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SLM 718 Feedstock Variability Project — Intraagency Team:
Supplier-to-supplier comparison 18 powders and 194 variables measured
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SLM 718 Powder Feedstock Variability Study
A Principal Component Analysis (PCA) of Feedstock Variability

» Motivation and background
* Overview- 18 powders from 8 suppliers (A-H)
» Background into Principal Component Analysis
» Experimental Results
* Powder characteristics
* Build Microstructure
* Mechanical Property Evaluation — Tensile / HCF results
» PCA Results
» Summary and Concluding Remarks

» In-Progress Research at NASA GRC
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Space Launch System — Heavy Lift Launch Vehicle —
Requires four RS-25 engines to lift core stage

RS-25
Affordability
Initiative

; ° N
......

'

33% Reduction in Cost
3 “1”“!1 ” 4

) L : RTVTTIRS > 700 Welds Eliminated
- VTR . >700 Parts Eliminated

'\ 35 AM Opportunities
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SLM 718 Feedstock Variability Project:

Supplier-to-supplier comparison 18 powders and 194 variables measured

Motivation

« Standardization is needed for consistent evaluation of
AM processes and parts in critical applications.

« Support MSFC technical standard for SLM 718
hardware by examining feedstock relationships to
processing, homogeneity, durability & performance

« Data on powder feedstock variability in open literature
are limited & inadequate

Objectives

POC: Doug Wells

H MSFC-STDxxxx

Naticasd Aevoeacnics s0d REVISION: DRAFT |
space Admmsimranca EFFECTIVE DATE: Net Relessed

Grorge €. Marshal Space Flight Center
Marsbalt Space Pight Ceater. Alsbama 35812

EM20
MSFC TECHNICAL STANDARD
Engineering and Quality Standard

for Additively Manufactured
Spaceflight Hardware

VERIFY THAT THIS IS THE CORRECT VERSION BEFORE USE

» Use Principal Component Analysis (PCA) to determine the largest contributors of variability
In data set of feedstock characteristics, microstructure, key properties and performance

» Apply PCA to subsets of the data set to determine relationships between variables and

their effect on variability

» Use PCA to support down selection of 5 powders for expanded property assessment
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Supplier-to-supplier comparison 18 powders and 194 variables measured

Majority of powders were gas-atomized in Ar

Suppliers: 1 Reseller, 7 Direct Source Manufacturers Feedstock Build Microstructure
Powder cut i i
Gas | ID | Alloy 718 Powders | >*°°'“* Buid Chemistry
GRC geinu Powder Chemistry Green State -
.. Ar Al |Supplier 1, Powder 1 (Reseller) 15-45 Porosity: % and Size
13 virgin Ar A2 |Supplier 1, Powder 2(Reseller) 10-45 Particle Size LA
Ar A3 |Supplier 1, Powder 3 (Reseller) 10-45 Distribution (PSD) Green State - Large 4
-the- Ar B1 |Supplier 2, P1 (Thermal Spray) 15-45 ’ Nitrides: % and Size
Sr;f;n?_jtzelf N Cl1 |supplier 3, Powder 1 15-45 e.g. D(50), FWHH i Not present in
(>20 kg) N E1  |Supplier 5, Powder 1 10-45 Porosity: % and Size | powders
from “’ Ar F1 |Supplier 6, Powder 1 15-45 — Packing Density Heat Treated — Mean
. Ar G1 |Supplier 7, Powder 1 (No build) 0-22 Grain Diameter
commerCIaI Ar G2 |Supplier 7, Powder 2 11-45 G Series: Flow measurements
production Ar G3  |Supplier 7, Powder 3 16-45 Size effect with Rheological Heat Treated— Avg.
Ar G4 |Supplier 7, Powder 4 45-90 /Same chemistry roperties Flam. Burn Length
Ar H1 [Supplier 8, Powder 1 10-45 prop
MSFC Ar D2 (V1)[Supplier 4, Powder 2 10-45 $ . _ Properties
irai A F2 (V2 li P 2 10-4 rocessin
3 virgin Nr E2( ) [upplier 6, Powder 0-45 : Heat Treated - Hardness
(V3) |Supplier 5, Powder 2 10-45 Melt pool depth 495- 471 MP
Full Lots Ar D2-R1 |Supplier 4, Powder 2 (2" build) 10-45 150 (425- a)
_ . =Ll : (150 m-300 pm) .
(>1000 k ) Ar F2-R2 |Supplier 6, Powder 2 (2" build) 10-45 Heat Treated — Tensile YS,
9 N E2-R3 |Supplier 5, Powder 2 (2" build) 10-45 As-fabricated surface UTS, Ra, PL, Elong
y N o s roughness — '
2™ Build Heat Treated— HCF Fatigue
R “Reuse” Powders: Same Powder Life for LSG. AF
Topped Off ’

