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50 k€ motorcycle, Al-Mg-Sc alloy (APWorks) Heat exchanger

Aluminium guitar

Additive manufacturing of aluminium
state of art fusion-based approaches 

AlSi10Mg rocket engine 

www.metal-am.com/articles/aluminium-additive-manufacturing-how-a-new-generation-of-alloys-will-fuel-industry-growth
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Additive manufacturing of aluminium
state of art fusion-based approaches 

(near) net shape production  

individual products

+  cost reduction

+  tool-less production

+  smart design

+  complex products

+  function integration

+  short time to market

…

• porosity

• microstructure

• reproducibility

• repeatability

• tolerances

• few powder materials

R&D

www.empa.ch/web/coating-competence-center/selective-laser-melting, A.R. McAndrewa et al, DOI: 10.1016/j.addma.2018.03.006

Direct energy deposition

Wire arc additive manufacturing 

Powder bed fusion
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Why is PBF of Al-alloys difficult?

• Oxide layer on powder particles

• High heat input

• Evaporation of alloying elements

• Porosity

• Crack forms at solidification

• Huge residual stresses

• Preferred orientation crystals

How to solve it?

• Avoid liquid phase

Powder bed fusion in detail

Additive manufacturing of metal alloys
Liquid fusion vs solid friction-based technologies

Panwisawas et al. (2020) DOI: 10.1038/s41467-020-16188-7



AlSi10Mg
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Powder bed fusion

σy

σm

εm

forging

heat treatable
forging

not heat treatable
casting

Additive manufacturing of metal alloys
Liquid fusion vs solid friction-based technologies

Granta Edupack

Hot cracking within AA2024

P. Mair et al. DOI: 10.1016/j.jallcom.2021.158714 
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Additive manufacturing of metal alloys
solid friction-based technologies

Important aspects: location of heat generation = material softening

Housing: rotating, stationary, absent

Rotation direction 

Continuous / discontinuous supply 

Friction vs cutting 

Deposition force generation 

With / without pins

Additive friction stir deposition 

Friction surface cladding 
FSEAM 

 

Friction surfacing 

P. Vilaça, et al. 

DOI: 10.5772/52026

F. Khodabakhshi, et al.

DOI: 10.1016/j.jmapro.2018.09.030
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Friction Screw Extrusion – Additive Manufacturing
New approach to extrusion and additive manufacturing

Friction and plastic deformation 

based approach 

• Suitable for high-strength Al, Mg alloys

• Housing can be equipped with ancillary 

heating/cooling options 

FSEAM 

• Good control layer shape and 

dimensions

• Independent control tool rotation and 

feedstock supply

• High resolution possible

FSE

• Quick process analysis 

• Manufacturing feedstock from wire, bar, 

chips, etc. (recycling). 

FSEAM     FSE

Bor et al. Additive Manufacturing 72 (2023) 103621  

build
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Friction Screw Extrusion – Additive Manufacturing
Printhead design

Bor et al. Additive Manufacturing 72 (2023) 103621  
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Friction Screw Extrusion Additive Manufacturing
Timelapse of FSEAM of AA6060 at 250 mm/min

FSEAM process
• 4 base layers at low 

velocity

• 50 layers at vbuild

• Tool at 400 rpm

• Substrate AA2024 

• 10 mm opening

• Layer dimensions: 

    150 mm x 14 mm x 1 mm

• manual control

• feedstock refill per layer



100 mm/min 150 mm/min 200 mm/min

250 mm/min 300 mm/min 350 mm/min

400 mm/min 450 mm/min 500 mm/min

FSEAM: influence of build velocity
vbuild = 100 – 500 mm/min
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25 µm 25 µm

300 mm/min                   400 mm/min                    500 mm/min

25 µm

FSEAM: influence of build velocity
Cross section 100 – 500 mm/min 

Observations

• No macroscopic defects 

• Individual layers clearly visible

• <grain size>  < 10 µm

• Grey tone differences per layer studied in near future
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H

V

FSEAM: influence of build velocity
Tensile tests 100 – 500 mm/min 

Feed ratio accidentally too high (1.6)

tensile

yield

δu
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V
 

H

H

V

FSEAM: influence of build velocity
Tensile tests 100 – 500 mm/min 

Observations 250 mm/min – 500 mm/min

• Less sensitive to building direction

• Temperature measured near nozzle 

approximately 520 °C

• Normal force 9 – 10 kN

• σy ≈ 100 MPa

• σultimate ≈ 155 MPa f = 1.6
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FSEAM
Conclusions on AA6060 fabrication 

Fine-grain forged microstructure

Small grain size below 10 µm.

