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1. Introduction

Challenge and motivation

» Beam welding processes inherently place high demands on joint preparation and typically
require a technical zero-gap.

= Joint preparation is usually carried out by machining, which results in additional effort and
increased costs.

» The ability to weld thermal cut edges or without subsequent machining or machined parts with
joint gap offers significant savings potential in terms of labor and material costs.

Goal: Development of a welding strategy for reliable welding of thermal cut edges, even in the
case of a non-zero gap, by using an adjusted energy distribution and filler wire.
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1. Specimen preparation

Coupons were prepared by means of plasma cutting

» Material: P355GH (t = 10 mm and t = 20 mm)

la=t=10mm

» Characterization of the thermal cut edges
according to ISO 9013

Thermal cut edges

Metallographic cross-sections from
thermal cut edges (t = 20 mm) Example for the characterization of a thermal cut edge
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1. Specimen preparation

Is the material is missing due to the cut edges or due to the additional gap may occur?

36.1%
22.0%
12.4%
100.0% 0.0%

Gap: 0 mm Gap: 0.5 mm Gap: 1.2 mm Gap: 2.0 mm

t = 10 mm, Lack of material due to the thermal cut edges: 2.6 mm? for the underlying case
Lack of material due to the joint gap: joint gap * material thickness

\ Lack of material due to the thermal cut edge \
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2. Specimen preparation

The specimens were manually prepared and tackled through TIG welding

Exit side

Arrangement of the thermal cut edges
TIG tackling

Specimens

Gauge tape
Weld pool backing

TIG tackling
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2. EB welding configuration

Subsequently, an experimental matrix was designed

= Lower limit: maximal gap size without filler wire; Upper limit: 2.0 mm

= Upto 0,4 mm joint gap, the gap bridging is possible without filler wire without an incompletely filled groove

t=10 mm t=20 mm

0 mm 0,5 mm 0 mm 0,5 mm

Lower limit of the subsequent experimental matrix
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2. EB welding configuration

Wire feeder Qnit

. Beam splitter
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3. Calculation algorithm for the wire feed speed

Before each welding trial, the wire feed speed should be calculated based on the gap

y4 A
b: Gap, determined with ELO
t: Material thickness

t Vwelq: Welding speed

Aci: Missing area due to the cutting process

/ T% \ Agap: Missing area due to the additional gap

ACompIementasap o Awhoie: Total missing are
Awnote =b*t —2 * Acomp. |:> Vwire = (T;:) * Yweld Acomplementary: COMplementary area
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3. Measuring the gap

There are two ways to measure the gap with back-scattered electron imaging

1. Automatic capturing of electron optical imaging while passing along the joint edge

Raw data
Automatic capturing von ELO images
@ (12mm x 12 mm )
Assembly Creating a complete image through merging
@ the individual images
Filtering

— o ———— ) Denoising

U

mean gap size

@ python’

- Calculation of the
Binarization = |:> l—l Gap size I:>
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3. Measuring the gap

There are two ways to measure the gap with back-scattered electron imaging

2. Using a free contour tracking (FCT) subroutine

| T 1) Measuring the first and last while pixel

2) Assigning the coordinates to the distances,
pixel-distance conversion

3) Calculating the necessary wire feed speed
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4. Welding results — Welding technology

The welding strategy involves the wire feeding into the melt pool and a wide oscillation

Filler wire

Y-Coordinate (mm)
sW,

- SW,

A
v

X-Coordinate (mm)

High-speed video of the process
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4. Welding results

When using constant welding speed, the penetration depth decreases with
increasing joint gap

» The gap-bridging ability is given, but incomplete penetration
above 0.6 mm joint gap Incomplete penetration

Without filler wire

With filler wire

8.7 m/min

Vwire = 7.7 m/min

Vwire = 5.8 m/min
Viire = 6.9 m/min
Viire = 9.4 m/min

1| Vwie =10 m/min

0.6 mm 0.7 mm 0.8 mm 1.0 mm 1.2 mm

0.5 mm

Joint gap size

SQ: 60 MA | Viyeq: 10 mm/s
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4. Welding results

Adjusting the welding speed resulted to full penetration welds in all configuration

t=10 mm

5.2 m/min

3.5 m/min
= 6.5 m/min

s T

b

T
Vwire

Viveld & 6.8 mm/s

T

Vivelq = 7-6 mm/s

v

Viveld = 8.4 mm/s
Viire = 6.0 m/min

Viire = 3.8 m/min
Viire = 6.3 m/min

Viveld = 6.4 mm/s

Vielq = 6.0 mm/s

Viwire

Vweld = 8.0 mm/s
Viveld = 7-2 mm/s

0.8 mm 1.0 mm 1.2 mm 1.4 mm 1.6 mm 1.8 mm 2.0 mrh

Joint gap

Welding speed

Technische
Universitit
Braunschweig

18.09.2025 | Tamés Toth, Kai Noack, Klaus Dilger | Electron beam welding of components with joint gap using filler wire and

