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Manufacturing — Introduction

turning and milling machines
lapping and honing machines

jig boring and grinding machines
optical lens grinding machines
precision grinding machines

diamond grinding machines

high-precision mask aligners

diffraction grating ruling engines

STM/AFM molecular manipulation
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Manufacturing — Introduction
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Table
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Typical surface finishes for classical machining operations

SURF ACE FINISH N8 N7 N6 NS N4 N3 N2 N1
Ra (ym ) 32 (1.6 (08 |04 |02 |0.1 [0.05]0.025
PLANING ——— -

DRILLING Ve

TURNING jii———[:

DIAMOND TURN IN10

MILLING _h _:

LAPPING pre—————
POLISHING

Roughness obtained with usual workshop practice ———
Roughness obtained with special care —_—

l. Wilson — CAS - 1991

Y% S. Garg, et al - 2015
Y& S. Atieh et al - 2011
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° For axial-symmetry part

° Continuous process (single edge remove all the material) 1= 0.0055
« Chip control for process reliability and workpiece quality
« Chatter =» geometry + surface quality control

WA

» Achievable performance on state-of-the-art equipment
» Shape accuracy = 10 um
* Roughness < Ra 0.2 um (OFE Cu)

EN/MME- CAS June 2017 6
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Manufacturing — Precision milling m
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° For prismatic shape

° Interrupted process (many edges cut the material, enter/exit =» choc)
* Thermal and mechanical shocks
5 axis machining for complex shape
» Programming challenge
 High precision machine for accurate positioning

° Achievable performance on state-of-the-art equipment
» Shape accuracy = 10-20 pum
* Roughness ~ Ra 0.8 um (SS), Ra 0.2 pum (Cu)




%E/RW @ Manufacturing — Affected layer
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a $
77777 Recrystallized = ‘ (10 pm
EM layer Visible affected layer in case of
Mechanical Affected layer hard turning parameters.
modified (0-100 um) (a,=2 mm, f=0.35 mm.tr %, V=

. in-1
properties 300 m.min"?)

V., : speed rate (m.min-t)
f : feed rate (mm.tr1)

a, - depth of cut (mm)
r. : nose radius (mm)
EM : state of matter (annealing, stress
relieving, ¥ hard) u OFE

1st results : typical parameters for RF cavities

Tool : VCGT160404, a,= 0.3 mm, f = 0.05 mm.tr 1, V, =160 m.min*, EM = % hard ;

*  No recrystallized layer observed ;

«  Study on going : development of a way of characterizing affected layer by microscopic analysis ;
- EBSD / BS (Band Slope) criterion : use to distinguish identical crystalline structure with different
density of dislocation => Density of dislocation more significant under surface than in the bulk.

- Nano-hardness measurement and FIB to correlate and validate results

° To be considered, mainly if coating is needed after machining.

° Each machining process has “its” damaged layer!
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@ Manufacturing — Diamond tools ultraprecision e
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\ Turning / Milling (For non ferrous metals only!) m
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o~ Manufacturing — Diamond tools ultraprecision o
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° Diamond cutting is greatly restricted in ferrous material machining because there is a high chemical reactivity
between diamond and iron that causes a catastrophic tool wear. The wear process involves the initial
transformation of tetrahedral diamond into hcp graphite (graphitization) catalysed by the clean surface of iron
and ambient oxygen (oxidation). Finally, there is a diffusion of graphitic carbon into the iron workpiece, quickly
eroding the diamond surface. At this stage, diamond tool wear is unstable and impossible to predict with an

exact value.

° Diamond turning / milling needs dedicated machine!

Simulation of graphitic diffusion in orthogonal
machining. Carbon atoms are shown in cyan
color and iron atoms are shown in ochre colour
(Narulkar, Bukkapatnam, Raff, & Komanduri,
2009).

10
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\_Saddle

HL-LHC - D2Q4 winding prototype
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_ Manufacturing — Ceramic machining
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Diamond tool (cutter)

12
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@ Manufacturing — Cutting fluids
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Ideally, oil-free fluids, fully water soluble, and efficiently removed by solvents — To be tested!

