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Stainless steel 316L v
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Melting system: SLM 250 (SLM Solutions)
A400W fibre laser
AArgon atmosphere

Tested material: Stainless steel 316L
ALayer thickness: 30um
AAverage particle size: 40um
APlatform temperature: 100°C

Lasu) | 26500 |3 64P)
Temperature [°C] 650 (10101058ar)

Time [h] - 2 4
Atmosphere - Argon Argon

Prof. Dr_-Ing_ Thomas Niendorf A. Riemer et al., Eng. Fract. Mech. 120, 2014, 15-25. AAMW 2016 5
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Microstructure

90 um

EBSD IPF TEM EBSD IPF

As-built HIP
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Stainless steel 316L
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Tensile tests:
Ain accordance with 1ISO6892-1:2009
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building direction

Aas-built surface ° B /e s
Adisplacement controlled (5Smm/min) ——
Atests performed on testing machine
Instron 5569 17.6 28.8
Aat ambient conditions -
condition UTS / MPa YS / MPa U/ %
as-built/SLM surface 565 5 MPa 462 +5 MPa 53.7 £2.6 %
650 °C/turned surface 595 +5 MPa 443 +5 MPa 48.6 2.6 %
traditionally processed 530-680 220 © 40
Prof. Dr.-Ing. Thomas Niendorf A. Riemer et al., Eng. Fract. Mech. 120, 2014, 15-25. AAMW 2016 7
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Stainless steel 316L VERSITAT
Tensile tests
------ 316L_650°C
— 316L _as-built
Sy — — 316L_HIP

eng. stress [MPa]

—_—
— —
— —

s [MPa)

s

eng. stres

2 3 4 5
eng. strain{%)]

10 20 30 40 50 60 70 80
eng. strain[%]

/i
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Stainless steel 316L
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Fatigue tests:

Aforce controlled
AFrequency: 40 Hz
AStress ratio: R = -1

Ain accordance with ASTM E466-07
Aas-built and turned surface

condition

fatigue limit A [MPa]

building direction

115

37,5 0.1 40 +0,1 37,5 £0,1

Rz 25
Rz 6,3

@12

5,1 40,03

N
2}
2}
/l\r/

as-built/SLM surface 108

as-built/turned surface 267

650 °C/turned surface 294

HIPed/turned surface 317

traditionally processed 240-381

Prof. Dr.-Ing. Thomas Niendorf A. Riemer et al., Eng. Fract. Mech. 120, 2014, 15-25. AAMW 2016
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Woehler type S-N-curves
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Fracture mechanics tests: Comparison of threshold values
AEffect of post-treatments
AEffect of crack growth direction

6 6
& (=) Same level of DKy, & )
I similar scatter range £ 5
G @
A 4 . /-%
2’53— ofabou’““()/0 :*<'C~3—
< Pk = uild directios < 5
2 2 - § =
[l HH ==
1 | ,~||||II||”|||||||||IIJI 1 | g E;&é
l.‘l "' Ne—
i i ,;i.llll
0 - 0 -
m as-built = 650°C = HIP m as-built = HIP

—
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X-Ray diffraction: Residual stresses for
- A3 directions
oy [MPa] —— as-built
' = 650°C Asample surface, 100um and 200pm depth
Aaverage error of data is about 25 MPa
0450 [MPa]“ —— as-built N ] . ]
—2=650°C U No significant internal
Thm X 00 200 fgg R stresses for x-direction
@
a0 0 b U Highest internal stresses for
y-direction (building direction)
| | U Highest value in a depth of
7 Fa AR 100pm for y-direction
f 2001 => shell-core re-melting
i o 1007 . . .
5| point | o @yt__-_lge %\-\220 U y-direction: decrease after
v ool heat treatment

Prof. Dr.-Ing. Thomas Niendorf A. Riemer et al., Eng. Fract. Mech. 120, 2014, 15-25. AAMW 2016 12
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6 6
& (=) Same level of DKy, & )
= 9 similar scatter range & 51
© @
S 4 /-%ﬂ’
= increase N %Km =
= e
= 3 ut 40% < 3|
v 3 of abo S
< 2 b uild directio® < 5 g, \
1) HH =
1- ”f;’"‘“'[lllllllmm 1 % Eg/ﬁgg
bl il =
i Sl |
0 - — 0 -
m as-built = 650°C = HIP m as-built = HIP

