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Motivation
Additive Manufacturing (AM)

Costs per part
y 3

B Near-net-shape fabrication of complex
parts

B Compared to casting fine-grained
structures due to layer by layer build up Conventional Manufacturing

in a powder bed (SLM) Lot Size

Costs per part
A

with a powder feed nozzle (LMD)

M High cooling rate (104 — 10° K/s) of laser
processes (casting 1 — 10 K/s)

Conventional Manufacturing

n

Product Complexity
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Motivation

Why iron aluminide?

' Final
hined
B Substitution of Ni-based alloys and high alloyed steels \an
B Advantages
Relatively low densitiy

Good corrosion and oxidation resistance Additive

Manufactured _.;
Good strength at high temperature (LMD) >
M Use in turbine parts
Heat Shleld HPC FRONT DRUM HCF TEST SPECIMEN

Turbine blade

B Lightweight production for aerospace industry
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Fe-Al alloys
Alloys investigated

B Fe-28Al
]
]

Solid solution hardening

Stabilization of DO,
structure at higher
temperatures - L2,
(Heusler phase)

Fixing of grain boundaries
by titanium borides

800 °C
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Experimental Setups
Laser Metal Deposition (LMD) - principle

B Laser beam melts additive material (powder) and thin layer of substrate

m After solidification a layer is created with fine microstructure and metallurgical
bonding to substrate

M Volumes can be built by multi layer deposition

laser beam

powder
feed nozzle

powder vwen =ts e
shielding ’\_r

gas B particle size of powder: 45

track ~ FEgevol ~ooum
> \ [ | i .
HAZ — » substrate material
v .
substrate - — - stainless steel (1.4301)
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Experimental Setups
Selective Laser Melting (SLM) - principle

laser melting
of powder
material

laser beam

powder r\
deposition

scan direction
—>

melt
solidified layer

owder layer

lowering of
building platform

B particle size of powder: 20
- 45 um

B substrate material:
—> stainless steel (1.4301)

beam diameter x-direction

/ s .
y-direction
layer e
thickness =

track distance
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Additive Manufacturing / SLM & LMD

SLM and LMD are complementary

Selective Laser Melting

* flat preforms

Characteristics SLM LMD
Materials * Monolithic * Monolithic
 Gradient, hybrid

Part dimensions limited by the limited by the
process chamber handling system
(2:400 mm,
height: 500 mm)

Part complexity nearly unlimited limited

Build-up rate 1-20 mm3/s 3-140 mm3/s

Build-up on « flat surface * 3D-surface

* on existing parts

Unique process characteristics for both:
» Rapid heating and cooling (103 — 106 K/s)
» Unique (cyclic) thermal history

» Local metallurgy (melt pool size of a few mm3)

SEICROIAT N
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LMD — Fe-30AI-10Ti

Variation of pre-heating temperature

Volumes built with pre-heating temperatures of 600 — 800 °C

dye penetration testing

T=600°C
T=700°C
T=3800°C
10 mm
: TR - 500 pm
(dimensions: 10 x 10 x 4 mm?) 800°C  porosity: 0,43% Tmm.

—> No cracks within the volumes built at > 700 °C

- Small cracks in the edge area (first 4 layers)

\
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SLM - Fe-28Al

Parameter study to achieve dense volumes

Density decreases with increasing scan rate
Density decreases with increasing laer power
Density > 99,5 % achievable

100 mm/s 300 mm/s 500 mm/s
g B \\’;m\g’*{ ,\'n“_:‘:’ BV 100,00 ﬁ\\
: 90,00
100 W - x\
- 200 W
£ 80,00
100 W
70,00
200 W 60,00 . . . ;
0 200 400 600 800
- > mm Scaning speed [mm/s]
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Results — Fe-Al-Ti and Fe-Al-Ti-B

Influence of Ti and TiB on pre-heating temperature (SLM)

Fe-22Al-5Ti Fe-30Al-5Ti-0.7B
600 °C 800 °C A 400 °C 600 °C

B Reduction of Ti decreases brittle-to-ductile transition temperature (BDTT)

M TiB leads to further decrease of pre-heating temperature for crack-free
samples

® Density of > 99.5% is achieved
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Results — Fe-Al-Ti and Fe-Al-Ti-B

Influence of Ti and TiB on pre-heating temperature

Alloy LMD SLM

Fe-28Al 200 °C 600 °C
Fe-30AI-10Ti 700 °C 800 °C
Fe-22A1-5Ti (>400°C) 800 °C

Fe-30AI-5Ti-0,7B 400 °C 600 °C

B Misorientations / internal stresses lead to bigger difference between pre-
heating temperature for LMD and SLM

M Addition of Tiincreases BDTT
Increase of pre-heating temperature for crack-free samples
M Titanium borides decrease BDTT
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Material — Fe-28Al
Typical parameters of LMD and SLM!