Cleaning 4.1.1 Machining

. ) o . No lubricant shall be used which might result in material contamination that cannot
pon final machinin hich uses water soluble non-sulfurous cutting oils components are washed

T — tempe,am,Wm frisss. After the last be removed by the cleaning methods used by the process described here. The use of

rinse, parts are blown dry with dry nitrogen and packaged. Products are shipped clean and leak cutting fluids i 7 i i Ifur or silicone com pou nds are

tested, ready for high vacuum installation and service prohibited. nly water-soluble oils shall be u for machining.

ESS Vacuum Handbook

—~I

VACUUM PRODUCTS, LLG

° If possible, finishing by dry-machining or
using ethanol as cutting fluid.

EUROPEAN
SPALLATION
SOURCE

° Example:Mineral oil-based coolant, Blasocut
BC 35 LF SW, without additives containing
sulphur, chlorine, zinc or phosphor. Qualified,
by the CERN surface treatment service, as
adapted for UHV parts produced by milling
and turning.
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4 E/RW Manufacturing — Avoided or less appropriate techniques
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° Polishing — Or with appropriate material (SiC*, Alumina*, Diamond) , Chemical polishing

* Caution in case of RF field
° Water, Laser, Plasma cutting — Only for rough machining
° Grinding (abrasive) cutting, honing machining

° Electrical Discharge Machining** (EDM)

** Mainly with wire, and if the wire contains Zn (Brass)!
** Non ideal surface state for vacuum!

Echantillon I
EDM + solvant 102

Charmilles Technologies Robofil 510 (CERN)
14
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@ Manufacturing — Sheet metal forming 4
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© Spinning — Pressing — Deep drawing — Hydroforming ....

° Extrusions:
Significantly reduces
deformations and easier
the welding operation.

EN/MME- CAS June 2017 | ” 15



Assembly — TIG welding

The CERN Accelerator School
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° Tungsten Inert Gas welding (gas tungsten arc welding)

Direction of

/- GTAW head
Power

Shielding gas

Contact tube

Filler rod Tungsten electrode
(nonconsumable)

A Weld bead

Electrical arc

Copper shoe

(optional) Shielding gas

EN/MME- CAS June 2017



Assembly — TIG welding
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° Tungsten Inert Gas welding (gas tungsten arc welding)

Weld preparation
Correct Incorrect

Vacuum
Vacuum Vacuum

Vacuum
: 1 I

Vacuum Vacuum

' Vacuumu Vacuum‘ \ I !

Vacuum
Vacuum

i \ M/ﬁ * Air side welding can be accepted if discontinue

(for mechanical reinforcement).

EN/MME- CAS June 2017 17



Assembly — MIG welding
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° Metal Inert Gas welding (gas metal arc welding)

Gas
noxle
Consumable Contact
electrode ~—___ tube
Gas
shield Wﬁ{d'
\ meta
Parent Weld \\,_\ - Arc

metal  pool

18
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@ Assembly — Electron and Laser welding
O)l 00
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° Electron beam machine ° Laser beam machine
(Vacuum chamber) (Gas protection)

EN/MME- CAS June 2017 19
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° Laser welding, used for small or large pieces, for high precision welding with limited penetration depth.

~ 500 spot/m for 4x ~27 km long 20°K
capillaries tubes on the LHC beam screen.

EN/MME- CAS June 2017



@ Assembly — Electron and Laser welding
O)l 00
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° Electron beam welding, for high precision welding or high penetration depth. Welding of large pieces is
limited or need special adaptations. 3
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Welding defects*
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Shrinkage holes/voids

Non metallic inclusions

(Base material defects) Lack of fusion

Quality of the welding procedure AND of the base materials (purity) are important.

EN/MME- CAS June 2017 (* see S. Sgobba |9Ctur9) 22



@ Assembly — Brazing & Soldering m
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CE/RW
1

N

[

A

Temperature

Time

J |

° Brazing & Soldering: Assembly with a filler metal having a melting point lower than for the assembled materials
© Soldering: Melting point of the filler metal < 450 °C, Brazing: > 450 °C.

° Allow the assembly of different metals and no-metals (ceramics).
° Allow high precision assembly.
° Mechanical resistance generally less than for welding.