Higher threshold value for (*)-direction despite highest internal stresses in
building direction superposed with testing load

=> small effect of internal stresses on crack growth

—

Prof. Dr.-Ing. Thomas Niendorf A. Riemer et al., Eng. Fract. Mech. 120, 2014, 15-25. AAMW 2016 13
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Microstructure: Similar microstructure for as-built and 650°C
Aelongated grains in building direction
Astrongly textured
HIP condition exhibits
Acoarse grains, almost equiaxed
Aabsence of strong texture

% _‘..‘

as-built

building direction

Prof. Dr.-Ing. Thomas Niendorf A. Riemer et al., Eng. Fract. Mech. 120, 2014, 15-25. AAMW 2016 14
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as-built & 650°C

AGrains are elongated in the
building direction

ALower crack growth

resistance along stretched AI
grains => Lower threshold c
values '8
AFor crack growth normal to 3
building direction the s
boundaries are closer and B

act as barrier => higher
threshold value

Threshold () [MPa-m1/2] 4.3 - 4.7
Threshold (=) [MPa-m1/] 3 3 4.6

—

Prof. Dr.-Ing. Thomas Niendorf A. Riemer et al., Eng. Fract. Mech. 120, 2014, 15-25. AAMW 2016 15



Stainless steel 316L

HIP

AAbsence of preferred grain
orientation leads to similar
thresholds

Alncrease in thresholds due
to elevated grain size

AGrain boundary as barrier

Acrack growth at low load
levels stops dependent on
the microstructure present
In front of the crack tip
=>higher scatter

as-built / 650°C

UNIKASSEL
VERSITAT
as-built / 650°C HI

/i

P

_

build direction

:build direction

grain shape
independent
from build
direction

650°C HIP
Threshold () [MPa-m1/2] 4.3 - 4.7
Threshold (=) [MPa-m1/] 3 3 4.6

Prof. Dr.-Ing. Thomas Niendorf A. Riemer et al., Eng. Fract. Mech. 120, 2014, 15-25. AAMW 2016
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What kind of microstructure can be obtained?
A Employed for processing of samples
C SLM-280H-C 400W / 1000W laser sources

C layer thickness up to 150 pm

400 W / fine focus
ND

é_»m

BD

C shell/core structures

1000 W / coarse focus

U/

Prof. Dr_-Ing_ Thomas Niendorf T. Niendorf et al., Metall. Mater. Trans. B 44, 2013, 794-796. AAMW 2016
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Microstructure/ grain shape

Prof. Dr.-Ing. Thomas Niendorf T Niendorf et al., Metall. Mater. Trans. B 44, 2013, 794-796. AAMW 2016 19
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Anisotropy/ texture

[:] 11

001 101
9.0

3.0

1.0

0.3

Microstructure/ grain shape

001 101

Prof. Dr.-Ing. Thomas Niendorf T Niendorf et al., Metall. Mater. Trans. B 44, 2013, 794-796. AAMW 2016 20



Microstructure design
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What kind of microstructure can be
obtained?

A Microstructurally tailored
A Load-adapted design

20

15

Functionally graded by 10
microstructure design

Strain in %

Prof. Dr.-Ing. Thomas Niendorf T. Niendorf et al., Adv. Eng. Mater. 16, 2014, 857-861. AAMW 2016 21
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Similar microstructure evolution for other alloys:
> Solidification in cubic phase
> No phase transformation upon cooling

C Ni-based alloys

20
2.28
0.26

0.03

Prof. Dr.-Ing. Thomas Niendorf F Brenne etal., Progr. Additive Manufacturing, 2016, in press. AAMW 2016 22
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Significantly improved

Performance

\ Processing

Structure

Properties

Additive manufacturing is perfectly suited for direct microstructure manipulation

A Grain size & shape
A Anisotropy/ texture

Prof. Dr.-Ing. Thomas Niendorf AAMW 2016 23
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Cast & Wrought SLM
Process @
Material g .
EBSD : - BD
SEM{ Qﬁ% BD]
TEM{W' BD()
| =
‘ BD@
Creep -
Building - BD|
Direction

Prof. Dr.-Ing. Thomas Niendorf M. Prabstle et al., Mater. Sci. Eng. A, 2016, submitted. AAMW 2016 25
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------
Bal. 19.0 185 0.04

