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Outline — . .
Motivations to go to high density energy beam

‘ History of Electron Beam Welding and Laser Beam Welding
\

‘ Main principle on beam-matter interaction
i

‘ Technologies

]
‘ Welded Joint design
/]

‘ Weldability of materials and illustrations with HEP examples
//

‘ Normative and safety hot topics
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Electron and laser beams

Electrons g
Restmass: upgp m QQ
Speed: at 10kV =>30% c
at 270kV =>70% c
Their kinetic energy is used for welding

Photons

Transparent through air and inert gases

Specific wavelength:

CO2 laser : _=10000 nm

IR laser: _

Wavelength (de Broglie) _0.01 nm down to 0.002nm

Peak power

\ Time

Different wavelengths

Very different material
interaction mechanisms
EBW is more efficient.

DEPARTMENT

Different particle energies:

=1070nm => energies of 1.16 eV
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Electron Beam
Welding (EBW)

Welding with high energy density

Laser Beam
Welding (LBW)

[
»

m
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>

Power density (W/cm?)

P

Electron beam Laser Plasma ArC Spatial distribution (mm)
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Benefits of Increased energy density
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Benefits of Increased energy density
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Benefits of Increased energy density
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Courtesy of ASM Handbook vol 6A

lTime required for melting T Welding speed
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History

How and when was it invented ?
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History of electron beam welding

Early 1950s: Dr Steigerwald obtained the first welds when
manipulating electron microscopes.

At the same time, Dr Jacques-Andre Stohr, looking to weld
reactive materials with X-ray tubes began to develop EBW at
CEA.

T
L

" Dr Stéigerwald

. . . First EBW hine (G - 1952
1950s: First EBW machines thanks to well understood science ¥ B e (S TR

behind production, acceleration and focusing of EB.

1960s: High voltage (1257 150 kV) EBW systems sold by

Carl Zeiss. ot

1970s: EB welding became the technology of choice for high \x q;\

precision weld (driven by the nuclear and aerospace industries). .K,’»
1A

The largest and more powerful EB welder to date (from Japan) Dr J. A Stohr
300kW at 600KV, it was able to penetrate 305 mm of steel.

First EBW machine in France (1956)

Source: An international history of electron beam welding 2 Dietrich v. Dobeneck
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History of electron beams at CERN

Long tradition driven by the need to weld reactive materials
(niobium, titanium, tantalum and many others)

%‘E'",

T T

!‘4{?}*;~

bSs I NHS GhOdzu:
YIAY @¢g2NJ] aK2LIQ;
CERM\Nnnualreport 1975

Prototype RF Cavity for LEP
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History of Laser welding =

Light
Amplification by
Stimulated
Emission of 3
f At 4 IRV A
Radlatlon ' First 2 axis laser cutting machine (1975,
Laser - Work AG, Switzerland)
The History of laser cutting 2 P. A. Hilton, TWI. ‘
First development from Pioneering work by Schawlow and Townes at Bell Labs First CO2 laser machine at CERN
(Infrared MASERS) (1980s)
1000000
1960: The first working laser, the Ruby laser, was developed by Theodore
M al m an o +Single-mode . . |
1960s: Gas laser (He/Ne, then CO2): Power scaling thanks to heat 5 - e
management. e . :.’
g <
2000s: Boom of fibre laser sources, providing high efficiency. Widespread 5 0
adoption of fiber-delivered laser systems in industrial applications. e 2
'. courtesy IPG Photonics |

1 *

1993 1995 1998 2001 2004 2006 2009 2012 2014 2017
Growth in power of IPG fiber-laser in the past 25 years
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Main principle

Of the beam T material interaction

2024-06-10
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Welding with a powerful beam

Heat conduction welding
Solidified  Melt pool Laser beam 10°
melt pol Cutting and drilling
104 -
Aspect ratio: B
— P <103 - Keyhole-mode
) .
Typ. 1/2 = welding
(@)
o 102 -
k5
Deep penetration welding -E Conduction-mode
Metal vapor 8 10 - WEIdIng
0
Plasma <
1 -
No melting
ASpeCt I:aEiOZ 10_1 T T T T T T T T T
e 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
QQno