° Wetting of the filler metal obtained using a flux or with vacuum / reductive atmosphere (and coating if needed).
- \ Y J

Air brazing & soldering Vacuum brazing & soldering 23
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Assembly — Vacuum brazing m
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CE/RW
\
NS

° Main advantage: Oxide reduction at high temperature / low O, partial pressure

Gibbs energy of metal oxide formations: G=H-TS H=U+PV
For the reaction: 2 CUZO ~—4Cu —|-02
AGO =AH -TAS — AGO=~A+BT For CuO,, A= -169881 and B= 74.43 [Source: CRC Handbook]
AC
AGO = | AC pdT —T] T Par At 800°C, AG =-90 ki > AG =-180kJ for 1 mole of O,.

At equilibrium, for the production of one mole of O,:

P . Po
0 _ M With AG =-180kJ, _ “2(eq) _1 7 10—9
2AG M) RT In 5 P
With P = 760 Torr, P ~1.310~5(Torr
It P02(T) > POZ(eq_,T) _,  The oxide is stable | ’ 02 (eq.) Jeu,
POZ(T) < POZ(eq,,T) —  The oxide decompose

EN/MME- CAS June 2017 24
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Assembly — Vacuum brazing

Pressure (Torr)

1.E-02

002 Partial Pressure

- —Furnace pressure (est. : x 500)

AG =RT Ln (PO2/P)
Cu+02<>Cu02

1.E-03
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1.E-07
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Assembly — Vacuum brazing

ENGINEERING
DEPARTMENT

RTIn POy kJ o
0

AG®

0K

0

%100

- 200\

-400

- 500

- 800

-700

- 1000

- 1100

J

3

ANV
3.‘
S
'l\%
'r

‘.- ! [_ ~
T
4 %'?t
\\\N S\‘ﬁ
\\\ '§\1 \

o
L3
g

A
\IN

,
J
&

\g2

/

\

AW
\\s
A\ \3.
\V\

\ A=\
\
oy >y y_ Py
L b LT

\\
\q

\
\

%

7
\
[ N

3

yar A

|

- '

\
A
2 \ L T\l

M Melting point of metal™|
M,% = Vg Bolling point of metal-|

Melting point of oxide_|
1

——

omerawe S| [ [\ | | |

0 200
RO, (atm)

S

400 600 800 1000 1200 1400 1600

\cr“‘“ \ww \o“ \vw \\w2 \crs \om

Ellingham diagram

EN/MME- CAS June 2017

o0

2 Cu 20 > 4 Cu + 02 The CERN Accelerator School

For CuO,, A= -169881 and B= 74.43 [Source: CRC Handbook]

At 800°C, AG =-90 kJ = AG =-180kJ for 1 mole of O,.
P

With AG = -180 kJ, %21,7 10—9

With P = 760 Torr, I:)O (eq.) =1.310-5(Torr)

§AI203<—>3AI +O

For Al,O;, A= -1689572 and B= 328.66 [Source: CRC Handbook]

At 800°C, AG =-1337 kJ = AG =-891 kJ for 1 mole of O,.
With AG = -893 kJ, Fi(qu —3410—

. _ —41
With P = 760 Torr, P02 (eq.) 2.510==Y(Torr)

26
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@ Assembly — Vacuum brazing
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° Wetting is generally excellent.

° Brazing on large surfaces possible.
° Allow very good thermal and electrical contacts.

° Assembly clean and UHV compatible.

(Filler metal and material with low vapor pressures!)
° Dissimilar materials can be join.

° Allow high precision assembly with little or no
distortion of the components

But:

° Heat treatment can affect the properties of
the base materials.

° Mechanical tolerances are tight

Filler Metal Gap Ideal Brazing Temp.

(mm) (mm) (°C)
Cu 0-0.05  0.025 >1083
Ag-Cu (Pd) 0-0.05 0.025 795 - 820
Au-Cu 0.03-0.1 0.05 >020
Ni-Cr 003-0.1 0.05 >1050 Filler metal seen on

the vacuum side

EN/MME- CAS June 2017 ‘ ‘ 27
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@ Assembly — Vacuum brazing
©) ,

N7 ENGINEERING
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© Joint configuration:
- Groove, no gap (Ra ~ 0.8 um)
- Groove on a diameter
- Chamfer

- Foil

- Paste

EN/MME- CAS June 2017



@ Assembly — Vacuum brazing 4
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° Dissimilar metals:

Atlas X-Ray Windows

Be - Cu — Stainless steel

Cu — Stainless steel - Ti

Glidcop - CuNi 29
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N @ Assembly — Ceramic / metal vacuum brazing m
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° Ceramic (Alumina) / metal brazing:
First process = Mo-Mn metallization

Mo + MnO (Mn) powder on alumina (Al,O;) @ T > 1200 °C and Py,,q / Py, > 10-* induce:

- Mo reduction and MnO/Al,O4/SiO,... vitreous phase formation.