éi:_ = \

d-phase (Ni;Nb)
Orthorhombic (DO,)

g iplase (Ni;Nb)
Tetragonal bcc (DO,,)

g-phase (NijAl)
Cubic (L1,)

Prof. Dr.-Ing. Thomas Niendorf M. Probstle et al., Mater. Sci. Eng. A, 2016, submitted. AAMW 2016 26
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SEM-BSE

Yy Substructures in as-built condition
Yy Bright contrast in SEM => enrichment in Nb
Yy Laves phase particles

Prof. Dr.-Ing. Thomas Niendorf M. Prabstle et al., Mater. Sci. Eng. A, 2016, submitted. AAMW 2016 28
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Solution heat Age
treatment hardening
oo 1000AC/LN (SLM)__ . d-Solvus
980AC/1h (C&W) 1027/C

930AC/1h (SLM) gi /gi-Solvus

886AC

Temperature / °C

Time / h

Prof. Dr.-Ing. Thomas Niendorf M. Probstle et al., Mater. Sci. Eng. A, 2016, submitted. AAMW 2016 29
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Solution heat treatment Aging heat treatment
C&W 980°C / 1.5h 720°C / 8h 620°C / 8h
SLM T as built - - -
SLM1 DA - 720°C / 8h 620°C / 8h
SLM 1T 930°C 930°C / 1h 720°C / 8h 620°C / 8h
SLM 1T 1000°C 1000°C / 1h 720°C / 8h 620°C / 8h

Prof. Dr.-Ing. Thomas Niendorf M. Probstle et al., Mater. Sci. Eng. A, 2016, submitted. AAMW 2016 30



IN 7181 Creep

KASSEL O
SITAT

’ (+]
G (J’"J' ‘,|SHT930 c]
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: - \".'

100 pm

100 pm

SHT 1000°C||

Yy Substructures are thermally stable
Yy Solutionizing eliminates segregations

Prof. Dr.-Ing. Thomas Niendorf M. Prabstle et al., Mater. Sci. Eng. A, 2016, submitted. AAMW 2016 31
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Yy Substructures are thermally stable
Y g iphase evolves upon ageing

Prof. Dr.-Ing. Thomas Niendorf M. Probstle et al., Mater. Sci. Eng. A, 2016, submitted. AAMW 2016 32
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630 °C /900 MPa

1

(7))

~

. W

()

[

(4v]

et

o

()

()]

—

@) . T Building
10 Direction
10° T I ' T ' T T T T

0.000 0.002 0.004 0.006 0.008 0.010

Plastic strain €|

Yy No significant difference between different orientations

Prof. Dr.-Ing. Thomas Niendorf M. Probstle et al., Mater. Sci. Eng. A, 2016, submitted. AAMW 2016 33
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10°
630 °C/ 900 MPa
< 107
7]
~ \:I.\\
e LD o
~. C&W
'% 107 RO \A\DA\"' g—na—nao—-o—08—"0!
e e A—A A A
R e R L e e o s [l | Py
@ ]¢ DA® —e—o—0—° ——
| - -8 —
= — —
SHT 1000°C
10° T T T T T T T T .
0.000 0.002 0.004 0.006 0.008 0.010

Plastic strain £n)

Yy SLM material - superior creep strength

/i

Prof. Dr.-Ing. Thomas Niendorf M. Probstle et al., Mater. Sci. Eng. A, 2016, submitted. AAMW 2016
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SLM

Minimum creep rate ¢ /s

Norton plot 900 950 1000 1050 1100

Stress o / MPa

Yy SLM material - superior creep strength

Prof. Dr.-Ing. Thomas Niendorf M. Probstle et al., Mater. Sci. Eng. A, 2016, submitted. AAMW 2016 35
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Compression creep

107
630 °C /900 MPa
<  10°
%)
S—
e W
'% 10'7 m| l_l-——D'__D_TD
— —A—A—A—A——
% ____./0—-"‘."'" SLM
D 10° Q. \ /0/‘ '
O ‘OM’W
10° T T T T T T T T ;
0.000 0.002 0.004 0.006 0.008 0.010
Plastic strain e,
gi i
fraction
iIncreases

