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The Case for Additive Manufacturing in Propulsionmé-i,

AMetal Additive Manufacturing (AM) can provide
significant advantages for lead time and cost ov :
traditional manufacturing for rocket engines. Part Challenging

A Lead times reduced by-20x Complexity Alloys
A Cost reduced by more than 50%

AComplexity is inherent in liquid rocket engines Processing
and AM provides new design and performance Economics
opportunities.

AMaterials that are difficult to process using
traditional techniques, londead, or not
previously possible are now accessible using
metal additive manufacturing.
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A rocket combustion chamber case study for AM NA

*Low volume production

Category Traditional Manufacturing Initial AM Development EvolvingAM Development
Multiple forgings, Fourpiece assemblysing Threepiece assemblwith AM
machining, slotting, and | multiple AM processes; limiteg machine size restrictions
Design and joining operations to by AM machine size. Twmece reduced and industrialized.
Manufacturing Approach | complete a final multalloy | L-PBF GRCef4 liner and EBW| Multi-alloy processing; one
chamber assembly DED Inconel 625 jacket piece LPBF GRCef2 liner and
Inconel 625 LIDED jacket
Schedule (Reduction) 18 months 8 months (56%) 5 months (72%)
Cost (Reduction) $310,000 $200,000 (35%) $125,000 (60%)

As AM process technologies evolve using muftaterials and processes, additional design and
programmatic advantages are being discovered




Additive Manufacturing in use on NASA Space
Launch System (SLS)
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Successful hot-fire testing of full-scale additive manufacturing (AM) Part to be flown on SLS RS-25
RS-25 Pogo Z-Baffle T Used existing design with AM to reduce complexity from 127 welds to 4 welds
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Various Metal AM Processes

Feedstock

Powder

Powder

Wire

Foil

State Fusion
of Material Technique
Powder
Bed
Material Fusion
Melted
Directed
Energy
Deposition
No Solid
Melting State

Barstock

Powder |

Laser PBF (L-PBF)

Electron Beam PBF (EB-PBF)

Laser Powder DED (LP-DED)

Arc-Wire DED (AW-DED)
Laser-Wire DED (LW-DED)

Electron Beam Wire DED (EBW-DED)

Ultrasonic AM (UAM)

Additive Friction Stir
Deposition (AFS-D)

Cold Spray (CS)




Laser Powder Bed FusionfPBF)
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Arc Wire DED

Electron Beam Wire DED Cold Spray Additive Friction Stir Deposition * Ultrasonic Additive Manufacturing

A) Laser Powder Bddlision [https://doi.org/10.1016/j.actamat.2017.09.051], B) ElectBeam Powder Bed Fusif@redit: Courtesy dfreemeltAB, Sweden{?)
Laser Powder DERredit:Formalloy, D) Laser Wire DHDBredit:Ramlaband Cavitat, E) Arc Wire DE[Credit:Institut Maupertuisand Cavitat, F) Electron Beam
DEDONASA]G) Cold sprajCredit: LLNLH) Additive Friction Stir Deposition [NASA], I) Ultrasonid@dgdit: Fabrisonic].

ReferenceGradl, P., Tinker, D., Park, A., Mireles, O., Garcia, M., Wilkerson, R., Mckinney, C., 2021. Robust Metal Additive MgRulgess Selection and Development for
Aerospace Components. Journal of Materials Engineering and Performance, Spiinggrdoi.org/10.1007/s11665022-068500



https://doi.org/10.1007/s11665-022-06850-0

Methodical AM Process Selection

A What is thealloy required for the application?
A What is theoverall part siz€

s A What is thefeature resolutionand internal
complexities?

, A Is it asingle alloy or multipl@
AM Process Selection

for Aerospace A What areprogrammatic requirementsuch as
cost, schedule, risk tolerance?

A What are the enelse environments and
properties required

A What is thequalification/certification path for
— the application/process?