TEMrtRATURE, *C

o i w9 — - Interaction with the Alumina base material and the binder.
+100 . o A . Apmegelgeigli sy ) - » o h a a A H H 1
£ |1 A pemsvsi oo ] - Sintering of the Mo powder in the vitreous phase during cooling.
+80 - - a .
5 / FADANE PWAY 24 - Formation of Mo-Mn layer strongly adhering the support.
o] o 35‘ I, Cu, Ph, -
g / i rd ' Ni | ddedto i he brazi
5 o 1o - Ni layer added to improve the brazing.
] +40 'y, » aeouce an (| 1T T[4 e z
o & THOSE PLOTTED ¥ :)1
g g - i 7 ra=d 510,
g 3, / PNl PLITH . B
3 = A4/ / AL+ il e s .
o e muy & ] & P
; 3 //r/ o avd i vossanan gl = fines
§ B T 00T, P d RO U om0
e 3 P 0 A —1—} z <
H -60 N A/ A 4~ A 1140°C
» " 'leo’ & 4 /{ /‘3{—}1 > \
Y 5 D A A A /1 ":gm'z g Mn0. $10;7—__
P -m // 1A LA N A LSl A 42 o1 2Mn0. Si0;—a <—1190°C
-3 S5 Lip4
H -140 V.4 Z B 1200°C 1160°C
§ 100 600 1000 16500 2000 2600 3000 3500 Eutectic
. —— TEMPERATURE, POl o 78 .
4. Metal-metal oxide equilibrium in pure hydrogen atmospheres as a function of :‘:'“'I":;:':-:‘- “u.' MnO \ et \ Al, Oy
molybdenum to be present always as the metal and manganese alway th id owing Eutec lf
ays as the oxide. 1520°C MnO. AIZOS
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Assembly — Ceramic / metal vacuum brazing
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° Ceramic (Alumina) / metals brazing: First process = Mo-Mn metallization

Metal thermal expansion AND metal yield strength should be take into account for Metal / Alumina brazing.

Thermal Expansion (RT to T)

2.00
= = Al203 Graphe N. Anderson
~ = Al203 Wesgo, AL-300
= = Al203 Wesgo, AL-993
1.50
—— KOVAR. Graphe N. Anderson
———Nb Graphe N. Anderson
—
5
s Ti (=882 C) Graphe N. Anderson
=
& .
a iy Ti (<882 C) Graphe N. Anderson
]
=] —— W Graphe N. Anderson
Cuivre OFE Valdiviez 2002
0.50 Inox 304 Valdiviez 2002
Inox 316 Valdiviez 2002
'_ Mo TZM Valdiviez 2002
0.00 ' ;
0 100 300 400 500 1000

EN/MME- CAS June 2017

Métal

Niobium
Platine
Tantale
Cuivre
Titane

Kovar
Nickel
CuNi
Fe-42Ni
Monel
Invar
Molybdéne
Inox 304
Inconel 600
Tungsténe

Higher Thermomechanical Compatibility Factor
(TCB) means reduced stress after brazing.

31



CE/RW @ Assembly — Ceramic / metal vacuum brazing
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£\

/

° Brazing on MoMn metallized Alumina

Ti —Alumina — Cu

Cu —Alumina (up to diameter 400 mm!)

