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Outline
• Case 1:

• Laser welding and weldability of hard D2 tool steel

• Case 2: 
• Laser welding of EN AW 6060 with die casted part of AlSi10

• Case 3: 
– Comparison of TIG, plasma and laser welding of a joint in a 

heating element between (Kanthal AF) and Inconel 601 tube

• Other topics of interest (we would like to establish 
collaboration)
– Laser welding of Cu and Al (currently green lasers are 

interesting due to higher absorption of laser light)

– Laser color engraving

– Laser active flux welding

– Laser welding of advanced high strength steels for automotive 
applications 

– Additive manufacturing
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Case 1: Welding and weldability of hard cold work
tool steel AISI D2 – material data

• Description: high C and Cr type tool steel, deep hardened, high wear resistance. Air 
hardened with low distortion after cooling. 

• Applications where wear resistance is important, blanking or forming dies and threaded 
rolling dies, cutting tools, stamping, woodworking, molding tools for plastics, …
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Area of interest: repair welding of damaged industrial tools (cutting tools, forming dies, …
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Case 1: Welding and weldability of AISI D2 steel –
heat treatmentUniversity of Ljubljana
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CCT Diagram
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Case 1: Welding and weldability of AISI D2 steel –
weldingUniversity of Ljubljana
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• A massive amount of alloying elements makes D2 steel very difficult to weld
→ cracking. Carbides are usually responsible for crack initiation and the critical 
stress for crack initiation is lowered with the carbides being bigger.

• A tungsten inert gas (TIG) welding is usually used for welding in soft annealed
condition with preheating. 

Preheating – welding with interpass
temperature (370 – 480 °C)

Soft 
annealing 

post weld heat treatment (PWHT)→ to avoid 
solidification cracking and residual stresses induced 

by the phase transformations during welding
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Case 1: Welding and weldability of AISI D2 steel –
experimental laser weldingUniversity of Ljubljana
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A pulsed 200 W laser (Lasag Easy welder SLS CL 60) 
a Castolin filler wire with 0.35 mm diameter. 

An Argon 5.0 with a flow of 6 l/min was used as a shielding gas. 
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Case 1: Welding and weldability of AISI D2 steel –
laser remelting of base metalUniversity of Ljubljana
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The use of laser pulse shape C – solidification cracking is omitted
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Case 1: Welding and weldability of AISI D2 steel –
laser weld claddingUniversity of Ljubljana
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Macrographs of single layer claddings, presenting solidification cracking

A pulse, B pulse, flawless cladding made with pulse C.

• Laser cladding by wire due to localized 
heating effect reduces distortions and 
cracking during welding and allows the 
repair without any heat treatment→ crack
free layers with perfect bonding and a low 
degree of dilution.
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Case 2: Laser welding of EN AW 6060 with die 
casted part of AlSi10 – challenge descriptionUniversity of Ljubljana
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Area of interest: industrial challenge – heat exchanger for battery system

Status at the beginning
Heat exchanger (capable to carry 0.3 bar of pressure, testing pressure higher 3 
bars and 15 bars, leakage must be avoided).
Robotic laser welding was used (problems with the positioning of laser beam)
~ 60 % of good pieces was produced (30 – 90 %), due to the problems → goal 
was to reach 95 % of good pieces. 
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Case 2: Laser welding of EN AW 6060 with die 
casted part of AlSi10 – AC 43400 Al Si 10 Mg (Fe)University of Ljubljana
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EN AW-6060 is a extrusion alloy.  Application: 
furniture, finishing materials, windows and doors, 
carbody finishing, façade construction, lighting 
columns and flagpoles, architecture, and food industry.

Weldability
Gas: 3 TIG: 2 MIG: 
2, FSW, Ultrasonic, 
Laser, Electron
Beam, …

Al-Mg-Si alloys are known to be highly susceptible to solidification cracking except when using an 
appropriate filler metal (typical filler materials (EN ISO18273): AlMg5Cr(A) or AlSi5, and AlMg3 when the
product has to be anodised) although the amount of dilution required to avoid cracking has never been a 
well-defined quantity. Due to the heat input during welding the mechanical properties will be reduced by 
approximately 50% (ref. EN1999-1).
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Case 2: Laser welding of EN AW 6060 with die
casted part of AlSi10 – AC 43400 Al Si 10 Mg (Fe)University of Ljubljana
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Aluminum + 10% Si,< 1% Fe, < 0.55% Mg …

Welding die cast products is possible if proper technique and measures are taken (hot cracks, gas 
bubbles, lubricants). 
Rapid die filling causes the pore formation (gas bubbles in pores are caused by a change in hydrogen 
solubility as the molten mass solidifies. The risk of air or nitrogen pores resulting from gases swept within 
the mass (if the dies are filled quickly), traces of lubricants on the castings→ limited weldability.

