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The most important slide of this presentation

AMaterials are your friends.

"Close friends are truly life's treasures. Sometimes they know us
better than we know ourselves.oVincent Van Gogh

AGet to know them as good as you can.

ADo not ask them for things they cannot do.
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Outline

AEnvironmental conditions of particle
accelerators

AGeneral rules for selection of materials in
particle accelerators

AFamilies of non +ferrous materials:
AAluminum
ACopper
ATitanium
ANiobium
AConclusions
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Environmental conditions of particle accelerators

A Cryogenic temperatures.

AUltra + high and extreme vacuum.

AElectro + magnetic fields.

ARadiation.

AHigh temperatures and high strain rate.

®
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Environmental conditions of particle accelerators

ACryogenic temperatures A down to 1.9 K (superfluid
helium).

8x 18kW @ 4.5K
8x2.4kW@ 1.8K

36'000t@ 1.9K
1361 He inventory

= PG
P18 PldlStI’IbUtIOﬂ

O cryogenic plant
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Environmental conditions of particle accelerators

AUltra +high and extreme vacuum A down to 10 -1t mbar.

Classification Vacuum Level [} [P) [€), [d]
Pa Torr
Low or "Rough” Vacuum 133.3t0 1.33 x 10™! 1to1x10™
Intermediate or "Soft" Vacuum | <1.33 x 107 to 1.33 x 107 <1x107to 107
High or "HV" Vacuum <1.33x 107 to 1.33 x 10° <1x10”to 10°
Ultrahigh or "UHV" Vacuum <1x107to1x10°® 7.5%x 10" to 7.5 x 107"
Extreme Ultrahigh Vacuum <1x10"° < 7.5 x 10°!°
Interstellar Space 107V 7.5 x10%

From: Herring, Daniel H., Vacuum Heat Treatment, BNP Custom Media Group, 2012.
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Environmental conditions of particle accelerators

¢

Courtesy of
B. Bordini

AElectro + magnetic fields.

3
x o - . -
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Environmental conditions of particle accelerators

ARadiation.

4

Alpha
163keV/um particle
(*He)

Thermal neutron

9-10um
Boron
; atom
¥ 4-5um (1°B)

210keV/um
Recoiled
lithium nucleus
("Li)

@
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Environmental conditions of particle accelerators

Temperature
[°C]

165

155

145

- 135

- 125
115

- 106
96
86
76
66
56
46

36
“or

Courtesy of
E. Lopez Sola

AHigh temperatures and high strain rate A beam
Intercepting devices (dumps, collimators, targets).

®
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Gener al rul es for materi al s -

A The golden rule to be remembered (from S. Sgobba in stainless steel, can be
extended to any material):

A ® mnaterial for an accelerator part is not amere chemical compositonordesi gnat i

A Low / high temperature, magnetism, ultrahigh vacuum, radiation, require special care.

Notch Transformations

i
s WWeldability

.o 3
Inclusion content

Temper
Strain rate %;ate
sensitivity
Physical
. _properties

Controfabmity
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Non * ferrous materials F;\—IJ
AAlumlnlum 26981538

A Secondmost abundant metallic element in Earth's crust
after silicon.

AThe name comes from its compound form, a mineral

rock called -alumen- (meaning binding) used as dyeing
fixative .

ASilverfrom clay

N The legend sais that Tiberius
' beheaded a goldsmith who
first crafted aluminium since it
could devaluate the price of
& gold.

®
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Non *ferrous materials Al

AAluminium

Two millennia after, the extraction of Al from bauxite
was very scarce Al was more precious than gold (as

Tiberius feared).

Napoleon Il had, for his most
distinguished guests, Al
cutlery. The rest had to settle
for gold.




Non + ferrous materials F’A—IJ
AAlumlnlum 26981538

A Electrolysis (Hall+ Héroult process) of alumina (Bayer
process).

AVictim of its own success: it is produced in similar
guantities than all other non -ferrous metals combined

70 Aluminum Smelter

Production i 20::
ED -'l Measured in tonnes

~ 70M tons in 2023

e

Production in 1® metric tons

—
L

D 1 v T T T
1900 1920 1940 1960 1980 2000 2020

Year

b‘\l
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Aluminium for particle accelerators
ALow modulus of elasticity

AHigh thermal contraction coefficient

AParamagnetic
45 Thermal expansion
Aluminium [mm/m]

Al shrinking
cylinders for
MQXF
guadrupoles

Source: DUTHIL, Patxi. Material properties at low temperature. 14
0 100 200 [K] 300 arXiv preprint arXiv:1501.07100, 2015.