EN/MME- CAS June 2017 32



CE/RW @ Assembly — Ceramic / metal vacuum brazing m
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° Ceramic / metal brazing:
Second process = Active Brazing "l ]
1023 —__|
-100 0|
M
1 /’;f’fﬁ N
-200 = x ',4
- Brazing alloy containing reductive metal: Ti, Zr, Be, ... o] | P e R
g y g s ’ = (/ - N,o{&%%ﬁ/ﬁ 2 oz'ﬁ "
i 1 = H b //_/ [ e M 1 e
- At brazing temperature, under high vacuum, strong interaction - /9‘\_42/,,.. =2 Sy i
with oxides (alumina), carbide, nitrite, .... f;':ﬁ/ ;T; ﬁ%.\' L
HY  .s00 e . B ‘;/ (G
- Complex chemical reactions formed at the ceramic / brazing ci P e
. . - . - . - - . *2 ] M
metal interface. Ex.: SiC/Ti > Ti3SiC,, TisSi;C, TisSi;C,,.... - i =g g T 4 " ioe
o 00 T A+ N
-7 - — 1018
- 1 Interaction (wetting) possible with several types of ceramics. = 2 AP N
-— s,,OL % / -
& -800 ~T 5 — N
. . . I k’ Al 0, | /
- | Possible formation of brittle phases. & TiO, =T oz
< - 900 i R \
. . ,1‘5’”0’\’/ M B B 1024
- Example of Active Brazing Alloys: 5237 N A N
T BT
. . 1 o - [ ‘; M Melting point of metal™| \
CuSil ABA (Ag 63, Cu 35.25, Ti 1.75) -1100 2 o, &lgo:gng iy w”\
. . Teo* elting poin Xide
Silver ABA (Ag 92.75, Cu'5, Al 1, Ti 1.25) 2800 EFFT | termperanwe, S| [ | | || | | 1"
o o - 1200 = Y S 1 i
Gold ABA (Au 96.4, Ni 3, Ti 0.6) A 0 200 400 600 800 1000 1200 1400 1600
PO, (atm) \0-100 \1030 \am \0-50 \0"2 \0‘33 \\0’3‘
oK

Ellingham diagram
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N @ Assembly — Ceramic / metal vacuum brazing
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° Active brazing on ceramics

Sapphire
(® 115 mm)

Nb

Dilver

Carbon — CuSil ABA — CuNi AIN — Dilver

EN/MME- CAS June 2017 34



® Assembly — Ceramic / metal vacuum brazing @
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° Active brazing on ceramics

Alumina — Cu

Zro, - Ti

Alumina — Monel
Alumina—-Ti 35
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® Assembly — Vacuum soldering
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° High purity SnAg or SnPb solders can be used in vacuum ...

Vapour Pressure

1.E-03
1.E-04
1.E-05
— Al
1.E-06 —Al
= 1E07 Au
o Cu
e
1 Fe
>°‘ 1.E-08 -/
j|r Ni
! // ——Pd
!
1.E-09 ; / ——Pb
/ — —5n
1.E-10 Il —cd
N A A A A A A In
1.E-11 /
/
/
1E12 /
700 800 900 1000

100 200 300 400 500 600
Temperature (°C)
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- Typical solders:

SnAg (eutectic): m.p. 221°C
SnPb (eutectic): m.p. 183°C

- Wetting acceptable on:

Cu and Ag

36



EE/RW @ Assembly — Vacuum soldering m
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° Example: Vacuum soldering of High Temperature Superconductor (HTS) tapes for the LHC current leads.

HTS tapes soldering — SnAg

EN/MME- CAS June 2017




oo : PP : O
C\w Assembly — Diffusion brazing & Diffusion bonding m

NS ENGINEERING
DEPARTMENT The CERN Accelerator School
° Diffusion brazing: The filler metal is form by ° Diffusion bonding: Interface between materials
diffusion during the heat treatment. disappears by solid state diffusion at high temperature

and high contact pressure.

(@)

(b)

//Z//

%///////////

fe)
Fig.1 The mechanism of diffusion bonding:

Porosities —

|
a) Initial ‘point’ contact and oxide contaminant layer;
‘ b) After some ‘point’ yielding and creep, a thinner
| oxide layer, large voids;
c) After final yielding and creep, some voids remain
‘ with very thin oxide layer;
d) Continued vacancy diffusion eliminates oxide layer,
leaves few small voids, until
‘ e) Bonding is complete.
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° Brazing & Partial Diffusion Bonding:

MIRROR FINISH COPPER/COPPER
DIFFUSION BONDED SURFACE
CREATED DURING BRAZING CYCLE
PROVIDES ELECTRICAL CONTACT AT
INNER SURFACE AND BLOCKS FLOW
OF EXCESS BRAZE MATERIAL INTO
CAVITY