Beam diameter, mm

Keyhole

Courtesy of J. Helm et al. & Elmer et al.
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The Keyhole welding regime with EBW

Electron beam

Beam scan direction

Beam hole -

|4_
0
200 mm

T— = U |
0.03mm / ______

High vapour pressure. W

Cross section
of weld

Courtesy Laserline
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Keyhole welding

Laser beam

Metal vapor/ plasma

Keyhole

Melt pool

Weld seam

Work piece

0 | Welding Il: Beam welding | CAS - Mechanical & Materials Engineering
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Examples of Keyhole and condution welds

Conduction Keyhole

WW9TSs 9T

16
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Technologies

To generate electron and laser beams

2024-06-10 R. Gerard | Welding II: Beam welding | CAS - Mechanical & Materials Engineering
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The Electron Beam Welding Machine

D GUN
CHAMBER

Filament
Cathode
e -
Anode
[
CHAMBER
VACUUM
Focus Colls

Defection Colls

Courtesy of Steigerwald Strahltechnik GmbH
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A low vacuum induced a large dispersion of the electron beam

V9 |0A YoogpueH ASY Jo Asalno)

Importance of the vacuum for EBW

760 torr

500 torr

250 torr

50 torr 5 torr

Pressure, torr
0001 002 02 50 760
T T
80
*
S 60
E
2
% 40
ES
20

0.13 2.

27 6.7 x108 1 x10%

Partial- vac Quik-vac

High vacuum

@
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Medium vacuum
Pressure. Pa

Nonvacuum

2024-06-10

A Non-Vacuum EBW machine

R. Gerard | Welding II: Beam welding | CAS - Mechanical & Materials Engineering
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Cathode

Cathode Bias cup
Bias Cup ) \ Anode
Anode Vacuum

I.F ;¥ throttle

Restrictor

Column Valve @ C°|umn

valve

-
-
< ! = :
ﬂ \ ’ Stigmator
Stigmator Coll 5 .
o . ! ,Vl_agnettc
|E Electro- b e > i ]
magnetic | it 4 . i Deflection
- system
Focus Coil !
!
—— Workpiece
Deflection Coil .
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: Simultane@gsii 5
Deflecting system Clectron e
J Prehea_tfngé'_m-;;
2. Welding 222 -
3. Cosmetic Passs

Static deflection

A Simple translation of the beam

A Alignment with optical reference

A Manual alignment from the operator during welding

Dynamic deflection

A Fast movement of the beam
A Allows to sustain several meltpools at the same time Funktion 01: [ ] Funktion0g: > |
A Allows rapid beam deflection

Funktion 03 : Funktion 11:
Funktion 04 : Funktion 12: [ <]
Funktion 05: [ ) | Funktion 13: [ > |
Funktion 06 : @l Funktion 14 :
Tk Funktion 07 : @I Funktion 15:
- Funktion 08 : El Funktion 16 : El

current |,

Courtesy PTR EB
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Internal welding with additional beam deflector

CERN EB deflector

Electromagnetic Deflection of the EB

Cu:two pas
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Keyhole 1st pass Conduction ‘pass
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The LASER light

The laser radiation is:

U Monochromatic
U Unidirectionnal (Low divergence)

U Coherentintime and space

Laser pumping energy hv ' hv E2
refiective iirror Partly Reflective Mirror 8 hv

Gain medium

Resonating Medium Credit: Kimbar adapted from Masur [CC BY-SA 3.0]
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Principle of laser beam weldinag

Process Fibre"

Laserhead " g 3 |

Welding shielding
gas pipe

Protective gas (Ar / He / N2)
Work bench

gas pipe
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| aser sources for material
CO2 SLAB Laser (gas)

Cooling Water (in)
RF-Excitation

Cooling Water (out)