Defect-free conditions

When normal force is 9 – 10 kN and temperature above 400 °C for AA6060.

Mechanical properties

Strength and hardness reduction.

Strength reduction is common for solid-state AM processes

Solution: post-deposition heat treatment
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Materials Science: microstructural changes 
precipitation hardening in aluminium alloys (I)

grain size alloying precipitation

τ

τ τ

τ

D

Deformation in metals through atomic slip 

How to increase strength and strength?



≈ 1 h

≈ 10 - 20 h
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Materials Science: microstructural changes 
precipitation hardening in aluminium alloys (II)

after quenching: T4

after aging: T6

AA6xxx (Al – Mg – Si), AA2xxx (Al – Cu (Li)), AA7xxx (Al – Zn – Mg (Cu))  
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Manufacturing of large builds
challenges involved with post-deposition heat treatment

Large-scale components and structures: beyond 0.5 m . 0.5 m . 0.5 m

Various risks involved for large-scale components:

• Deformation (solution, quench)

• Abnormal grain growth (solution) 

• Insufficient cooling speed to retain solute atoms (quench)

Can these be avoided?  

meldmanufacturing.com



Results: microstructural changes 
tensile test results

Observations

• Serrated yielding for 150 – 500 mm/min

• Process temperature high enough to dissolve 

precipitates 18

vbuild

    250 – 500 mm/min

    200 mm/min

    150 mm/min

    100 mm/min

Rezaeinejad et al. Restoring mechanical properties by low-temperature direct aging after Friction Screw Extrusion Additive Manufacturing of Al-Mg-Si alloy, under review 
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Post manufacturing aging treatment after 6 months

As printed (AP), 20h at 170 °C

Feedstock: 76 HV 

Results: microstructural changes 
post-manufacturing aging: 20 h at 170 °C

Significant drop in 

hardness after 

deposition 

Hardness top layers 

restored when 

T > Tsolvus & 

vbuild ≥ 300 mm/min

as printed + NA

as printed + NA + Aging

20 h at 170 °C



V
 

H

1

Center

23
6060 T6 feedstock

As printed

Center

As printed

6060 T6 feedstock

3
2
1

Center

As printed

6060 T6 feedstock
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As printed

Heat treated

Results: microstructural changes 
post-manufacturing aging

Last deposited layer exceeds tensile strength of feedstock 

material for build velocity 250 – 500 mm/min after aging treatment

tensile strength



T

t

homogenisation

aging

Microstructure Friction Screw Extrusion - AM
towards microstructural control of β” formation 

processing

deposition

aging

21

≈ 1 h

Current 

aging

< 3 min

Future

process

cooling

Possible series of events:
• Dissolution of precipitates AA6060 in processing zone

• Quick temperature reduction directly after deposition resembling quenching for AA6060

• Aging due to subsequently deposited layers

Future:
• Add process cooling to lower “aging” temperature to facilitate growth of strengthening 

     β” precipitates
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FSEAM: influence of build velocity
Conclusions and outlook

Post-deposition heat treatment

Potentially FSEAM process integrates solutionizing and quenching -> only low-temperature aging 

necessary! 

Ongoing research to investigate feasibility for wide range of alloys through advanced thermomechanical 

and thermokinetic modelling

Fine-grain forged microstructure

Small grain size below 10 µm.

Defect-free conditions

When normal force is 9 – 10 kN and temperature 

above 400 °C for AA6060.

Mechanical properties

Strength and hardness reduction.
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Solid-state AM provides a fine-grained, homogeneous, virtually texture free material with 

wrought microstructure. 

Processing can be done in ambient air as well as in space (vacuum).

Applications: transport and construction – medium to large scale 

• Aerospace

• Automotive

• Train

• Shipbuilding

• Defence 

Recycling: from chips to solid feedstock to printed parts 

Repair: refill removed sections due to corrosion, fatigue, wear, etc. 

Research: Process optimization through development of validated process models:

• Thermomechanical process model: defect formation, layer-to-layer bonding, heat generation, etc. 

• Thermokinetic microstructural model: precipitate development, grain size reduction, etc. 

Ready for cooperation

FSEAM – research and applications 
structural
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Friction Stir Welding and Processing 2027

University of Twente

Enschede, The Netherlands

23 – 25 June

Ton Bor

Martin Luckabauer

FSWP 2027 – University of Twente 

Renée Soudant



THANK YOU!

QUESTIONS?

t.c.bor@utwente.nl

m.luckabauer@utwente.nl

Ton Bor

Martin Luckabauer

mailto:t.c.bor@utwente.nl
mailto:m.luckabauer@utwente.nl
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