Aluminium for particle accelerators

AVery low thermal emissivity
AHigh thermal and electrical conductivity

élbcgil for CERNOGs f i
The Synchrocyclotron

MLI (Al coated Mylar)y HLT LHCO6s c o |

Lh N

h)/"’

[® m 04-06-2024 IAS- Non # ferrous metals for particle accelerators 15




Aluminium for particle accelerators

A Feeble interaction with particle beams
A Low density
A Low atomic number

Developments of Al vacuum chambers and bellows

o
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Wrought aluminum aIIo_ys

Designation Ml
%A alloying | Alloy group | treatable | Examples
elements
IXXX Pure Al
3XXX AlT Mn 3003
4XXX Si AlT Si No Filler
XXX Mg Al'i Mg No 5061

B Can be strengthened by a suitable thermal treatment (heat treatable)

Can only be strengthened by hot or cold working (non T heat treatable)

b‘\l
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Wrought aluminum alloys designations

Alxxx series (pure Al)— Excel lent workabi

A A
4 5 6 7 g9 10

LA 1

A EH13TT3380052838 = =
I — = =TS
—_— = == - 7).—’
= ’r = :;:
— [ — =
— =
el — .
. r— L=
Example: CMS conductor — =
Zo /_} —

; [ 4

|
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@ D oD
"'-/'/_.-'. ERSSIMEERIHC
| Diopa 4171 The CERN Accelerator School



Wrought aluminum aIIo_ys designations

Mechani cal

A2xxx series(Al£Cu)— % o-t2n: e

AExample: ENAW 2219 T6

Example: vacuum chamber bodies. (NEG coated).

04-06-2024 IAS- Non * ferrous metals for particle accelerators
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Wrought aluminum aIIo_ys designations

ABXXX series (Al + I\/In) . Modergte me(_:hanical properties, wor_kgbility,
AExample: ENAW 3003 H22

Corrosion resistance and th. conductivity

Example: CMS Solenoid thermal shield

Lh N

I‘\-:)/y
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Wrought aluminum aIIo_ys designations
Adxxx series (Al + Si)

AMajor alloying element of this group is silicon, added
In sufficient quantities (around 12%), cause
substantial lowering of the melting point without
producing brittleness (eutectic point).

AAl - Sialloys are used in welding wire and as brazing
alloys.

Atomic Percent Silicon
40 5 &0

Temperature °C

@ m 04-06-2024 IAS- Non + ferrous metals for particle accelerators 21




Wrought aluminum aIIo_ys designations

_ moderately ¥ mect
Abxxx series (Al £ Mg) — ¢ S weldabilty

AENAW 5083 H321, H116 and H111

Example: hydroformed bellows

o
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Wrought aluminum aIIo_ys designations

- N\, Combination of formability, mechanical
A6XXX SEries (AI * Mg * SI) strength, weldability and weight
AExample: ENAW 6082 T6
y

Example: ICARUS neutrino detector

®
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Wrought aluminum aIIo_ys designations

A7xxx series (Al £ Zn + Mg)
AExample: ENAW 7075 T6

y Mechanical

Al shell

Example: Al shells MQXFBP1 magnet

®
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Wrought aluminum aIIo_ys designations

A8xxx series

AReserved for miscellaneous compositions. Alloying
elements include: iron, lithium, copper, zinc,
magnesium, silicon, manganese, vanadium, zirconium,
titanium, chromium & bismuth.

AAl + Li alloys, for weight reduction. Al - Li alloys
possessincreased Modulus of Elasticity, high specific
stiffness, increased fatigue strength and cryogenic

strength .

o
®c O  04-06-2024 IAS- Non + ferrous metals for particle accelerators 25

el
LEEMN |
"-éiy/,'-"



Wrought aluminum alloys: temper states

Alphanumeric  designations that contain
iInformation about the thermomechanical
history of the material to achieve the desired
properties.

AA 7075 Min. Max. Approx AA 7075 Min. Max. Approx
Plates, sheets; Annealed{O); 0.20 <=t <= 0.36 mm; Plates; Solution heat treated and artificially aged
Nominal thickness (1651); 0.20 <t <= 0.28 mm; Nominal thickness
Yield stress, Ryg 5 (MPa) - 145 - Yield stress, Ry.2 (MPa) 434
Tensile stress, R, (MPa) - 276 - Tensile stress, R, (MPa) 510
Elongation, A (%) 9 - - Elongation, A (%) 5

Ly =50.8 mm or 4D Ly =50.8 mm

04-06-2024 IAS- Non * ferrous metals for particle accelerators 26



Wrought aluminum alloys: temper states

~ materials |
® M e are like steet=if they loose their temper,

they loosetheirwor t h

®
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Wrought aluminum alloys: temper states

A capital letter indicating the major class of fabrication
treatment(s) used + one (or more) numbers providing

more s p e cinf@mation about how the processing was
carried out.