Published: Proceedings Superalloy 718 & Derivatives: E. Ott et al (Eds.), TMS (Pittsburgh), 89-113 (2018) Www.nasa.gov g
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Background into Principal Component Analysis

(Transpose)(Original)=Scaling (Covariance)

(Matrices) X "X =nV

Eigenvectors of V are the principle components - -

Eigenvalues give the PC rank, e.g. largest first

PCA determines which variables or classes of
variables have the biggest effect and eliminate
variables with minimal contributions

PCA is:

* Not a predictive regression model of the
dependent variables

« Used to find the largest contributors to the
variability in the data

* Reduces n independent variables to p
principle components

Original )U(-Axis

Original

30

20

10

-30

X-AXIiS™

-10

-20

-30

Principal Components are axes that
represent maximum variability in the data
PC1 — Axis containing the largest
variability in the data set

PC2 - Orthogonal axis to PC1 containing
the second most variability in the data set
PCp — Nt orthogonal axis with the Pt
most level of variability in the data set
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Wide variability in powder characteristics for 18 powders investigated

dministration

Size PSDs Undersized
. _Tpm Cutoff _
S————— R . Typical Roughness
> 10f Dy 7.0 ” €5 "' Fines=
o A2 Dgy-Dyo|13.7 osf  36.6% A3
S st Ratio|1.96 5
o8 - b -
O o4 ] 0.4f
& -51 0.2
= 02 N= 463,018 i ' N= 63,688
= o.0oF S e Bt T ¥
S e 0 e 1oo Very Smooth Thermal Spray o —
= 1of B1 D 128 0.8} Fines= | 27
o f i ' 29.8%
N osf |Dgg=D1¢[23.1 0.6
g 0‘6;- Rat'o 1‘80 0.4
S i "2 N= 34,342
< o N=1705584 0.0f AL N
OAO' - — N - 1.0t
10 100 W H1
Circular Equwalent Diameter (um) 20 ym og
08 N= 63,085
Number-basis distributions o
- “|Fines=
Mean Diameter, Dg, o7s % N\
0.0 + i+ [
1 10

Distribution Width, Dyy,-D

Standard Size: Bimodal vs. Unimodal (few fines)

| Not agglomerated, but trimodal |1of.

Sllghtly agglomerated ,
D, 23.95“ A - b:

r C1

N— 21,791 t Large Avg. Dlameter |

G2

D5
Dgg-Dyg

Ratio

" Diameter (um) Lt

Shape Factors

Larger diameter

Agglomerated D1 god

Typical

e 1.0f Clrcularlty Vén Area
L 308 Pertmeter
TCIY o4

uuuuuuuu

'Co'nvlex'ityl (L:om;exl'iull') ‘

Perimeter

Maxima shifts due ]
to particle fusion 1

sil

Circularity = Aspect
Ratio = Convexity =1

For a perfect sphere

houette

7} T
vvvvvvvvvvv
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0.8
0.6

o O
- ek = NN h '
\IOOCOO—‘II\JI-PI

Precipitate strengtheners

Wide variability in nitrogen content
Two main outliers: Bl low in C; E1 powder is out of spec-low Al, high C & Si

