0{,005} 7E.8(.003) JEEL003)

—261.0L010) | _ 1B4.2(007)  __176.0L007) 3
£3EA(017) JAZT04) 0.5[013) 18
B49.0{.026) 554.7(.022)  510.3(.020) 25
BOE.0Y.035) 8222(.032)  T4E.1[.023) 28
1181.0{.047) 1147.0{045) 1029.0 49

(041}

1358.0 G

(054)
1737.0 B
{088
21830
{ D8E)

o
5

!-'4!-'4.’““"."‘-"I.—‘.—"'-'J
oo CIILll o

I
]

1496.0{.059) 1530.0(.080)

o=
o

1896.0{.075) 1973.0{.078)

=
o

2230.0.088) 247E.0{.098)

Materials I: Infroduction

GUAMTIMETRIE

A FLARCHE Il d
[Trom Bulbcal Tine Mursine]
Bkt e Sdkrtam dpurloar Bdrrut Foa A A
o sk hqw | [ ] Fo—— ',:lm1 + X'
i [P e A o s b anguw ke e 150

=

Q

.?5

.g..ot

2%
615

M 22816

2

Mg 1L = N TR SHAMTENT |

o



N

®
MATERIALS &

MME

CM ORGANISATION EUROPEENNE POUR LA RECHERCHE NUCLEAIRE

Q.O STC \ EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH
N

EN/|

P
O
o
=
o
o
|—
(i
=

Materials Technical Specification

GS-IS & EN-MME 11.12.2013

2.4. INCLUSIONS CONTENT
Amount and definition shall meet standard ASTM E45.

Micro-inclusions (indigenous inclusions detectable by microscopical test methods): method
D is applicable. Severity level number shall be at most 1 for types A, B and C and at most

1.5 for type D. The tolerance for acceptance may be a half-class above the set limit to the
extent of 2% of the fields counted. The table showing field counts shall be attached to the
certificate.

2. Macro-inclusions (exogenous inclusions from entrapped slag or refractories): they are
strictly forbidden and are cause for rejection.

— ARZUNIMONL/=153-35

AISI 316LN

Spec. N°1001 1.4429 316LN blanks

This document specifies the CERN technical requirements for 1.4429
(X2CrNiMoN17-13-3, AISI 316LN) stainless steel blanks for ultra-high
vacuum applications (UHV) at CERN requiring vacuum firing at 950°C.



https://edms.cern.ch/ui/#!master/navigator/document?D:1767576086:1767576086:subDocs

i;x CERN — European Organization for Nuclear Research

-_—

e

Leaking location

4

—

\\\\\\\ J app.2mm \\\\\\\ —$ app. 2 mm
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2.0
Stainless
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JiIw\io,

MACro-
iInclusions

Mag= 30X
EHT =20.00 kV

Department L

Ineering

ops

Mag= 2.

ENJZE
~

100 —

a0—

Cr

Mag= 300X
EHT =20.00 kV

EHT =20.00 kV

L
[x]

7 L._j{ ( )Ti Fe Hi
b h Ca .
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EHT =15.00 kV Date :13 Dec 2006

Multidirectional forging
alone, even if including
upsetting is not enough
to avoid the risk of
leaks due to
macroinclusions

CAS course "Vacuum for Particle Accelerators"
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105 torr I/s
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courtesy of A. Poncet
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A. Choudhury: Vacuum
Metallurgy, ASM Int.,
USA, (1990)

e
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Fig. 23 Layout of a compact ladle furnace
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| 2.a Stainless steels, YYMI
BREITENFELD EDELSTAHL AG steelmaking L

ETROLOGY
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W

50 {EAF ‘ PJ

(to a limited extent)

tap slag wagon P IdPpPCU adds I1EC dS PUSSIDIC
of slag into the ladle

secondary-

Pure gaseous oxigen
(dg blown onto the metal;
delifor a pressure of 0.02

@ Engineering Department‘
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A 2.a Stainless steels, steelmaking: ESR

b=
O
o
=
o
o
'—
[m
=

8 ['_5' Courtesy of Bohler Edelstahl L rl a |

Flektrodenklemme / Secirode terming!