Parameter LMD SLM
Beam diameter 600 pum 100 pm

Scan speed 13.3 mm/s 200 mm/s

Laser power 180 W 200 W

Layer thickness 300 um 30 um

Pre-heating 200 °C 600 °C

Density >995% >99.95%

B Samples are crack-free

[1] Rolink et al.: J. Mater. Res. (2014)
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Local Solidification Conditions

LMD SLM

300 °C 600 °C

300

® LMD samples are crack-free at much lower preheating temperatures than
SLM samples
-> Significant differences in process conditions
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Modeling of LAM

A fundamental understanding of how process parameters relate to solidification
conditions is essential for Laser Additive Manufacturing, because these conditions
strongly determine the microstructure and thus the functional properties

Solidification
conditions:

« solification rate
 cooling rate

e crystal orientation

Processing AL
parameters '
 laser power

* scanning velocity
» powder feed rate

Design of experiment

Conventional approach New approach
Parametric design for Parametric design for
processing parameters solidification conditions
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Modelling LMD
Comparison experimental and computed results

Melt pool surface in longitudinal and cross section of single track

cross B Good agreement of

sectional experimental and comput
section

details of
the geometry of the
melt pool surface

2800
2592
2385

1969
1762
1554
1346
931
515

100

longitudinal sectional view side view

Ni-based alloy
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Local Solidification Conditions

Solidification conditions change along the front

Solidification B z |
front
X
veg 4 Solidification rate ]
[mvs] E
ml| Temperature gradient = T=VgXG
;A x [m]
[Kss]
, [ Cooling rate _
A g ~ml
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Local Solidification Conditions

LMD: Build-up strategy influences crystal growth direction...

ﬁ‘ —
e —< >
Unidirectional 2 “H Unidirectional 4 l” D — I“
-—
-—
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Local Solidification Conditions

...but not necessarily crystal orientation

Fe-28Al

Unidirectional2 | ——*

— A4
Unidirectional 4 — lu
—
= z
[t | [oetnss, | [mozmss, | [renner, ] ;
= | 14 4 X
Meander - >

«. Contour travel 111

n,n+2, ... n+1,n43, ..

001 101

SEICROIAT N

$ Bundesministerium
fiir Bildung
und Forschun

hung

- - i L—
Max-PlanckeInstitit  ZZ Fraunhofer

ILT

© Fraunhofer ILT



Local Solidification Conditions

Crystal growth as a factor of build-up strategy

.<A—X>. Schicht 2
~ — N/
Strategy: o iy - / ./.
Unidirectional 2 — e | Az§ >
Schicht 1,3,5,... | Schicht 2,4,6,... Schicht 1

Fe-28Al
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Local Solidification Conditions

Crystal growth as a factor of build-up strategy

Strategy: Unidirectional 4

o—>
*—>

o ————— >

Schicht 1,5,9,...

Schicht2,6,10,...

Strategy: Meander

o—»
9

o—

Schicht 1,3,5,...

e
—®

le—— o

Schicht3,7,11...

Schicht 2,4,6,...

Schicht4,8,12,...

Fe-28Al
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Local Solidification Conditions

Effect of parameters for SLM

Decreasing cooling rate I

coarse (and elongated) grains

I

P=300W P=275W P=200W
v = 1000 mm/s v = 750 mm/s v = 500 mm/s

BT 5 TR,
R “‘g‘é"q'ﬂ, Ja 4 i - %
. §d 2 B L8 5

: 4

Fe-28Al

Seite 23
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Comparison LMD - SLM

L.

y
Geometry of the melt pool
Fe-28Al
Solidification Parameter LMD SLM
front Beam diameter 600 pm 100 pm
Center line Scan speed 13 mm/s 400 mm/s
Laser power 240 W 200 W
Liquid-solid Layer thickness 300 um 30 uym
mterface Pre-heating 300 °C 600 °C
Melt front
0,2 0,2 SLM A
E E
E 01} £01} Kay
R 2 Kxz
< <
© 0,0F © 0,0F
N N
-0,1 -0,1 ¢ "
50 5,2 54 5,6 58 0,4 0,6 0,8 1,0 1,2
X-axis [mm] X-axis [mm]

B Smaller and longer melt pool for SLM

M Stronger curverture of the liquid-solid interface in LMD
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Comparison LMD - SLM 4.