BS EN 515:2017

BSI Standards Publication

Aluminium and aluminium
alloys — Wrought products —
Temper designations

b‘\l

h)/"’
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Wrought aluminum alloys: temper states

AO, annealed: given a high + temperature treatment,
sufficient to remove the effects of prior working, usually
resulting in complete recrystallization of the material.
Lowest strength and maximum ductility and toughness.

800
(a) (b) —] 1400
| [l
T i i
Pt i
600 +
O [T
277777777777 7777777, ‘,/’/ B Fanperalure anGs fon — 1000
2 Al / i | solution heat treating te
@ @
20 N “\“‘x“ N | £ PortionofAli Cu
£ N Temperature range E hase dla ram
@ \ \ \Jfora nealing 600 2 p g
& NN N
% } Temperature range for
200 precipitation heat e
treati ng
Source: ASM !
.. A ! —{ 200
aluminium and AlGCUAly I l
aluminium alloys oL . 1 8 < - J
handbook Copper. %

'r::'.l.fh\'l\"ll
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Wrought aluminum alloys: temper states

AH, strain hardened: non-heat-treatable wrought alloys
that have had their strength Increased by strain
hardening. H is alwaysfollowed by two or more digits:

A The Qr sumber after the Htells whether the strain-hardened alloy has
been thermally treated

A The second number indicates the approximate amount of cold work

WORK HARDENING CURVE OF ALLOY 5083

MPa A%
500. -

+30
120

+10

100
Temper 0 H1Z Hi14 H16 H18
Work hardening % 10 20 30 40 50 &0 70 80

el @ o Source: Aluminium in
N A,a"- ' ( £ h’) 04-06-2024 IAS-Non +ferrous metals for pi Commercial Vehicle i European 30
\ EMIIMEERING .. .. .

' R e Aluminium Association 1 2011




Wrought aluminum alloys: temper states

AH, strain hardened: non-heat-treatable wrought alloys
that have had their strength Increased by strain
hardening. H is alwaysfollowed by two or more digits:

A The Qr sumber after the Htells whether the strain-hardened alloy has
been thermally treated

A The second number indicates the approximate amount of cold work

A Any subsequent numbers d e Q nspecial practices, variations of the
normal indicated by the Qr svb numbers.

Example:
AA 5083 H116 (marine grade)

®
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Wrought aluminum alloys: temper states

AT, thermally treated to produce stable tempers: heat-
treatable wrought alloys that have followed a solution
heat treatment followed by a quench and either natural
orart i @&uog. al

Heat treatment to increase the strength of Al alloys is a three step process:
1. Solution heat treatment: dissolution of soluble phases
2. Quenching: development of supersaturation
3. Age hardening: precipitation of finely dispersed precipitates

$-6-0

b‘\l
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Wrought aluminum alloys: temper states

AT, thermally treated to produce stable tempers: heat-
treatable wrought alloys that have followed a solution
heat treatment followed by a quench and either natural
orar t i @omg.d lIs always followed by one or more
digits:

A TheQr digit after the T canbe anyfrom 1 to 10. It is a combination of:

A Cooled from elevated temperature or solution heat treatment

A Cold worked or not cold worked

A Naturally aging or artificial ageing

Table 2 — Summary of processing for achieving T tempers

. Cooled from shaping Furnace solution
Ageing Cold worked process heat-treated=
No T1 T4
MNatural
Yes T2 T3 From EN 515:
No TS T6, T7 Al and Al alloys
artificial Yes - before ageing T10 T8 - Wrou g ht prod ucts -
Yes - after agein - T9 . .
geing Temper designations
i See footnote 4 to text in 8.1
e o
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Wrought aluminum alloys: temper states

225
S 360
2
\ \ 385 —{ 400
&) % 440 MPa téL
" ‘ N )
g 175 l_~'\.\ I~ /47,0 — 350 3
: i
8 Q
E 60~ §
é’ 150 ) 300 s
'&3, 64 <°’
68 -
125 - { 250
100
0.01 0.1 1 10 100 1000

Aging time, h

Source: ASM aluminium and
aluminium alloys handbook

Iso T yield T strength curves for EN AW 7075
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Wrought aluminum alloys: temper states

AT, thermally treated to produce stable tempers: heat-
treatable wrought alloys that have followed a solution
heat treatment followed by a quench and either natural
orar t i @omg.d lIs always followed by one or more
digits:

A TheQr digit after the T canbe anyfrom 1 to 10. It is a combination of:

A Cooled from elevated temperature or solution heat treatment

A Cold worked or not cold worked
A Naturally aging or artificial ageing
A Additional numbers indicate a variation in treatment that si gni Qc a

alters the product characteristics that are or would be obtained using
the basictreatment . There isnot afull list of all such possible variations.