0.3
0.2
0.1
0.0

0.10F

0.08
0.06
0.04
0.02
0.00

High trace impurity could lead to segregation,

Inclusions, & weldability issues

Elemental concentration (wt.%)

Elemental concentration (ppm wt.%)

1600

1 1
| TiN inclusions

1200}

-E1 near max | | I Si -
<

i correlated

' |T. A el L B

A1 A2 A3 B1 C1 D1 E1 F1 G1 G2 G3G4 H1

MC carbides

- B1 very low E1 out of spec-

A1 A2 A3B1C1D1E1F1 G1G2G3G4 H1

800}
400
o

A1 A2 A3B1C1D1E1F1G1G2G3G4 H1

mm N

400+

300
200
100

Most between
100-200 ppm

A1 A2 A3B1C1D1E1F1 G1G2G3G4 H1

2 ICP-AES run average compared to ASTM 367

WWW.Nnasa.gov
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18 builds over 3 months

Taper Ends for Easy Snap Off

Some Experimental Details

Selective laser melting fabrication using Concept Laser M1

MSFC Build 10 - 16 weeks > To GRC

Full Heat Stress Relief
Treatment at MSFC

Hot Isostatic Solution and Aged to
Pressing in batches AMS 5664E in batches Machine
at Outside Vendor at MSFC

Screen room temperature mechanical behavior of fully heat treated test bars

As-Fabricated (AF) vs. Low Stress-Ground (LSG) Surface Conditions

* One tensile test per surface condition
 Strain control up to 2% then stroke control at equivalent strain rate

* Three HCF tests per surface condition at 20 Hz and R_=-1
« Targeted 1 million cycle averages, Runouts above 10 million
» Stress amplitudes of 271 MPa (40 ksi) for AF and 464 MPa (67 ksi) for LSG

www.nasa.gov 10
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Builds from N,-atomized powders retain the fine SLM grains after heat treat N(\

FG

Fine grain

Al Ar 25.1 70.0 £ 55 Recrystallized
A2 Ar 7.0 57.3 = 3.6 Recrystallized
A3 Ar 20.1 74.4 = 12.2 Recrystallized
Bl Ar 9.5 67.9 = 8.6 Recrystallized
C1 N 29.1 359 £45 Anisotropic

D1 Ar 23.7 525 + 3.6 Recrystallized
D2 Ar 17.9 51 + 10 Recrystallized
D2-R Ar 17.9 62.7 = 8.6 Recrystallized
E1l N 23.8 215 £ 1.3 Anisotropic

E2 N 19.1 31.6 £5.0 Anisotropic

E2-R N 19.1 195+ 5.6 Anisotropic

F1 Ar 23.0 88.8 + 12.3 Recrystallized
F2 Ar 17.7 64 = 18 Recrystallized
F2-R Ar 17.7 70 =+ 14 Recrystallized
G2 Ar 14.6 63.2 = 6.0 Recrystallized
G3 Ar 25.3 71.2 £ 6.4 Recrystallized

—1 H1 Ar 18.7 409 = 2.3 Partially Recryst’ d

Gas

D(50)

Avg Grain

All builds have fine nitrides

in bulk

Few minor phases at GBs:
N<600 ppm & C 50 390 ppm

Build Direction

£19% £
Minor phases at GBs: N>1000
ppm & C= 390 960‘Q_Qm

W [001]

§ . ’\
= 4
g 50 pm

www.nasa.gov 11
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Builds from N,-atomized powders retain the fine SLM grains after heat treat N(\