Output Mirror

Beam forming Gas Discharge

RF-Electrodes
(dielectric coating)

Laser Beam

PREMIX laser gas

processing

YAG and Disk laser (solid)

Solid state Pump Light
Gain Medium e.g. Nd:YAG
\ Photon
o <Q pump ' prisms  mirror output
beam
0 o Laser I coupler
Output
laser
Total reflector /g /g ? Partial reflector beam
Pump Light

Direct Diode laser (electronic)

DC Power Supply Mirror

Gain Medium
(Semiconductor)

Mirror

2024-06-10
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Fibre laser (Solid)

Gain Medium
Rare earth - doped Fiber

Diode
Pumps Diode / Fiber
Signal Combiner
/ I I I I I Output Fiber
|

Semi-refective
Bragg Grating

Refective
Bragg Grating

Mirror
(Fiber Bragg grating)

Partial mirror

High brightness
Low brightness High power signal
High power pump

(Small diffraction)

(Large diffraction)

I

Cladding
(Pump waveguide)

Doped core
(Signal waveguide)

Courtesy of rpmclasers
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Comparison of the laser sources (and EB)

Source Power Efficiency
CO2 45 kW 20%
Nd:YAG 4 KW 6-10% 100
Fibre 50 kW Up to 40% :
Disk 16 kW 15%
g 104
g :
= |
=== E E |
& 1 1 |
o ] . i
‘ ; +
| |
I I
10 100 1000 10000 100000

Beam Power (W)
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Laser beam delivery and processing head

Laser Welding Head

Laser light
7 :I Central core
i >O<: diameter 100-1000 mi
Camera
aser rod Laser coupling unit Fiber cable Collimator
Connector lens ] ]
L Dichroic
. ,»/ mirror
Fiber
7
/ | Laser Focus lens
/1 X Cover slide
’(/,
PROCESSING FIBERS | \js . FEEDING FIBER |
— Courtesy IPG Photonics and fabricatingandmetalworking

28
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Joint design

Important considerations for Beam Welding

2024-06-10 R. Gerard | Welding II: Beam welding | CAS - Mechanical & Materials Engineering
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Partial penetration welds

A Frequently used since the weld bead tends to have good geometries.
A Root defects called «spikes» are intrinsic to this type of welds when using sharp focus.
A Degassing of weld pool occurs only from one side, which can lead to a greater porosity rate.

A For thick plates (limit approximately around 60 mm) the horizontal position is recommended.

Good practice for circular welds (reduces stresses)

Cw ENGINEERING 30
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Full penetration welds

A Degassing from both sides which limits porosity
A No spikes

A Weld positions
I Vertical position (PA), Penetrations >30mm become difficu
grooves

I Horizontal position (PC) is recommended for thick plates

A Beam stopper: in keyhole mode spattering is unavoidable in the root side. Severity of this phenomena increases
with the thickness of the material. Beam stoppers are used to minimise this issue and protect the inner side of
the piece from the beam.l A —

L g
NN

| AN
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Beam welded assemblies i |
joint design and preparation U\

(a) Melt-through weld (b) Square-groove weld (c) Square-groove weld; (d) Square-groove weld;
Weld ELECTRON BEAM
metal