| —-———— Druckdichtung / Pressure szaling melting

Stickstoffiriger |
Tugobe
MIilv_@!.;]I".L

nlifogen nteed

Heldrodenstonge / Elecirode rad

Ofenkopf / Furnoce gort

deslagging

Einsponnstiick / Supyorling pince

|

Hekirode / Hectrode secon d a rY'
Stondkokille / Yertical ingot mold m eta I I u rg y

Wossermantel / Water cosing

Sthlockenbod Sl bath
fiissiger Metallsumpf / tiguid metel pool
Blodc / ingat

Stromguelle / Power sourca

—0 1

casting

LL lsul Loy

T [

(o

ESR|& VAR
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Courtesy of Forgiatura
Vienna /IT

Max. ingot weight/capacity:
250t

Two furnace heads, electrode
exchange, protective gas
hood, fully coaxial design;
biggest ESR plant worldwide
in operation

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)

&

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.

Mate




Stainless steels, vacuum firing, stress
relieving, possible sensitization

N

®
MATERIALS &

MME

EN/|

P
O
o
=
o
o
|—
L
=

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

Department @

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

ngineering

Max. hardness also limited by
relevant standards and

-
=
-

A8 A 312/A 312Mm

5.2 Heat Treatment:
5.2.1 All pipe shall be furnished in the heat—treated con-
dition in accordance with the requirements of Table 2. The

TABLE 2 Annealing Requirements

Grade or UNS Designation” Heat Treating Cooling/Testing
T e o iiB Hiq HEOERSRIe

All grades not individually listed 1900 °F [1040 °C] ©

below:
IF321H, TFs4/H, TP343H

Cold finished 2000 °F [1100 °C] b

Hot finished 1925 °F [1050 °C] b
TP304H, TP316H

Cold finished 1900 °F [1040 °C] b

Hot finished 1900 °F [1040 °C] b
IR23004 TR300LCk TR310H 1900 °F 140409 oC] D

© Quenched in water or rapidly cooled by other meang, at a rate sufficient to

CERN
2.3. STRUCTURE -

ecification,
The structure after |solution annealing 316LN

2.5. MECHANICAL PROPERTIES

At room temperature, after solution annealing:

Tensile strength R min. | 600 N/mm?

Yield stress Rpo.20s Min. [ 300 N/mm?

Elongation at break As min. | 35%

Brinell hardness HB 150-190

e Tt OO e e e srae=y the capability of pipes,
heat treated by either separate solution annealing or by direct quenching, of
passing Practices A262, Practice E. The manufacturer is not required to run the
test unless it is specified on the purchase order (see Supplementary Requirement
S7). Note that Practices A262 requires the test to be performed on sensitized
specimens in the low-carbon and stabilized types and on specimens representa-
tive of the as-shipped condition for other types. In the case of low-carbon types
containing 3 % or more molybdenum, the applicability of the sensitizing treatment
prior to testing shall be a matter for negotiation between the seller and the

ourchocor

D Quenched in water or rapidly cooled by other means.

hum for Particle Accelerators" 28
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L This document specifies the CERN technical requirements for 1.4429
§ (X2CrNiMoN17-13-3, AISI 316LN) stainless steel blanks for ultra-high
§_ vacuum applications (UHV) at CERN requiring vacuum firing at 950°C.
8 - This document specifies the CERN technical requirements for 1.4435
00 (‘;" (X2CrNiM0o18-14-3, AISI 316L) stainless steel round bars for vacuum
- applications not requiring vacuum firing at 950°C.
p -
% = This document specifies the CERN technical requirements for 1.4306
c g (X2CrNi19-11, AISI 304L) stainless steel round bars for vacuum
%0 applications not requiring vacuum firing at 950°C.
L

@ Vacuum firing of components and subassemblies to effectively

remove the dissolved gas load in cleaned and degreased parts

« Qutgassing
» Restriction due to B content in 316LN
= see P.Chiggiato, Materials & Properties 1V, 8/06

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



Stainless steels, vacuum firing, stress §
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O B 5 2 YT AT G 1o
O L0445 % N "
s 900 = 0247 % N 1652 °.
Og 0039 % N 4
=P 800 ; \ 1472 Ea
o . { aa
Cui 700 < ve ffeatmentiat 6501°C | 1292 o
= oy g ey (8 ) | il r=
a.ul 600 ] - = LT ] {12 &