BS EN 515:2017

Aluminium and aluminium
alloys — Wrought products —
Temper designations

b‘\l

h)/"’
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Wrought aluminum alloys: weldability

AMost non * heat treatable alloys plus series 6xxx
can be fusion welded, and precaution should be
taken with heat treatable high strength alloys.

AWhen non + heat treatable alloys are welded, they loose
the effect of an eventual work hardening A softening of
HAZ

ml-— 1 Js0
l omi-un
——— 300 - ~—|
== el [ ] . . 3
r 176 °C 1350 “F| 206 °C 1400 7F)
znnl | 100 Z : 5
] | 250 ~——— ) 4
- — — - - -
150 178°C 356 P | —+ 4 2 : T— | 230 "C 1450 *Fi
- P —— / | ! 5’ g I\ i - 10
= 3 | ] E £ 200} Y - 260 “C 1500 *F —
g N Swsewmete | ———| £ 4 e
2 0 [ | b - %
2 N P20 TE sl % 3 e 290 °C 1680 *F - 20 i
| ci ) 7
> 50 N l - !. — = B 8 B Vil 1
\.\ 260 “C (500 FI 100 ——
— %’;: e ns ‘c B0 “F
s 268 “and 316 °C (850 sns 600 °F) a !
o 05 1 15 z 25 TR A & : 0 - . Duifilso dpin 42
0 1
.. 0 0% 2 25 1 e Pt
Source: ASM aluminium and k. 5

aluminium alloys handbook
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u;’p' @ m 04-06-2024 IAS- Non *ferrous metals for particle accelerators 36



Wrought aluminum alloys: weldability

AMost non * heat treatable alloys plus series 6xxx
can be fusion welded, and precaution should be
taken with heat treatable high strength alloys.

AWhen welding heat + treatable alloys A redistribution of

hardening constituents A softening of HAZ Attention to
liguation cracking.

300 . =7
l 120°C g9
{250 °F}
250} i /“7‘ 150 °C —|

/'\L {300 °F1 138
o ' N 170 °C =
= (340 °C) d30 ¥
<. 200 LS g
e 705 =
& l400 Fl 7 £
T 150 = NS 230 - 2
& 1450 “F} =20 >

b
\ :
100 260 °C
, 1500 “F)
30mn 1 day ) week 2Jomh 1 yl 10
Y I 1 11 1 |
Source: ASM aluminium and L e = . : 5 =3 3 57 6
alumlnlum a||0yS handbOOk Duration of precipitasion heat reatment, B EN AW 6061

— ®
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Wrought aluminum alloys: failure analysis

Catastrophic failure of MQXFAP2
Al shell. Failure analysis:
EDMS 2088319

04-06-2024 IAS-Non *+ferrous m




Wrought aluminum aIIo_ys: failure analysis

Mechanical testing at
cryogenic temperature shows
the material choice is correct

s | Dinction | gey | RoetiPa | e | A0R | 200

PATTS  Circumferential  °30* 63412115 7506298 41£02 122£11
Man’ Axial 892% 5306452 659758 45+01 120402
wateral|_Drecton | Ko WPaim
A'.G‘I_g50275 R-C 158-165
A'.G‘I_g50275 C-R 24.0-27.2
AA_l?é)75 R-C 13.6-16.3

However, EN AW 7075 T651 is
sensitive to the presence of
sharp notches at 4 K.

METROLOGIE EN-MME-MM

)

CERTIFICAT DE CONTROLE MATERIALS&Z
CONCLUSION CONTROLE VISA MME ACCEPTATION CLIENT
oK Nom Hom:
X Non Conforme | Date Date -

NUMERO DE PLAN. | HCMQXFB0040 /0041  ind. A
DESIGNATION: half aluminium shell / aluminium shell
NOMERE DE PIEGES: ...

REQUERANT. MOYRET P.