PARTIALLY DRILLED COOLING
WATER CHANNELS USED TO HOUSE
ALLOY FOR BRAZING

OUTER DIFFUSION BONDED SURFACE
BLOCKS FLOW OF EXCESS BRAZE
MATERIAL OUT OF CAVITY

EN/MME- CAS June 2017
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°© CAM (Computer-Aided Manufacturing):

Rectangular flange — knife profile
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° Metal Additive Manufacturing:
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° Metal Additive Manufacturing:

Beam Screen FCC TigAl,V spring HL-LHC TigAl,V Flexible ring HL LHC
TE-VSC TE-VSC TE-VSC

° Qualification for UHV is still in progress (degassing, porosities, ...)
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° Explosion welding:
Cryo TJ Manufacturing & Inspection Sequence

1| Explosion Weld Aluminum to Stainless Steel,
with interlayers as needed

Explosive Layer

Cladder

Stainless Steel Backer

2 | Ultrasonic inspect 100% 3 | Perform tensile, impact, and bend tests
of bond on all four corners of bimetal plate

@ ) 4
...ﬁj i U

o 4
+ )
4 | Water jet cut rings from bimetal plate 5 | Machine ID & 0D to final dimensions
L
v >
\ <>
& | Hydro test [when specified) 7 | Machine TJ to final dimensions
¢ .
q
8 | Helium leak test 100% 9| Clean & pack for shipment 10 | Assembly into piping system by customer
Aluminum Stainless Steel
Fabrication Weld i F i Fabrication Weld
Aluminum Stainless Steel
Pipe Pipe

U

I @
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DEPARTMENT

° Magnetic Pulse Welding:

Higg C_urtl;em Outer Workpiece

witc
Charger )( Coil
- Magnetic
- = Field
= Bank of
. Capacitors

(AR AN RN
(AR RN AN

& AC Power Supply (\

SEl  20kV WD11mm SS49
FHG-IWS

44
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° High-velocity forming:

ELECTROHYDRAULIC FORMING EXPLOSIVE FORMING

PLUME FROM
ESCAPING

CONTAINER -TO POWER
SUPPLY AND

WATER CAPACITOR BANK
CLAMP / % EX};Ll:(S}NE
SHEET / CLAMP

REMNANT OF SHOCK WAV
TRAVELING OUTWARD
FROM EXPLOSION

—> Application to Copper and Niobium for superconducting RF cavities (ex. CRAB).

° Advantages:

- Geometrical precision (= 150 pum instead of 600-800 pm
for deep drawing or spinning).

- Increased metal formability.

- Better surface finishing.

- High reproducibility.

- Reduced cost and time for forming and post-processing.
- Economic for large series production.
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° High vacuum component manufacturing needs High quality materials!
(The majority of leaks observed on welds are due to problems with the base materials)

° The manufacturing process in defined by the design, the design must be defined by the optimum available manufacturing
process.

. | WELOS MUST BE CHRRIED OUT WITH ARGOW PROTECTIOM(WITHOUT

° Welding process and welders must be quali FILLER METHL BNO WITH 100% PEMETRATION U

°B d solder all t be of high WELDS MUST WOT BE GROUWO OR F[H]SHEIZI BY MECHANICAL ABRASION
race ane SOICer atioys MUSEBe OTMINPHN | o' LEAK RATE MORE THAN 107 Pa w s

10 —1
° The welding design must avoid virtual leak - !Tprr-, mbar 1 5| 15 UNNALLEFTRSLE

° Quality inspection of the weld: e -
Vacuum 005/2008 Guidelines for UHV components

° Cutting fluid must be tested an

° Some techniques must be avoi 1-3 UHV-compatible Design

. ) ) ) * Choose designs which:
Welding = distortion = geomet avoid virtual leaks (see also Annex A),
.. allow easy cleaning (e.g. avoid inaccessible volumes). This is of particular impor
° Brazing involves a heat treatm

=ompanent has to be particle-free (see paragraph 3).
- The mechanical p o |t isto use brazed or welded joints to separate UHV from water.
- The grain size can Increase (Copperwith thin thickness!)
- Avoid brazing after (electron beam) welding.

° Some “rules” can be discussed:
- TIG without filler metal.
- Brazing grooves and virtual leaks.
- Brazing joint between vacuum and water.
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