Many fine GB Large Bulk Large GB All builds have fine nitrides

Nitride/Carbides  Nitrides  Carbides in bulk Few minor phases at GBs:
Al Ar Recrystallized N<600 ppm & C=50-390 ppm
A2 Ar Recrystallized ﬁ" ﬁ 2 [o0t] \
A3 Ar Recrystallized Ar I ‘ %}2" .1
B1 Ar Recrystallized S b7 “
R-Er;?fép C1 N * Anisotropic § L: \{‘
(FG)| b1 Ar Recrystallized E ‘ » ¢ %
D2 Ar Recrystallized g TO p;n r
- D2-R Ar | | Recrystallized _ '
3| E N ¢ ¢ Anisotropic Minor phases at GBS N>1000
3 E2 N * Anisotropic ppm & C= 390 960@2001]
i_% E2-R N * Anisotropic B 4
- Sl
F1 Ar Recrystallized N T t ARE
F2 Ar Recrystallized |5 | iu’
F2-R Ar Recrystallized g 0N »1’-
G2 Ar Recrystallized g y
G3 Ar Recrystallized ;:5: ;50 pm
— H1 Ar * Partially Recryst’ d WWW.nasa.gov 15
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Tensile properties meet/exceed AMS5664, show comparable response
with surface condition; relate to chemistry and microstructure

Heat treated ke Faicated 240 YT SE—— —
a) As-Fabricate — ow Stress Groun —
SLM 718 . -
200 B1 B1 200 ——— - 51 B1
e S S L ,
= " LowC| ___, —— o O I ™ g DWW -
7’ M SmOOtr — )1 ,,::“::-‘ .......... .\.‘~“:::\ C1\H1 —hl
—~ 160 /7= - ===H 460 - ,A" High C E1 ===E]
[ a High C: E1 | smaller|avg. — 4 E1 High N - —
F ;,’ Agglom. | grain sizes ——G2 '_rf smaller avg. —¢2
2 120 q;’ textured :2 120 -—[f grain sizes ::
&a ) P textured
{ -== H1 ! - H1
! AMS 5664E —er | AMS 5664E =
80 1 — p2R 80 1'; I ——— D2R
§ Elongation >20% Exceeds 10% R ! Elongation >20% Exceeds 10% o
‘; RA > 25% Exceeds 12% — e .i RA > 25% Exceeds 12% _—
40 —— D2 40 — D2
0.00 0.05 0.10 0.15 0.20 0.25 0.30 - 0.00 0.05 0.10 0.15 0.20 0.25 0.30 2
Strain Strain
Room Temperature P
Tensile Testing As-fabricated  UTS (ksi) AP Low Stress - 0.2% YS
Offset (ksi) Ground UTS (ksl)  tset (ksi)
Solution and aged bars AMS 5664E 180.0 150.0 AMS 5664E 180.0 150.0
B1 (Low C) 200.5 1711 B1 (Low C) 208.8 179.3
Rest (H1>>G2)  183.5-195.5 151.6-165.4 Rest (H1>>G3)  193.4-203.6 160.8-165.4
178.8 144.9 —
E1 (Off Spec) E1 (Off Spec) 185.0 1506 Fmasagov 13
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1103 (160)

965 (140)

827 (120)

689 (100)

551 (80)

414 (60)

Maximum Stress, ksi (MPa)

276 (40)

138 (20)

0

Room Temperature High Cycle Fatigue

Tension-tension

SLM
Morgan-Wells H i
50 Ae1 Fine grain (N,), large
+ D(50), narrow
distribution, shape
deviations
| Morgan-Wells
AF, R=0.1
1 SLM
Fully Reversed
....... C1l y REV!
T L. Conventional
R=-1 AR — MMPDS, R=-1
This Study 4 sssaStplaiins 42 — Y .
T LSG e T o
R=-1 Belan (2015), Red ™
T This Study i -+ + Conventional
AF
0.5-2x106
104 10° 10° 10/ 108

Fatigue Life, N¢

Low stress ground compares
well to wrought data

Statistical analysis shows that
C1lis different, with single run
outliers for B1 (high) and E2
(low)

As Fabricated has less scatter,
but 40% lower stress for
comparable life

« Crack initiation driven by
rough surface due to SLM
processing

www.nasa.gov 14
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Scree plot
Variance with each PC