(€]
adjusted energy distribution | Slide 14 Institut fir Flige- und
Schweiltechnik l S




4. Welding results

Adjusting the welding speed resulted to full penetration welds in all configuration
t=20 mm

6.8 m/min

Wire

3,1 m/min

|
Vwire T

= 6.8 m/min

Vielq = 4.0 mm/s
Viire = 4.4 m/min
Viveld = 3-8 mm/s
Vwire = 4.1 m/min
Vyire = 6.2 m/min
Viveld = 3.2 mm/s
Viire = 7.0 m/min
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0.8 mm 1.0 mm 1.6 mm 1.8 mm 2.0 mm

Joint gap

Welding speed
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4. Welding results — Varying gap size

A further question was if inconstant joint gaps
can be welded with high process stability

= Multiple scenario have been derived:
«  Opening gap

 Closing gap
Zero gap (technically)
Ope g joint gap - 5 i

In-process control of the wire feed speed is
required and meanwhile possible
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4. Welding results — Varying gap size

The process strategy for opening gap involves the decrease of the welding speed and the
increase of the wire feeding speed

10000 TO)'-
Slope-out g
soon| gl
= 6.4 mm/s
€ 0
ETMES Y sooein-
£ E
— >
L 40001 44
= 100 % (5.5 m/min)
2000 2 1 % (0.055 m/min) Linear Interpolation
0 0-
0 20 40 60 80 100 120 140
X-Ax [mm]
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4. Welding results — Varying gap size
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Through the simultaneous control of the wire
feeding speed and welding speed, an
excellent welding quality was achieved

= Excellent gap bridging along the
whole weld seam

»  Full-penetration weld in every region

= |n the beginning, minimal undercuts could
be detected
— Wire feeding speed has been increased
from 1 % to 100 % (linear interpolation)
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4. Welding results — Varying gap size

The process strategy for closing gap involves the increase of the welding speed and the
decrease of the wire feeding speed

10000 - 101
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=) —
é )
= 6000 £ 6. -/
= ; ) Slope-out
£ £ Linear Interpolation P
- =
L 40001 I 4 _
2 100 % (5,5 m/min)
20001 2 1 % (0,05 m/min)
10 %
0- 0-
0 20 40 60 80 100 120 140
it X-Ax [mm]
g'”o.ié a% Technische : : : — — :
3 %(E Universitit 18.09.2025 | Tamas Toéth, Kai Noack, Klaus Dilger | Electron beam welding of components with joint gap using filler wire and ®
",,:(’35& {j LIPS adjusted energy distribution | Slide 19 Institut fiir Fiige- und
LICE SchweiBtechnik a S




4. Welding results — Varying gap size

Good gap bridging along the whole weld
seam with good weld quality

= Nearly constant penetration depth

=  Only minimal undercuts in the end
region of the weld seam
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5. Summary

By applying an adapted beam oscillation in combination with the use of filler wire, it was
possible to bridge gap sizes of up to 2 mm without any loss in weld seam quality.
The major findings can be summarized as follow:

» The oscillation pattern (“Infinity”) produced nearly parallel seam flanks and enabled the welding
process to be scaled with respect to penetration depth

» Electron-optical imaging combined with subsequent image processing proved to be a suitable and
reliable method for the automated detection and measurement of gap sizes.

» The required wire feed rate was calculated on the basis of electron-optical data, material thickness,
welding speed, bevel angle of the cut edge, and wire diameter.

Further aspects

» Automated in-situ measurement of the gap and closed-loop control

» |nvestigation of further material groups such as aluminum
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Contact

We would like to express our sincere thanks to the Dobeneck-Technologie-Siftung for funding
research projects in the field of electron beam welding of components with joint gap.

Furthermore, we would like to express our appreciation
to pro-beam for providing technical support during our
public-funded projects!

Contact

Tamas Toéth Kai Noack
Tel: 0531/ 391 955 72 Tel: 0531/ 391 955 74
t.toth@tu-braunschweig.de  k.noack@tu-braunschweig.de

Klaus Dilger
Tel: 0531 / 391 955 00
k.dilger@tu-braunschweig.de
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