FFFFFFFFF

DATE

N° EDMS: 2058433 CONTROLEL RIGAUD J.Ph,
Job. J3063222
[ Résultat de mesure | troisiéme séri
echantille ‘ SA [
EN AW-7075 T652
R1 R1.4
+0.5
\E“’ R2 R1.5
150 13715
R3 R<D.02
R4 R<0.02
RS R<D.02
R6 R<0.02
R7 R<D.02
R3 R<0.02

19.12.2018
APPROUVE PAR

[ Température 20 °C. Moyens utilisés (incertitude de mesure esimee)

Projecteur de profil (£ 0.005mm) ; Plastiform ;

Aluminium alloy
shell:

failure analysis and
material properties
at cryogenic
temperature.
EDMS 2088319

— o
{yg' @ m 04-06-2024
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Non =+ ferrous materials Cu

Copper
63.546

ACopper

Alts name comes from - c u p r meaning ®f r dohe
Islandof Cy pr.us

T
woN

i ¢ -0 e AT
IR G i

G| g :
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Non =+ ferrous materials Cu

Copper

ACOpper 63.546

AOne of the oldest materials known, and one of the most
produced.

~ 21.5M tons in 2023

_ Copper Production in 2023

PTOT D O

Copper:

6000/8¢ -
3000 BCC 3000 BC=4" ¥ 0

0 % 1500

Tonnes

ussia

celerator School

®
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Copper for particle accelerators

AElasticmodulus closeto Nb,Sn
A Diamagnetic

110 120 130 140 ' #50 160

Courtesy: M. Crouvizier

®
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Copper for particle accelerators

A Extremely high thermal and electrical conductivity

W Courtesy:
8 P. Moyret

HIE ISOLDE quarter wave
resonator substrate

18 kA HL-LHC current leads

®
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Copper for particle accelerators

ADuctile and tough down to 4 K

525

425

 ~ u
& 325

Face centered
225 cubic (FCC)
crystal structure

)

Stress (M

125

25

. e See also A
Stress vs strain curve OFE T coj -
state. CAS course on n

Materi al s enegiWesse
EN (A’) 04-06-2024 ' :
Mechanical testing
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Copper for particle accelerators

AHigh availability, moderate price, formability,
machinability .

RF fingers of RFO - Cl;lg?zket
a collimator onflat flange
UHV
SR Y- |
‘-riyzjk' EuaEERC (A’) 04-06-2024 IAS- Non +ferrous metals for particle accelerators 45




\Wrought copper alloys: temper states

Annealed tempers

Tamper Codes ' -+ Temper Namas
N _

, Dm .Cast and Annealed [Homnganizad]
on As Cast and Precipitation Heat Treated
020 Hot Forged and Annealed

025 . Hot Rolled and Annealed .

026 Hot Rolled and Temper Annealed
030 Hot Extruded and Annealed - "' '
031 * Hot Extruded and Precipitation Heat Treated

032 Hot Extruded and Temper Annealed
040 ‘Hot Pierced and Anneared

- 050" Light Anneal - :

060 Soft Anneal
061 Annealed
065 Drawing Anneal
D68 De iny
m Dead Soft Anneal I

Cold worked tempers

. Temper Codes . Temper Names
"HOO Vs Hard
HO1 Y4 Hard
Ho2 "1 Hard
HO3 3% Hard
HO4 . Hard
oe Exra var
Ho8 Spring
H10 Extra Spring
H12 Special Spring
H13 Ultra Spring
H14 Super Spring *
Temper Codes Temper Names
H50 - Hot Extruded and Drawn
H52 Hot Pierced and Drawn
H55 Light Drawn, Light Cold-Worked .
H58 - . Drawn General Purpose '
HE0 Cold Heading, Forming
H&3 Rivet -
H64 Screw
H66 Bolt
H70 Bending
HBo Hard Drawn

=
LEEN
A

04-06-2024

IAS- Non * ferrous metals for particle accelerators

46



Copper and copper alloys

(ieneric name UNS No. Composition
Wrought alloys
Coppers(a) C10100-C15815 >99% Cuy
High-copper alloys(b) CTo200-C 19900 . —JonCu
Brasses Source: ASM copper and Temperare, ¥
N ; 300 500 700 900
Leaded brasses 500 \/
Tin brasses copper alloys handbook J : J 10
Ael ectricall cop| i — . 60
[0.114 Ag
CU OFE, ClOlOO o . |Silver-free - 50
Cu OF, C10200 30 )\ 10085 A i
Cu OFS, C10700 g /Y \\ ECE
8 0.044 Ag 5
© 200 ' 430 3
= . , &
99.8Cu-0.15A1,0;, C15715 \ i\ 1,
100 \
410
CERN Phase II collimator. v _ D
_ _ _ 200 300 400 500
Glidcop®© sectorized jaw drawn Temperature, °C
D A _
p%‘ @ OO  0406-2024 IAS- Non + ferrous metals for particle accelerators 47