60

1

50
(b
040—
c 4
S 30 -

10

0] _‘r e

1 2 3 4 5 6 7 8 9 10 11 12 13
Principal Component

1

Cumulative
Component Variance Proportion proportion
1 57.140 0.293 0203| Nearly
| 2 _3e48 _ _ 0178 _ _ o471| _half
3 26.658 0.137 0.607
4 20.121 0.103 0.711
5 14.472 0.074 0.785
6 13.325 0.068 0.853
7 10.661 0.055 0.908
8 5.645 0.029 0.937
9 4.880 0.025 0.962
L __ o _ _358 o018 _ 0980 _ 98%
11 2575 0.013 0.993
12 1.291 0.007 1.000

Higher order PCs comparable to a rounding error

Full PCA Analysis
Full PCA Analysis of 194 Variables reduces to 12 Principal Components §

Full PCA Plot
PC1 axis

N>

E1
+7um O7F5-025 Crvx [Fow Miph) -

+7um 5D Crvx Pow Mph]

Al

Plot independent variables as (PC2, PC1) vectors
Powders reduce to a single point as a vector summation
Variables with high PC1 or PC2 character along the axes

www.nasa.gov 15
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Full PCA plot dominated by powder characteristics

- EL (isibility = 0.8)

1. Set visibility: a vector cutoff E2-R

length to show significant variables -
: : ~Aspect Ratio X F2R
T Q505 e Pt X D2-R
1. Plots Rotated: Longest vector P ) ~.
points to the right at O degrees D1 ,7/ ‘ “\\
(Here: Skewness of Full PSD) D(50) / \‘-\1 .\H ."II \o,i:m PC1 - 0.296
JRONHEHIN AN il \ PC2 - 0.175
Parmezb : of ‘F‘::Q“:.k\.‘ ‘."\
/TSN Total — 0.468
4 C1 |I E:EE“X \ / II

Full Q90 CEDia[Puprh:l-um| e B — - ‘FuH&kaED-ia

| F1 __— =
. § —— Fulim-:l Criv [PowMph)-um
l' — ; Tl Full Kt CEéia
N = .
Full Q50 CE Dia [Pow Mph,l—'il.lm :,_-—--'
Full Mean CEDiz [Paw Mphj- —
e Plrr.éssure Drop

Orientation relationship of vectors indicate M Ql

how the independent variables correlate \ / A2
. .
. AN A3 L I
- Small angle — Strong correlation A ¢ \*ﬂm;ﬁj;"h:j;jp:;‘ju;
« Perpendicular — No correlation & 63— Mean Convexity
« Large angle — Strong anti-correlation O G2 Bl

www.nasa.gov 16
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PC1l & PC2 character shows consistency with metallurgical experience

Principal Component 1 Principal Component 2
Variable ' PCl Variable PC1 Variable PC2 Variable PC2
+7um Skw CE Dia d95, Number Oxygen 0, Powder (SESELY) Dynamic flow Specific Energy | -

+7um Mean Cnvx (Pow Mph) - um d5, Volume
+7um Q10 Cnvx (Pow Mph) - um
+7um Q50 Cnvx (Pow Mph) - um
Ease of air escape Pressure Drop

Full Q50 Circ (Pow Mph) - um

O, Build
Nitrides Inclusion VF, GS
Inclusion size, GS

AF SD HCF stress

+7um Q75-Q25 Circ (Pow Mph) - um
+7um Var AR (Pow Mph) - um2
Normalised Aeration Sensitivity
+7um Mean AR (Pow Mph) - um

Mean, Number

Nitrogen N, Build
d90, Number

Shape Full Mean AR (Pow Mph) - um

Fines Fines
Tensile Ra T, LS Ground

Full Krt CE Dia Mean, Volume Sulfur S, Build LSG Max HCF stress
Full Krt Cnvx d10, Volume +7um Q10 AR (Pow Mph) - um Grain size Grain size, FHT
Full Mean Circ (Pow Mph) - um Median, Volume LSG Avg HCF stress +7um QS50 Circ (Pow Mph) - um