P
500 L‘ 932
001 of : 10 100 1000
TIME, h

Fig. 62 Effect of nitrogen on precipitation of M,,Cg in 0.05C-17Cr-13Ni-5Mo stainless steel.172
Handbook of stainless steels, D. Peckner, |.M. Bernstein. McGraw-Hill, 1977

@ Engineering Department @

Stress relieving:

e Select temperature-time combinations outside the sensitization
range

* It can be made coincident with 950 °C vacuum firing treatment
whenever possible

* Avoid ranges of o-phase precipitation specially for welded
structures




Stainless steels, vacuum firing, stress W
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relieving, possible sensitization

SRR W DR

& .l £ e 7 B N -\\ et X 2 . o) ,'L
100 um EHT =10.00 kv Eprouvette de traction Mag= 100X 10 um EHT = 10.00 kv Eprouvette de traction .
|—| WD =10.6 mm 316LN Maud Scheubel i—I ‘ WD =10.6 mm 316LN Maud Scheubel
7 Signal A = SE2 SMST-EN48CA-4 Date :10 Aug 2010 - Signal A = InLens SMST-EN48CA-4 Date :10 Aug 2010
—

Young’s Yield Ultimate Tensile Uniform Total
Sample

modulus | Strength Strength Elongation | Elongation

EN48CA-4

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

30pm Electron Image 1
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w Stainless steels, vacuum firing, stress
relieving, possible sensitization

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

S. Sgobba et al., IEEE Transactions on
Applied Superconductivity, 22, 2012, p.

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

)
C
Q
=
=
qe)
21
QL
s
o0
=
O
Q
=
o0
C ASTM A262
(.

&

= Assembly techniques, brazeability
and weldability, see S. Mathot, 15/06
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7800104

ﬁgk Designation: A262 — 02a (Reapproved 2008)

INTERAA TAORAL

Standard Practices for )
Detecting SusceP{ibiiiw to Intergranular Attack in Austenitic
Stainless Steels

T i
foe e
- . ) . . : ]
FIG. 2 Dual Structure (260 (Some ditches al grain bourdares

&1 grain beundaries) in addilion 1o steps, bul Fa cne grain complelely surrounded)

Sensitization:
oxalic acid etching,
ASTM A262,
practice A (=E)

Ts?
[y - = i 3
FIS. 5 Ditzh Stasetura (5003} (One or mare graine eemplately 37
surraiindsd by dibchas)


http://dx.doi.org/10.1016/j.fusengdes.2013.05.002

2.a Stainless steels, alternative joining A
techniques, HIP diffusion bonding E

ETROLOGY

=
b
m
=
>
—
w
)
Y|

@ Engineering Department @I

CuCriZr Cu-OF DS-Cu
(CW106A, hard drawn) (CWOO08A, R240 half hard) (Discup C3/30) ‘
EDMS 1805777 DS Cu

OF Cu

CuCrZr

Courtesy of Fraunhofer IFAM Dresden /DE: Degassing
e SS casing (1.4301)

* 950°C-3h - 100 MPa Hot Isostatic
Pressing (HIP)ing cycle

Materials |: Introduction CAS course "Vacuum for Partficle Acce '



EDMS 1805777
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2 DPSE
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gure q observation o e ee samples afte 0 es expo etoP :
evelato Androx developer 9D1B O :
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2.a/3 Advanced investigation fechniques: :"
X-ray microtomography ”,\lngmm&
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ITER magnet system, correction
coils

He inlets and outlets of the NbTi
cable-in-conduit conductor (CICC)




2.0/3 Advanced investigation techniques:
X-ray microtomography b

MM

EN/|
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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-

&
=
Q
£
S
>
0O
)
5
£
=
L

tomography)
: X-ray source
e / He inlet sample
/ - 1a | }
,',' \ \\l. . 3
: NN\ detector
i O T —
[- t | IS
b
a
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2.0/3 Advanced investigation techniqgues:
X-ray microtomography