Copper and copper alloys

Generic name UNS No. Composition
=

Wrought alloys

Conoersiy) Ci[”ﬂﬂ-—-glﬂgli =99% Cu
LHigh-copper alloys(b) C16200-C19900 =>96% Cu

Brasses C20100-C2800 Cu-Zn

Leaded brasses : L Cu-Zn-Pb

=

Cu-Zn-Sn-Pb
Cu-Sn-P
Cu-Sn-Pb-P

High strength copper alloys
Cu-2%Be, C17200 foysti
Cu-0.3%Be-0.5%Co, C17410

Cu-1%Cr-0.15%Zr,C18150

C18150 for §

Tungsten bloc
CuCrZr block (40 cm)
i . TIDVG
Graphite blocks - 2 N
(350 cm) : d u mp O S
& cooling
plates
f’ﬂ @ = 04-06-2024 IAS-Non % f Is f icl | 48
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Copper and copper alloys

Generic name UNS Mo, Composition

Wrough JIRHNRTe
Coppers
High-co
Brasses
Leaded | PGSR 1EYS
Tin bras
Phosphc
Leaded
Copper-
Alumin
Silicon |
~Other o
LCopper
Nickel s Back Stiffener

16 bar (30 bar)

5 I/min per line

| Brazed surfaces
C70600 for

(Ag alloy filler)

the cooling
circuit of
70Cu-30Ni, C71500 phase I
90Cu-10Ni, C70600 collimators
@j ?EF m 04-06-2024 IAS- Non * ferrous metals for particle accelerators 49




OFE Copper

ORGANISATION EUROPEENNE POUR LA RECHERCHE
NUCLEAIRE
EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

Materials Technical Specification
GSIS & EN-MME 26.022015

Technical Specification

N° 2001 - Ed. 8
EDMS No: 790779

Oxygen-Free Electronic copper
Bars/blanks/ingots

Cu-OFE

This document specifies the CERM technical requirements for Cu-OFE
bars/blanks/ingots, eguivalent to UNS C10100 Grade 1, according to
ASTM B224 with a maximum oxygen content of 5 ppm.

2.2, CHEMICAL COMPOSITION

The composition shall conform to the reguirements of the UNS C10100 Grade 1 according to the
standard ASTM B170.

| O3 | 0.0005% in mass max.

2.3. HYDROGEN EMBRITTLEMENT
According to ASTM B170 and F&8, the material shall be free from hydrogen embrittlerment.

Weldability / brazeability

2.6. MECHANICAL PROPERTIES
In accordance with the size, the products shall be given the necessary treatment to allow delivery

as dose as possible to the quarter-hard state, according to ASTM B152 and the reguired mechanical

properties given in the following table.
Tensile testing shall be carned in accordance with 150 6892-1. Tensile testing must be performed

both longitudinal and transverse direction.
At room temperature:

Tensile strength R 240-280" N/mm?
Yield stress Reozs 200-240* Nf/mm?
Elongation at break As min. | 25%%

Brinell hardness 20 kgf (2 mm ball) HBS  min. | 60®

*=Any value out of these ranges shall be agreed between CERN and manufacturer prior to delivery.

Ease of machining

(ctml
*.séyp'{
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{ 18 kA HL-
LHC current
lead during
machining.

CLIC accelerating structure.
Diamond turning / milling

& -
PR SPEFE ST . .

=t

M
"_l'

Courtesy: S. Atieh

See also A
CAS course on
nNnMechani cal
engi neer Tsohgapel,
e Machining
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Non *ferrous materials TI

ATitanium

A EkenyamelconesifrivomT tten seoig of Gaga Guetta

AHigh corrosion resistance, low density, high
mechanical resistance.

DVID GUSETI'A

If price is not a problem,
Ti overwhelms Al in many
aspects

article accelerators 52




Titanium in particle accelerators

AHigh specific strength .
AParamagnetic

ALower thermal expansion / contraction than stainless
steel

midplane

b,
g
MQXF-coil one branch

Cross section MQXF. Ti pole

Courtesy: C. Loffler
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Titanium in particle accelerators

A Certain grades are ductile and moderately tough at
cryogenic temperature .