 —
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Compression creep
107

630 °C /900 MPa

< 10°
o)
—
¢ W
Q \\D C&W -
T 10710 S Seermreasare
a Je ‘O\SHT93OC 7 — o—®— SLM
O ]& DA®—e—leor—o—0 o ‘o
) 1N\ ¢
S 1004 O o—0—%
O 000
SHT 1000°C
'I('J_‘CJ T T T T T T T T
0.000 0.002 0.004 0.006 0.008
Plastic strain £n)
gi i
fraction
Increases
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Compression creep

107
1630 °C /900 MPa
- 10°dA 3.5%d
. W NS
~— C&W ?
‘% 10-7 \A\D‘\E ,‘i |_|--—--l:l"""""l:l-_'_D
~ A S Ny Y — N——
S le O SHT930°C Al =
8 ] \0\_ DA o o—0—° .__,,_,9/0“ ,
S 10-8 ’\ .—-"/ k.
SHT 1000°C | Ainer
9 Asubgrains
10°

E T - T ' | : T E
0.000 0.002 0.004 0.006 0.008 0.01F

Plastic strain Ep

—
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Compression creep

10°

630 °C / 900 MPa
o
o 3.5%d
g , e SHT 930°C “‘—‘::.f:o‘: =
o ¢ DA \°—"‘"‘./H—"""'
o 10 ’\,_' o—o—¢
SHT 1000°C
103.600 O.OIOQ O.OIO4 O.OIOB O.OIOB 0.01 l:»i" AT
Plastic strain ¢,
1 5.8 % dbut
Kiner d
Asubgrains
Asmaller g j i
depleted
Z0ne

Prof. Dr.-Ing. Thomas Niendorf M. Probstle et al., Mater. Sci. Eng. A, 2016, submitted. AAMW 2016 39
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Conventional C&W material:
Yy dphase is necessary to pin the grain boundaries during RX
Yy Less Nb is available for the precipitation strengthening phase g j j

SLM material:
Yy dphase is not necessary
- heat treatments can be adjusted

Yy More Nb is available for solid solution hardening and the
formation of strengthening g ijprecipitates

mm)> Higher creep strength of SLM IN718

—

Prof. Dr.-Ing. Thomas Niendorf M. Prabstle et al., Mater. Sci. Eng. A, 2016, submitted. AAMW 2016 40
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Single laser 400 W

Microstructure

C EBSD IPF

as-built solutionized

f

Similar to 316L

Prof. Dr.-Ing. Thomas Niendorf M.E. Aydinoz et al., Mater. Sci. Eng. A669, 2016, 246-258. AAMW 2016 41



IN 718 T Fati UNI KASSEL O
| Fatigue -
g VERSITAT
Post-treated conditions
Nomenclature Condition Details
S Solution annealed  1000°C/1 h/Air Cooling(AC)
H Hot isostatically 1150°C/1000bar4 h/FurnaceCooling (FC)
pressed (HIPed)
S+A Solution annealed  1000°C/1 h/AC + 720°C/8 h /FC at 50 °C/hto 621 °C
+aged +621°C/8h/AC
H+A HIPed+Aged HIPed+ 720°C/8 h/FCat50°C/hto 621°C + 621°C/8
h/AC
P+H Arc-PVD+HIPed 1000°C/1 h/AC + Arc-PVD(Ni-20Cr) + HIPed
P+H+A Arc- 1000 °C/1 h/AC + Arc-PVD(Ni-20Cr) + HIPed +
PVD+HIPed+Aged 720°C/8 h/FCat50°C/hto621°C + 621°C/8 h/AC
Prof. Dr.-Ing. Thomas Niendorf M.E. Aydinoz et al., Mater. Sci. Eng. A669, 2016, 246-258. AAMW 2016 42
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Optical microscopy

as-built solutionized HIP

K / Recrystallization

Microstructure

details?

Prof. Dr.-Ing. Thomas Niendorf M.E. Aydinoz et al., Mater. Sci. Eng. A669, 2016, 246-258. AAMW 2016 43
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as-built

Computer tomography (CT)

Resolution limit: 8 um

HIP

Low degree of porosity C BUT: local differences

C Most critical: porosity close to the surface cannot be eliminated by HIP

Prof. Dr.-Ing. Thomas Niendorf M.E. Aydinoz et al., Mater. Sci. Eng. A669, 2016, 246-258. AAMW 2016 44
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Tensile tests

Prof. Dr.-Ing. Thomas Niendorf M.E. Aydinoz et al., Mater. Sci. Eng. A669, 2016, 246-258. AAMW 2016 45