Special welding technology is needed to encourage degasification and minimize the undesired 
formation of inhomogeneous pores in the joint area.
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Case 2: Laser welding of EN AW 6060 with die
casted part of AlSi10 – AC 43400 Al Si 10 Mg (Fe)University of Ljubljana
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The problem was solved by development of proper pulse shape and welding 
parameters →
3 stage pulse shape was selected:

1 – welding, 
2 – degasification, 
3 – controlled cooling to prevent cracking in the AW 6060. 

Laser limitation:  
• Lack of function for welding aluminum (to remove 

surface oxidation layer)
• unflexible software for adjusting the laser pulse 

shape (only 6 points could be changed) → the proper 
welding parameters were crucial
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Case 3: Comparison of TIG, plasma and laser welding of a joint in a 
heating element between (Kanthal AF) and Inconel 601 tube University of Ljubljana
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- tube Inconel 601
- heating coil Kanthal AF with Al2O3 surface coating (1 - 2 µm)

Ni Cr Fe Al C Si Ti Mn Y Zr

Inconel 601 60,2 22,9 13,9 1,33 0,04 0,21 0,43 0,59

Kanthal AF 0,27 22,0 61,9 5,3 0,03 0,17 0,06 0,18 0,02 0,07

• Chemical composition of the alloys in mass fractions

Goal: solve the weldability issue of Al2O3 surface coated on heating coil to tube.

The heating coil life could be prolonged if high temperature oxidation would be 
slowed down, by a compact Al2O3 surface coating.
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Case 3: Comparison of TIG, plasma and laser welding of a joint in 
a heating element between (Kanthal AF) and Inconel 601 tube 
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Inconel 601 Kantal AF Al2O3

Coef. of thermal expansion 

20-1000°C

10-6 K-1 10 15 8.4

Thermal conductivity

at 50°C

W/mK 11.3 11/27
(1200 °C)

35

Specific heat J/Kg K 448 460-740 880

Melting point °C 1360-1411 1500 2072

Background: 
• Aluminum oxide layer of such thickness cannot be removed from the coil 

windings prior welding not during welding using AC welding current (small 
welding times).

• The difference in melting point and specific heat makes the Al2O3 difficult to 
re-melt during conventional arc welding. 
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TIG welding was done with small variation of welding parameters  around: Iv = 55 A, 
tv = 0,10 s, If = 5 A, tf = 0,20 s, argon 4.8 shielding gas flow was 8 l/min. 

TI
G

 w
el

d
in

g

Kanthal AF Kanthal AF with Al2O3 surface coating (1 - 2 µm)

TI
G

 w
el

d
in

g 
w

as
 u

n
su

cc
es

sf
u

l 

D. Klobčar et al. Case studies… COST MP 1401 Annual Conference, 12. – 15.4.2016, Zadar, Croatia

Case 3: Comparison of TIG, plasma and laser welding of a joint in 
a heating element between (Kanthal AF) and Inconel 601 tube 



D. Klobčar et al. Laser welding … Hidria Laser Welding Workshop, 16.6.2014, Tolmin, Slovenia
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Plasma welding was done with small variation of welding parameters  around: Iv = 
30 A, tv = 0,05 s, If = 5 A, tf = 0,20 s, argon 4.8 shielding gas flow was 4 - 8 l/min. 
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Kanthal AF Kanthal AF with Al2O3 surface coating (1 - 2 µm)

P
la

sm
a

w
el

d
in

g 
w

as
 u

n
su

cc
es

sf
u

l 
Case 3: Comparison of TIG, plasma and laser welding of a joint in 
a heating element between (Kanthal AF) and Inconel 601 tube 
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X – ray inspection showed unrepeatable welds when manual laser welding was done
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Case 3: Comparison of TIG, plasma and laser welding of a joint in 
a heating element between (Kanthal AF) and Inconel 601 tube 
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Nd-YAG laser, Pulse peak power 5,5 kW; pulse time: 4 ms

Hot cracks are 
present due to 
excessive heat input  

At manual laser 
welding unrepeatable 
welds were obtained
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Case 3: Comparison of TIG, plasma and laser welding of a joint in 
a heating element between (Kanthal AF) and Inconel 601 tube 
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A automated laser beam welding was used to obtain repeatable welds: 

Laser beam
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Case 3: Comparison of TIG, plasma and laser welding of a joint in 
a heating element between (Kanthal AF) and Inconel 601 tube 
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• Laser beam is a very good tool for welding. It enables a 
successful solving of weldability challenges. 

• In order to achieve high quality welding results a 
knowledge of welding, lasers and metallurgy must be 
combined.

• A high quality repeatable welds can be produced by 
laser welding at proper:
• joint design, 
• automation of the process and 
• selection of laser welding parameters. 

• Technological limitations in production of weld pieces 
can make the laser welding more expensive. 
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