Tensile LSG Avg UTS d50, Volume +7um Mean AR (Pow Mph) - um +7um Krt Circ
Full Q10 AR (Pow Mph) - um Full SD CE Dia (Pow Mph) - um +7um Q50 AR (Pow Mph) - um Full Q90 CE Dia (Pow Mph) - um
+7um Skw Cnvx Full Skw Cnvx +7um Skw Circ Tensile LSG Avg Prop. Limit
Mode, Number +7um Q75-Q25 Cnvx (Pow Mph) - um Dynamic flow Flow Rate Index Tensile LSG Avg 0.02% YS
Full Q50 AR (Pow Mph) - um Geo.Mean, Volume Roughness Ra Met Bar Fatigue life AF Avg HCF life
Mode, Volume +7um Q90 CE Dia (Pow Mph) - um S, Powder Full Q50 CE Dia (Pow Mph) - um
Geo.Mean, Number Air flow resistance Permeability Full Skw CE Dia Hardness Hardness, FHT
Median, Number +7um Mean CE Dia (Pow Mph)-um Porosity Porosity size, FHT Strengtheners Nb, Powder
d50, Number +7um Q50 CE Dia (Pow Mph) - um LSG Min HCF stress Full Mean CE Dia (Pow Mph) - um
Shape  17um Q75-Q25 AR (Pow Mph) - um Nb, Build
Powder characteristics dominate PC1 More variables / relationships influence PC2
» Size and shape distributions show largest variability, as *Microstructure (grain size, nitrides, Nb-rich y") vs Tensile
does resistance to air flow that relates packing density ‘Roughess A, Fatigue life ¥ in bars with AF surfaces
» Captures anti-correlation with UTS and N content observed Powder Production: O, S, AR, fines A\, HIP/HT pore size A\

www.nasa.gov 17
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Powder Characteristics - Mechanical Properties

(V|S|b|||ty 0.6)

T T

PCl - 0417 /‘/’::: n AR [Pow Mph)-um H\KH\‘\\
PC2 - 0.245 / \\\
Total —0.662 / Aspect} N
;’[ Ratlo \" LSG Aug HCF stress N
"’{. l"‘l"'. ’ \"\

Full Mean AR (Pow Mph) '?L{m

m Mean CE Dia {Pupr \‘ \
Mean Pay‘tlcle\ \I
D'amete'f HCF Life .\, _

Subset PCA Analyses

Melt Pool Depth - Mechanical Propertieg’ ._.)A
(Visibility = 0.6) -~

;
b

= . .
a /" C1 prior particles \
~ | Vs segregation \
| i 5G 50 HCF life
|I Melt POOl _,_————__________ _r-._ki.c:: S HEF i
|I Depth ___d__,-g'"-rf II| I| HCF Llfe
N ,..r"‘? fn'l i /
e I:-'!||I: Lrepth, &3 F, -'"II IIl " |I|I |'|I (LSG)
h /ﬁ i 1\ S
Y I| |I|II _,."
N LSG AyE RA I,-' i' I\ /
", / .III II|II'|I f’f
¥ sedenibetbe " PC1-0.493
vEhodulus | " e PC2-0.224
— 4 ‘ “ _ ﬁ,ﬁ”' Total — 0.717

Tensile, Hardness

C1 (LsG) 7 — |
{ T quIIMeanC'lrl:{Puprﬁ'll-um
Full Mean CE Dia {Puprh\l / ;.-’fl
\\ b ;; .
! /convexity
\ |III II | \ \i \ 'h?(:m Mean Cnvx [Pow Mph) - um
Ther*mal Spray\ 'Iflli-',..-giillﬂgst': . o :; :W{MM "
BllowC ' -~
~__ '_* Clrcularlty

" Tensile Properties

» Poor explanation of HCF properties by PC1 & PC2
« Strong correlation of tensile properties to circularity
and convexity; anti-correlation to particle aspect ratio

» Correction of HCF Life (LSG) to D(50)