TROLOGY

« Laminography

Department

e o

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



@J 2.a/3 Advanced investigation techniques: T\ AAl:

X-ray microtomography 2 W U1
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@ 2.0/3 Advanced investigation techniques:
A X-ray microtomography
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X-ray laminography:
impressive
correspondence
between XR
tomography and
microoptical
observations

=
L
<
C
o0
-
L

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 Cails,
Fusion Eng. Des. (2015),
http://dx.doi.org/10.1016/j.fusengdes.2

015.05.009



Table 2 Weldability of

2.0 AlUMIN Sretahare and o ronasson-are

Readily Weldable
Wrought alloya

Wro ugl— ;,red aluminum, 1060, 1160, 1350 ) at iIons
*

D04, 3106

600b, GD6Q, 5062, 505.-5{]83, D86,
5154, 5252, 5254, b5454,5906, 5457,

A“Oy Grol gg? 6070, 6101, 6201, 6262, 6463

TO05

Pure alumi ;1 Casting alloye
328.0, 355.0, £355.0, 356.0, Aﬂﬁﬁﬂ'
367. D A3RT. 0, 359, 0
el Al Cu 443.0, A443.0, Bad3.0
Weldable in Most Applications(a)
Wrought alloys: 2014, 4032, 6066
I AI‘Mn Casting alloys
| 208.0, 308.0, 319.0, 3320
-3 Al‘Sl 413.0, T12.0
' Limited Weldability(b)
| Wrought alloys: 2024, 2218, 2618
—  Al-Mg Casting alloys
\ 213.0, 222.0, 205.0, 2
H 333.0, 338.0, 354.0
- i AI‘Mg‘Sl 512.0, 513.0, 514.0
Diie casting alloys
Welding Not Recommended
Wrought alloys: 2011, 7075, 7178
Casting alloys
2420, 5200, 535.0
705.0, 707.0, 710.0, 711.0, 7137
- (8} May require specipl technigues for so
cations. (b)Y Require special niques.

gl 6 -
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A 2.b Aluminium and alloys

Bass Aoy

|
2219

WP,

Materials I: Intfroduction
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P4 EE
oy EC T1pa oM ALCL AR 3002
L har pglrempiad
Fitar ARy wWEDCTM | wspCTm WEDCTM | wSOCTM ) wsDCTM { w
314.0. 2330, iny . B AALAM B AAMLRSL
3548, 1558, [T k| B ARAARN BARALAAM ccataas CCBCAA FHARAR [ )
Caasd, Js0 e ajay AABRLAR AABAAAR T ARACRALR ABCHAA AREAAA A
413.0. 4410 a0 A AbLadA A A AEAM AODLARA WO AALAA AAAAMS A
a4ap, 2550, |-
AJ56.0, AXSTO, 145 A ABBA AABSA ! A AD AR A LOAR AABBAR
L1t R 1
LA L0 ]
Toos ozl And} A ACKA A ALTAM . BAAAL BHAAAL A BCAA A
7030, Toak, a5 : | AR AALBAM
T148 AT120, 9 BARL & BASA A BABA A ]
cTi1a L1173 B AAR & paak A LT BALA A |
5554 . c
E13 7 RANAE & BABA A 1 BadA A ]
" [
6061 ATAAM Ak CAA l BEALL HAAAR ABLCAM A
ADAA A ADBA I A ABAR A RTRA AALCB A a
AR a, EAB A B il A ]
5354 B AA " B AA P HoAA A B
5554 .
117 BAm A Bas a i gain A Y
5554 ]
5005 agal AACAL AL AR HBAAA HAAAA ABLAA L
L1 ] FElH AADBA A ADEA A LBAR AABALA ALDD A B
1113 ne g Ab A A AR A BAE ] B
F"- 613 ANE B AR i AR A AR A L
] 201 BS54 .
& £251 S3%E AAR A B AR A BAN - A
* 5151 SETA
- - A A AAR ABLCCA

l.egend

Filler alloys are rated on the following
characteristics:

Symbol

w

S

D

C

T

M

Characteristic

Ease of welding (relative
freedom from weld cracking.)