A Thermal contraction closerto Nb than stainless steel.
A Weldable with Nb (total solubility)

Atomic Percent Niobium

0 10 20 30 40 50 60 70 80 90 100
2600 Il T T 1 T Il T 1 T Il T Il T | L T Il
2469°
2400
22004 L
20004
© 1800
g 0,
5 160071670 C
-—
o
E 14004
a
5 (BT, Nb)
& 12004 ’
1000
52°C
800
6004
(aTi)
400 T T T T T T T T T
0 10 20 30 40 50 80 70 80 90 100
Ti Weight Percent Niobium Nb

Titanium (1) He tanks of the crab cavities for HL - LHC

®
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Titanium grades

AMicrostructures of Ti

U TI I hexagonal closed packed (HCP) b TI i body centred cubic (BCC)

We privilege compact structures (Ui Ti) for cryogenic application

®
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Titanium grades

AExtra + low interstitials (ELI)

At any rate pure titanium was finally
produced. But it was only by stretching the
point considerably that this metal could be
accepted as pure, for it still contained
several tenths of a per cent of impurities.
Only several tenths, but they were like
a fly in the ointment. The impurities made

titanium fragile and britile and unsuitablc
for_machining. Tt a

being a useless, good-for-nothing metal.

In 1925, the Dutch scientists van Arkel |

and de Boer decomposed titanium
tetrachloride on a heated tungsten wire

and obtained high-purity titanium. And
then it became clear that Hunter's

assertion concerning the brittleness of
titanium could not stand up to criticism:
the metal produced by van Arkel and de
Boer was hi ic, could be forg-
ed like iron and rolled into sheets, strp,
—wire and even the thinnest foil.

We privilege ELI grades for cryogenic application

STRENGTH, MPa

e

1000

500

FRACTURE TOUGHNESS, MPasm”

40

NOAMAL M_M/

-

100 200 300
TEMPERATURE, K

| i | !

~
=3

100 200 300
TEMPERATURE, K

i o
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Titanium grades

Tensile strength (mim) (.2%G vield stresgpths (muin) I pariny lmsits, wi%s {maxy Nominsl composition. wits
el gnatiom AMPs ks AMPs sk ] [ H Fe i Al L] r Ao rifsers
Unalloyved grades

ASTM grade 2
A 2
ASTM grade 4

ASTM grode 7
ASTM grade 11

He tanks surrounding
Crab cavities. Ti grade 2

Pure Ti

o wmd near-ct allisys

Ti-0. 380081

Ti-5A1-2 550

Ti-5A1-2 55n-ELI

Ti-BAl-18o- 1YV

Ti-aAl- 2504 Zr- 200
Ti-aAL-24b-1Ta-0. 80

Ti=2 254011 5n-58r-1 Mo

Ti-5 BAl-5n-3 5 Fr-0. TMb-0.500-0_355]

-1 allays

Ti-tAl-4% (a)
Ti-hAl-4Y-ELNa)
Ti-aAl-6V-25nja)
Ti-EMnda)

Ti-7Al-4%oa)
Ti-6Al- 2504 Fr-a3dofb)
Ti-5Al-250-2Fr-4Mo-4Cr bic)
Ti-AAl-250-2Fr-200-20c)
Ti-3AL-2 SVid)
Ti-dAl-43a-25n-0055

[} allays
Ti-10%-2Fe-3Aljac)
Ti-13V-11Cr-3Alk)
Ti-BMo-8Y-2Fe-3Al(bYc)
Ti-3Al-BV-pUr-dMo-4Zrac)
Ti=11_5Mo-6Zr-4. 55n(a)
Ti-15V-3Cr-3A0-350

Ti-138%00-3A1-2. THb-00. 251

{n) Mechamical propentics given for the annealed condition; may be solution wested and sged bo incresse strength. (b) Mechanical properties given for the solation-treated-and -aged condition; alloy not somally spplicd inan-
regled condition. (cf Semicommercizl alloy; mechamical properties and composition lindls subject to negotintion with suppliers. () Prinarily & fubing &lloy; may be cold drawn to mcrease strength. {e) Combimed
Oy + 2Ny = 0L (T Also solution rested and aged msing an shemative sging temperomure {480 “C, or' 9300 “F)

'{E:\ |
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Titanium grades

Tensile strength (mim) (.2%G vield stresgpths (muin) I pariny lmsits, wi%s {maxy Nominsl composition. wits
[hestgnation WPa sk WPa skl byl [ H Fe ik Al k] r Ao (hilers
Unalloyved grades
ASTA srde 2 RF feedthrough flanges
P of the crab cauvities.
ASTM orade 7 .
ASTM grade 11 Ti grade 23

o wmd near-ct allisys

Ti-0. 380081

Ti-5A1-2 550

Ti-5A1-2 55n-ELI

Ti-BAl-18o- 1YV

Ti-aAl- 2504 Zr- 200
Ti-aAL-24b-1Ta-0. 80

Ti=2 254011 5n-58r-1 Mo

Ti-5 BAl-5n-3 5 Fr-0. TMb-0.500-0_355]