y

Simulation of solidification rate vy, and temperature gradient T

LMD: vg; at v = 13 mm/s Fe-28Al SLM: vg. at vg = 400 mm/s
13 - 350
- 12 0,04 328
g 02 i T | 204
£ 5 v E 0,02} 5
s | ? EGmax = § [ 196
S o ; 20 -8 o i52
= 5 ~ X = - 130
© © |
¥ : & 0,02 { o0
3 I 64
L i 42
02 N R ey f -0,04L M . . . 20
14 1,2 1,0 0,8 0,6 0,2 0,15 0,1
y-direction [mm] y-direction [mm]
LMD: T atv =13 mm/s SLM: T at vg =
23000 940000
I 21820 0.04 L . /s 900000
— 02 20640 — [ " Y & | 860000
g 19460 € : 820000
1 - L
£ 17100 T E. 002 | 740000
c 15920 max ~ c i | 700000
2 | 13560 -8 ot 820000
[S] O
g " m ~x40 ¢ ik
© | 10020 -
o 8840 N -0,02 360000
7660 i 420000
- 6480 i 380000
O2( . 5300 004 . | g i g Ei i 340000
1,4 1,2 1,0 0,8 0,6 0,2 0,15 0,1 0,05
y-direction [mm] y-direction [mm]
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Comparison LMD - SLM
Grain structure of LMD and SLM samples - EBSD!!

LMD
lower region upper region Fe_28A|
X
y
: 31 |ayer th
(n+2)t layer {2)
2nd |ayer th
(n+1)t layer A inéd}
] . UARER B '2ver
1%t layer . : / (i | as m
: nth layer Jrtioked Tt T R
300 um substrate | 300 um [ 6 300 pm R sl substrate | 300 um [ SE

® Finer-grained first layers - selection of grains - large elongated grains

B SLM: higher temperature gradients and faster cooling = smaller grains
concerning width of grains

B Misorientations within the grains, more pronounced in SLM samples

[1] Rolink et al.: J. Mater. Res. (2014)
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Comparison LMD - SLM

SLM: Reduction of scan rate reduces Vgg and T
Fe-28Al

vge for vg = 20 mm/s

L.

Vg forvg = 60 mm/s

59
: 55
0,04 ! 0,04[ | 1
= i = i 44
E 002 E 0,02} 40
c c [ | 36
8 0 2 ol 32
] 3 C 28
= i = [ 24
T 0,02 T -0,02} 20
[ 16
0,2 0,15 0,1 0,05 0,2 0,15 0,1 0,05 g
y-Richtung [mm] y-direction [mm] 1
T for Vg = 20 mm/S 290000 T for Vg = 60 mm/s 550000
_ 271000 520000
0,04 | 252000 0,04 [ ! 490000
5 233000 ! 460000
214000 [ 430000
E 002 195000 0,02 | 400000
5 | 176000 i 370000
£~ 0 | 157000 ok 340000
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9] 138000 i 310000
&= [ 119000 i 280000
4 -0,02 100000 -0,02 | 250000
81000 - 220000
s - s " . - 1 62000 . - L L 190000
0,2 0,15 0,1 0,05 43000 0,2 0,15 0,1 0,05 160000
24000 130000
y-direction [mm] 5000 y-direction [mm] 100000
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Comparison LMD — SLM 5.

y
SLM: Reduction of scan rate reduces vgg and T
B Similar microstructure 130 [1g0pm | _P=200W,vs=400 [*® 1
when solidification 120] S -
parameters are similar ol Fe-28Al _
' 100 .
S
E 90} l
= @
£ 0,04F S gol -
= 0,02} I5
£ of g 70r '
%-0,02: _ E 60 F -
02 0,15 01 0,05 o 5ol ]
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2 a0} ]
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30} .
20 .
Green: LMD 1o} ]
Red: SLM e e e e ——
0 50 100 150 200 250 300 350 400
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Demonstrator Parts
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Demonstrator Parts
Planetary Gear and Impeller by SLM

Movable Planetary Gear Impeller for Turbo Charger

B Generated in “one piece” — Small specific weight
® Not demountable — Resistance against heat and
oxidation
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Demonstrator Parts
Turbine Blade by LMD and SLM

LMD

24 mm

— Comparison of same geometry made by LMD and SLM

— Hollow structure with wall thickness of 2 mm
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Conclusions

B Fe-28Al, Fe-30AI-10Ti, Fe-22AIl-5Ti and Fe-30AI-5Ti-0.7B can be processed
by LMD and SLM

M Crack-free bulk volumes can be built up
pre-heating necessary
® Density of more than 99.5% is attainable

B Understanding the evolution of the microstructure requires knowledge about
the local solidification conditions

M Differences in local solidification conditions of SLM and LMD lead to significant
difference in microstructure and properties
(see next presentation of Martin Palm)
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Thank you for your attention!

Any guestions ?7
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