Strength of welded joint

(“as welded" condition.)
(Rating applies particularly to
fillet welds. Allrods and
electrodes rated will develop
the specified minimum
strengths for butt welds.)

Ductility. (Rating is based
upon free bend elongation of
the weld.)

Corrosion resistance in

. continuous or alternate
immersionin fresh or salt
water.

Recommended for service at
sustained temperatures
above 65.5°C(150°F).

Colour match after anodizing.

0 AB.CandD arerelative ratingsin
decreasing order of merit. The
ratings have relative meaning only
within a given biock.

3 Combinations having no rating are
not usually recommended.
A

) Ratings do not cover these alloys
when heat-treated after welding.

rlarors in

dq.‘n'-l:hh



A 2.b Aluminium and alloys
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/ / / 7
EN AW 6082, 90 % of the European
production of Al-alloy extrusion

Siliziumgehalf

Abb. 597a. Zustandsdiagramm der AIMgSi-Legierungen mit Isothermen fiir 540, 520,.50N._480.nnd ... ...
160°C (nach D. W. EvANs [25] und I. R. HARRIS u. P. C. VARLEY [26]).Table 1: Simplified summary of wrought aluminium alloys

5 : 1 : Legierun Werkstoff-  Eignung flir EB-SchweiBen
e Lage von gebriuchlichen Handelslegierungen. egierungstyp Mo ignung fle
nicht Al Al99,5  gut
aushdrt- AlMn(-MG) AlMn1 sehrgut
bar Al-Mg(-Mn) AlMg5 . sehrgut; geringfigiges
; . Ausdampfen von Mg; bei

Materials I: Infroduction

niedrigem Mg-Gehalt {unter
etwa3%); Neigung zu

Al-Mg-Si AlMgSi1 sehr gut; bei éinem kritischen
' ¢ Mg,Si-Anteil (Mg unter etwa

1%, Si unter etwa 0,6%):

u-Mg AlCuMg gut; berniedrigem Cu-Gena
; {unter etwa 4%); Neigung
s 3 zu Heilrissigkeit
Al-Zn-Mgl:Cu}) AiZnMgCul,5 gut: geringfiigiges Aus-
. V2 dampfenvonZnund Mg; -
Neigung zu Heirissigksit

’
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2.b Aluminium and alloys
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/ /
10 12 14 16 Gew-%20
iziumgehalf

B LIMuSi-Legierungen mit Isothermen fiir 540, 520, 500, 480 und
§ ANsS [25] und 1. R. HARRIS u. P. C. VARLEY [26]).

& gebriuchlichen Handelslegierungen,
e Welding
' ' oof:z pool

R. Liu, Z.J Dong
and Y.M. Pan,
Solidification crack 85 -
susceptibility of
aluminum alloy
weld metals, Trans. 1
Nonferfrouhs Met. P
Soc. of China 16, .
2006, pages 110 (@) (®) ©)
116

Type B cracking model
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@ Engineering Department @

— . EDMS 573089, Micro- Porosity.
optical cnaracterisation of :
TIG welds batywean two  © Gas entrapment

EN AW 8080 tubes from poor shielding,
- shielding gas, air
 Hydrogen from

moisture, unclean
wire surface, base
metal

* Excessive cooling
rate (outgassing)

Materials I: Infroduction CAS course "Vacuum for Particle Accelerators"
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2.b Aluminium and alloys
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Alloy Group
Pure aluminium
Al-Cu

Al-Mn

Al-Si

Al-Mg

Al-Mg-Si

Al-Zn

Al+-other element (Li)

Designation AA
1xxx series
2XXX Series
3XXX Series
IXXX Series
SXXX series
6XXX series
/XXX Series
8XXX Series

Materials I: Infroduction
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2.b Aluminium and alloys
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350 I ' - 50
dlrdaered O : : i
C 1adl UC J : l ‘ B177°CH{ 50“4 ‘ ‘ — 40 -
C - \ 204 oc (400 DF)
Q — 232°C (?50°F)
$= %. 200 ' 260 °C (500 °F) o e — J3 2
Yo £ N - £
- & £
L a | -
2 150 ‘ . | 2 2
O.(annealed) ANGH zoodpd | | | R e
() Cl [ 4 — « S J L q
- 316 °C (500 °F) ‘
ad dlLS( - -
50 _ | Fabrication Characioristies
B » o Annealing temperature. 343 °C
, An nea I [ ng Tl 343 C {850 °F); holding at temperature not
0 . . __ required
0 0.5 1 15 2 25 3 35 Hot working temperature. 260 to
Time, h 510 °C (500 to 950 °F)
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2.b Aluminium and alloys
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EN-AW 6061