e i s

[~Weld metal

rabbeted, self-aligning joint rabbeted, self-backing joint

UNEQuAL t

Corner joints

n UNEQUAL ¢ R UNEQuUAL ¢
E (a) Square-groove weld (b) Square-groove weld; (¢) Square-groove weld; (d) Square-groove weld;
- — flush jOim stepped iOim robbeted, self—uhgnmg ]OIN (e) Square-groove weld; (f) Melt-through weld; (g) Square-groove weld; (h) Corner-flange weld
O double-rabbeted, double-rabbeted, double-rabbeted,
u — self-backing joint self-aligning joint self-backing joint
-
-]
m
UNEQuAL ¢ n
(e) Square-groove (f) Square-groove (g) Square-groove (h) Square-groove (j) Sluni-grooe weld; "q_)' l
weld; rabbeted, weld; double-rabbeted,  weld; integral-filler- weld; integral-filler- slant-butt joint //////////// Y Y
self-backing joint self-backing joint metal lip joint metal shoulder joint g AN W
U) bt Spotweid (d) Spike weld or spot weld
G | |
2
ELS:ZTAON! Weld metal g % E \?/
, -\
ELeEECYRW Wi \\\\\\\\ ////
am eld metal m %@ E
.|(L) e (e) Flange joint i) Edge joint
c = =
(@) 9
= <D & = WY
2 c . E (@ T-joint (h) Plug joint
= o o
LL (a) Melt-through weld (b) Single square-groove weld (c) Double square-groove weld LIJ (a) Thick (b) Thin (¢) Thin )
section to section to section to
thick section thin section thick section T %
(i) Corner weld Kissing weld
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Preparation for High energy beam weld
Geometrical considerations

Gaps

' |
1o
—sle— ——!

Minimal
gap

A<5% of the
material
thickness

AStrategies for
bridging larger
gaps exists

AlLeads to concave
welds!

CE{W ENGINEERING
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Misalignment

<0.1le

e

]
v Y v
]
I

<10% of sheet
thickness

(depending on
guality level
1ISO13919)

2024-06-10

Chamfers

R. Gerard | Welding II:

l

A D o Lorreee
] ‘

—>ic—

Gap:0.05

ASharp angles
pref.

Shadow:

difficult to
locatethe
joint.

AHigh stresses in the

head of the weld
A Concave weld
geometry
A Shadow which

makes it difficult to
locate the joint

Roughness

b

— >

Rough Lack of thickness at
machining the weld bead

Ral.6/3.2umis
the required
quality for the joint
surface.
Consequences:

AShrinkage

APorosity rate

AResidual stresses

Beam welding | CAS - Mechanical & Materials Engineering



Preparation for High energy beam weld
Other considerations

Trapped volumes

......

.......

Trapped volute

......

......

Minimal volume

]

]

Laser is less sensible to this problem since it
usually works at atmospheric pressure

C@ ENGINEERING
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Edge oxidation removal

EDM/ laser / water jet cutting

B

—

~

—z

—

s

Zone to be removed
before welding

Foreign materials

Brazing filler¢ to be removed by

—

l l_{ machining before beam welding

=

)

Tooling outgassing

(O

]

Outgassig
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Beam welding defects

TOTAL S+P+B [WT %]

i ; [ 1 : [
0.11 +— -
= = SUUTALA[Arc] = PACARYILWI O TYPE a16L
i O TYPE 304L X TYPE 32Wo
0.09 + T T Y |
0.08 e ’ ,.
0.06 +—
0.04 ] s
0.03 4 ——— e 7éLo ,
0.02 +———— X j 2o rss————
0.01
0 T f
13 1.4 1.6 16 1.7 1.8 1.9
/ Cr/Ni EQUIVALENT
- Cr Eq. » Gr + 1.37Mo + 1.68} + 2Nb + 3T|
Hot Cracking NI Eq. = Nl + 0.31Mn + 22C + 14.2N ¢+ Cu

duete copper traces
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Beam welding defects

Trajectory of electron beam

Joint line

\

»

Hot cracang
duete copper traces
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Weldability of
materials

And their applications in High Energy Physics
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Steel and Nickel alloy

Stainless steel is the most common material for beam welding
In High Energy Physics

Austenitic Stainless steels have a good general weldabillity.
Care should be taken for hot cracking (due to impurities
(S,P,B)).

strong degassing of Nitrogen
in vacuum (316LN) can lead
to more eruptive process

Duplex steel (austenitic-ferritic): outgassing of N and Cr may
reduce corrosion resistance

Pur Ni, Ni-Cu and Ni-Fe alloys can be advantageously welded
by beam welding. In most cases without difficulty.
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