Ti=hAl-4% (a)
Traal-4V-ELIa)
= )

Grade 5
& Grade 5 ELI
(grade 23)

[} allays
Ti-10%-2Fe-3Aljac)
Ti-13V-11Cr-3Alk)
Ti-BMo-8Y-2Fe-3Al(bYc)
Ti-3Al-BV-pUr-dMo-4Zrac)
Ti=11_5Mo-6Zr-4. 55n(a)
Ti-15V-3Cr-3A0-350

Ti-138%00-3A1-2. THb-00. 251

{n) Mechamical propentics given for the annealed condition; may be solution wested and sged bo incresse strength. (b) Mechanical properties given for the solation-treated-and -aged condition; alloy not somally spplicd inan-
regled condition. (cf Semicommercizl alloy; mechamical properties and composition lindls subject to negotintion with suppliers. () Prinarily & fubing &lloy; may be cold drawn to mcrease strength. {e) Combimed
Oy + 2Ny = 0L (T Also solution rested and aged msing an shemative sging temperomure {480 “C, or' 9300 “F)

'{E:\ |
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Titanium grades

Source: S. Sgobba et al. (2003, July). Manufacturing, quality control and

[hestgnation

Temsile strength (mim)

assessment of the cryogenic properties of a titanium alloy for application to

1.2% viddstresgih (it e coil suspension system of the Compact Muon Solenoid (CMS). In Proc.

MPa lsd

MPa sk

Unalloyved grades
ASTM grade 1
ASTM grade 2
ASTM grode 3
ASTM grade 4
ASTM grode T
ASTM grade 11

L and near-ce alloys

§ s Lot

10th World Conference on Titanium (pp. 13-18).

Ti-5A0-2 550
Tr5a1-255n-ELI
roFamLE ey

M72x6
| CMS
< - 060 Tou - - .
Ll & longitudinal tie
Wr2es rods

Grade 6

& Grade 6 ELI

LE=Er AEOYE

Tr=hAl-4V a)

oL al AL D i

Cooling Circuit

xial Force
e Rod s

Source: P. Jenni (CERN),
ATLAS overview, status

Axial force tie rods

of the ATLAS and plans. Workshop on
b | d cooperation in HEP
Coil Modules arrel toroi between CERN and China.
Keystone Box Module magnet Beijing’ 1471 15 May 2005.
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Non *ferrous materials

ANiobium _J
AElement of the periodic system with the highest critical
temperature .

AThe name comes from Niobe, the daughter of Tantalus:

b‘\l
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Non *ferrous materials

Y
)

ANiobium -
AElement of the periodic system with the highest critical
temperature .

AThe name comes from Niobe, the daughter of Tantalus:
AND is found in combination with Ta(Coltan)
AYou canstill find it in old texts by Cb (columbium)

Mineral Coltan, a combination of columbite

Teledyne Wah Chang, Albany, Oregon, 97321 P.0.Box 460
"Columbium, Properties, Processes and Products"

F.T. Sisco, E. Epremian
"Columbium and Tantalum"
John Wiley and Sons Inc., (New York, London) 1963

Source: Bauer, W. (1980). Fabrication of niobium cavities. In Proc.
1st Workshop RF Supercond., M. Kuntze, ed., Karlsruhe (p. 271).

®
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Families of non *ferrous materials

ANiobium

Hioblum
92.90638 __

A90 % of its production is used to alloy stabilized steel
grades or high temperature superalloys.

/V E o-"ﬂ :

Inconel 718 for ITER
magnet supports.

50 um ,

Nb, Ti
carbides and
nitrides in
dark grey
and yellow
respectively.
Inconel 718
for ITER
magnet
supports.

2]
@“ m 04-06-2024
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Non *ferrous materials b

ANiobium _J

A90 % of its production is used to alloy stabilized steel
grades or high temperature superalloys.

ASuperconducting wires for high field magnets (NbTi,
Nb;Sn)

_— Bus bars

<l See also A

. 90 100 4
11To||ﬂ)éedipole o CA_S cour s e_ on n
T Materi als engineer
A | e COQ 04062024 AetenEEgperconducting Magnets




Non *ferrous materials

ANiobium _J
A90 % of its production is used to alloy stabilized steel

grades or high temperature superalloys.

ASuperconducting wires for high field magnets (NbTi,
Nb;Sn) DOW

AUltrahigh purity Nb crab

cavity |

5 cell
elliptical
cavity
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