300 I
121°C 49

<'\ (250 °F)
y a— 149 °C ——

250
(300°F) 35
171°C
[ L (340 °F) 130
& 204 °C

(400 °F) 1%

j 150 //\ N !
* 232°C - 20

\ (450 °F)
| ,5

\

N
o
(=]

Yield strength, MPa
Yield strength, ksi

O (solution
annealed)

@ Engineering Department @

1 >
o ~NY] 260 °C
500 F
30 min 1day 1|week 2 months 1 year =110
50 2 1 1 1 |l 1
0 0.01 0.1 1 10 100 103 104 10°

Duration of precipitation heat treatment, h

Toward artificially aged states (T6x tempers) =

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



@ 2.b Aluminium and alloys, EN AW 2219
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UTS, YS /MPa El. in 50 mm /%

300
250
200
150

100 |

50 |

Properties at RT, affect of aging at high T

— L i
——
ctivation of NEG \.
o
0.1 1.0 100 100.0 10000  10000.0 100000.0
time at T /h

I Materials I: Infroduction
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, ding at 100 °
, ding at 150 °
, ding at 205 °
, djing at 230 °
, djing at 260 °
, ding at 315 °
, ding at 370 °

O0O0O0O0000O0
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2.b Aluminium and alloys: failure analysis of 'T
thin walled Al-alloy bellows for the LHCb experiment |
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@ Engineering Department @I

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 951§

—
——

| —
| —
| —

. | —
— -

| —

-
»
4
-
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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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METLAB OY METALLOGRAAFINEN TARKASTELU - No. 2932/ 6.

Metallurgical METALLOGRAPHIC EXAMINATION Enclosure 1.

Laboratory

:Iarlnpzre FORGED ALUMINIUM BLOCK no. 5 Sivu - Page 2/3
nlan

Figure 2932/ E1

The microstructure of the
block 5 near outer surface
no. 1.

Average ASTM E112 grain
size 10,5 £0,5.

Magnification 700 X.

Etchant : 200 g chromic
acid, 20 g sodium sulfate,
and 17 ml hydrochloric
acid (35 %) in 1000 mi
distilled water.

Figure 2932/ E2

The microstructure of the
block 5 near outer surface
no. 1.

Average ASTM E112 grain
size 10,5 £ 0,5.

Magnification 700 X.

Etchant : 200 g chromic
acid, 20 g sodium sulfate,
and 17 ml hydrochloric
acid (35 %) in 1000 ml
distilled water.

Figure 2932/ E3

The microstructure of the
block 5 at centerline.

Average ASTM E112 grain
size 9,5 £ 0,5.

Magnification 700 X.

Etchant : 200 g chromic
acid, 20 g sodium sulfate,
and 17 ml hydrochloric
acid (35 %) in 1000 ml

distilled water.
Osoite ~ Address Puhelin - Telephone Telefax
METLAB OY +358 - 3 - 2657244 +358 - 3 - 2657344
PL 545 33101 (Nuutisarankatu 15 33900) Tampere e-mail : metlab@ metlab.fi Internet : www.metiab. fi
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EN AW-2219-T6 forged blanks for
ultra-high-vacuum applications
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https://edms.cern.ch/file/1429318/3/Spec_618_2219-T6-3DF.pdf
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2.b Aluminium and alloys
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Courtesy of RSP & Delft University

Melting & Melt Chopping Billet Extrusion
alloying spinning compaction

Melt spinning is a rapid quenching process, —) Very fine microstructure

@ Engineering Department L

cooling rates possible, up to 1076 °C/s High mechanical properties
Ultimate T. Mast, diploma work,
E-Modulus Hardness Tensile Yield Strength .
Alloy (GPa) (HB) Strength (MPa) Elongafion (%) | ()] 4

(MPa)

RSA 501 70 159 550 510 16

RSA 905 90 180 600 475 7 Espe, 1966

RSA 8007 ?  Recently, Al has been made by the Swiss ALuminiuM-INDUSTRIE A.G. from

RSA 501 composition pressed Al powder (so-called Al flake, about 1 4 % 100 g with an O, content).