» Melt pool depth (MPD) is our only direct
measurement of the SLM process

« Strong anti-correlation of HCF Life to MPD

* Weak correlation of tensile and hardness to MPD:

stronger with modulus and reduction in area

www.nasa.gov 18
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Build Chemistry - Tensile Properties
(Visibility = 0.6)

Tensile
Propertles L5G Avg Prop. Limit P_,.P-"ff!d____ ___r:;:-hh;“'--.‘
BFAvgProp.Limt 7 N
S semeoon ‘ N
F Aug 0.02% _EEV‘E/ .-"ll Cu.Buid
Lase-'.-.:r-Au us : TN
AF _/é/r :':L: us .'/ \
£ f'f : o
5 / . "
S| / B |
| — Il-_ B
| —_— ﬁa d
nﬁ vV
Off chem |\ C/
b
E1 |
Sk e
/ ,,/
PC1-0428 F:eau- S ®
PC2-0.175 Ny '?’”}
Total — 0.603 S~ -

Microstructure - Tensile Properties
(Visibility = 0.6)

Nitrides

LSG Avg HCF stress Ry
Inclusion VF oy

pums'.pﬂf F, G

Green State 186 Avg Modulus
Porosity \
/ \UTS
Il'f - AGavguTs
) | Texture

= [Grain structure, FHT
e LS6 Avez 0.2% Y5
B GraIJ'lnﬁ'lze, FHT

; Grain size

!

IIII" L5G Age Elongstion

\ o ://Elongation

PC1-0.385 \ f,,/
PC2—0.174 ~ g
Total — 0.559 T /

« Strong anti-correlation of tensile with Fe, Si, C
 Weaker anti-correlation of tensile to V, B
* No to little correlation of tensile to Nb, Cu, Co, Ti, W

« Strong correlation of Tensile to Grain Size and Texture
 Strong anti-correlation of Elongation with Nitrides and
As-built Porosity

www.nasa.gov 19
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Summary and concluding remarks

« Powders characteristics (size, shape, rheology) show wide variability that dominated fuII
PCA analysis of 194 variables that reduced to 12 principal components, where PC1 and
PC2 capture nearly half the variability in the data set

« Supplied powders have a wide variety of characteristics that led to reasonable properties

« Compositional differences have the strongest impact on SLM 718 microstructure and
mechanical properties

» Fully heat-treated builds from N,-atomized powders have fine SLM structure that is highly textured.
TiN-nitrides and MC carbides present on the GBs that suppresses recrystallization during HT

» The B1 alloy with higher delta-phase had the highest UTS due to a very low C content, while the
E1 alloy exhibited the lowest UTS and was off chemistry with very low in Al and high in C

» For LSG surface condition, the best room temperature HCF was for N,-atomized C1 with prior GB
particles (TiN, Nb-based carbides) that persist through heat treatment

« PCA analysis of the entire data set was able to highlight groups of important variables
that provided general guidance consistent with metallurgical experience

« PCA subset analysis showed some interesting relationships between mechanical
properties and processing, microstructure, chemistry, and powder characteristics

www.nasa.gov. o)
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In-Progress Research at NASA GRC

Five powder lots selected for a further investigation: B1, C1 (N), G2, G3, H1

Comparable powder, chemistry, and microstructure analysis

Expanded Mechanical Testing
— Cryogenic and Elevated Temperature Tensile
— Room and Elevated Temperature High Cycle Fatigue
— Creep
— Crack Growth and Fracture Toughness
— Broader As-built and Ground Surface Flammability

Recycling Study: 40+ powder reuse builds
— Limited powder characterization between each build
— Control and defect-seeded samples with in situ monitoring by AMSense profilometer
— Tensile

Information about the current program can be directed to Dr. Cheryl Bowman at Cheryl.L.Bowman@nasa.gov www.nasa.gov. 21
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SLM 718 Feedstock Variability Project — Intraagency Team:
Supplier-to-supplier comparison 18 powders and 194 variables measured
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