RSA 205 composition

RSA 8009 composifio 1he process is carried out at room temperature at pressures between 20 and
50 kg/mm?; then follows sintering in air at 550—600 °C; then hot pressing at
500—600 °C, with a pressure of 50 kg/mm?, and finally hot extrusion at 500 to
600 °C through a die, to produce a material of density 2.75 g/ml; this can be

Materials I: Infroduction rO]Ied or drawn, }101'. 01‘ COId and 18 known n the tl'ade as “SAP”




2.d Other grades, innovative materials and Y

A manufacturing techniques

0r /
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Selective Laser Melting Machine
SLM 280 HL available at CERN

Diaphragm for UHV leak
tightness tests, different models

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

— Additional details about the
process, see S. Mathot, 15/06

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




2.d Other grades, innovative materials and
manufacturing techniques
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Prior B grain boundaries

Ti6Al4V (ELI powder) as printed (CERN)

Fines o lathes

EDVS 1720672 -

Fig. 3 - Sample SAT D4 YZ direction original magnification

0.8

06

04

0.2

Materials |: Introduction

X200 - Fine martensitic « lathes within prior-p grains - As
printed temper.

Ti6AI4V (ELI powder) as HIPed (3T)"

‘\“4..'., %

o

L—»y EDMS 1792177 v,

Picll - sample #6 - original magnification
%50 BF

Porosity percent as measured by image analysis

C,l:
g
&
&
iy
&
. :
> - v
iy =
g
= § &
l L s R~
XYL XY |2 Xy Xy

— Qutgassing properties, see P.

Chiggiato, 8/06

o
o
i i W
& A & =
[ o o e
3? o A7
L~} G o AN AN -
o L R T A - R
) =) & WS
MRS I
. - - - - i . - m - b
Xy Y2 RY | WZ|HY | VI |Xy | WE ¥z YZOMY | YT MY | YT | MY | XY | XY | Xy
D2 [ D1 D2 D3 [ D5 X1yl X-1v-1 X0Yo X- X1Y- X- X1YO
¥l 1 | 1vD
Samples
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manufacturing techniques

2.d Other grades, innovative materials and

MME

EN/|

[ | o=
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w

1400 123  sog5— 1221 1214 - 1150 - 120
/ / / / / Has 1149
1200 10 - ' —_— 89 115
1000 78
& 8 110 5
s 107.5 ]
= 800 -0 -5.2 @
-_Eu - B 105 %
= B0 =L 'E
-g 4 100 £
w400 )
200 2 a5
0 0 o0
X 45* z 45* z
Printing direction Printing Direction
B Tensile strength M Yield strength BA% ®E modulus
ﬁﬂly B 381 — 09
1]
TABLE 1 Tensile Requirements”
Grad Tensile Strength, min Yield Strength (0.2 % Offzet), min or Range Elongation in 4D, Reduction of Area,
race lesi (MPa) ksi (MPa) min, % min, %
F5 130 (885) 120 (828) 10 25

ERVIC L 72500
EDMS 1765091 sference Rm (MPa) Rp0,2 (MPa) A (%)
#1 B05412 M X 967,4+£3,1 870,7+2,9 10,7 +£0,1

NO HIP
#2 B05412MZ 960,3%7,2 858,5+7,3 14,0+1,0

NO HIP #5 B05648M X 990,3+0,3 908,1+0,8
#6 BO5713MZ 985,7%3,6 891,1+2,7

10,0+0,9
11,7+1,0

 Good isotropy achieved

* High strength

e Limited ductility,
toughness? (might prevent
cryogenic applications)

* Annealing and/or HIPing
treatments should be
foreseen
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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
.- 44444 e
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)
| 1w Tand/or nonamagnaticm ot comnoanantec raoluiro
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)
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