ReferenceGradl, P., Tinker, D., Park, A., Mireles, O., Garcia, M., Wilkerson, R., Mckinney, C., 2021. Robust Metal Additive MgRulgess Selection and Development for
Aerospace Components. Journal of Materials Engineering and Performance, Sptipgetdoi.org/10.1007/s11665022-068500



https://doi.org/10.1007/s11665-022-06850-0

-~y Criteria and Comparison Various Metal AM Processesasa

Build/Deposition Rate

<Multi-alloys

UAM

Gradl, et al IMEP

Feature Resolution
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Additive Manufacturing (AM) Development
at NASA for Liquid Rocket Engines
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Laser Powder Bed FusioniBF L-PBF of complex components, new
Copper Alloys combined with oth: ' iti alloy developments for harsh
AV processes 1o proviae bimetal environment
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) Large Scale Additive Manufacturing for Rocket Nozzleih-'_.

SSME/RS-25 RL-10A-4 J-2X, Regen Only RD-180

L-PBF Build
Boxes

10x10x10  15.5x24x19

(inches) 90” 46” 70// 56”

Nozzle Exit Dia.
14



Laser Powder Directed Energy Deposition (DED) NA




Laser Powder Directed Energy Deposition{RED)
Large Scale Nozzles
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2.41 m dia and 2.82 m height

1.52 m diameter and 1.78 m height with Near Net Shape Forging Replacement
integral channels

90 day depOSition ReferenceP.R. Gradl, T.W. Teasley, C.S. Protz, C. Katsarelis, P. Chen, Process Developmeiiteafiestiog of Additively ManufactudeNASA HR for Liquid
Rocket Engine Applications, in: AlR®puls Energy 2021, 2021: ppca3. https://doi.org/10.2514/6.20243236.
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Additive Manufacturing Typical Process Flow

Process Parameters

Additive
Manufacturing Post-Processing Part in Service
Process
Part Design —— Powder Removal —— Assembly
Analysis — Heat Treatments — Validation / Testing
Model Check —— Support Removal —— Qualified Metallurgy
Build Layout — Build Plate Removal — Part Production Plan
Support Generation — Inspections
Model Slicing — Final Machining
Toolpath — Welding / Brazing
— Polishing
— Cleaning

> Qualification >

Proper AM process selection requires an integrated evaluation of all process lifecycle steplss

ReferenceGradl, P., Tinker, D., Park, A., Mireles, O., Garcia, M., Wilkerson, R., Mckinney, C., 2021. Robust Metal Additive MgRulgess Selection and Development for 17
Aerospace Components. Journal of Materials Engineering and Performance, Spiinggrdoi.org/10.1007/s11665022-068500
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Microstructure of Various AM Processes
Alloy 625¢
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Each AM process results in different grain structures, which ultimately influence prope

To To To To

Gamon, A, Arrieta, E., Gradl, P.R., Katsarelis, C., Murr, L.E., Wicker, R.B., Medina, F., 2021. Microstructure acdrpadisessof asuilt Inconel 625 alloy following various additive manufacturing processes. Results in Materials 12. httpsgl/t@il®16/j.rinma.2021.100239

Gradl, P., Tinker, D., Park, A., Mireles, O., Garcia, M., Wilkerson, R., Mckinney, C., 2021. Robust Metal Additive MgRufaetss Selection and Development for Aerospace Components. Journal of Materials Engineering and Performancét®pgrifugrorg/10.1007/s11665022-068500
Rivera, O. G., Allison, P. G., Jordon, J. B., Rodriguez, O. L., Brewer, L. N., McClelland, Z., ... & Hardwick, KXog20ditixedliand mechanical behavior of Inconel 625 fabricated by-stdig additive manufacturingaterials Science and Engimiey: A,694, 19.

Image from Mark Norfolk, Fabrisonic
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Microstructure of Various AM Processes
Alloy 625¢
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Electron Beam PBF
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Laser Wire DED Arc Wire DED Cold Spray

A Gamon, A., Arrieta, E., Gradl, P.R., Katsarelis, C., Murr, L.E., Wicker, R.B., Medina, F., 2021. Microstructure andmpadisessof asuilt Inconel 625 alloy following various additive manufacturing processes. Results in Materials 12.

https://doi.org/10.1016/j.rinma.2021.100239
Gradl, P., Tinker, D., Park, A., Mireles, O., Garcia, M., Wilkerson, R., Mckinney, C., 2021. Robust Metal Additive iNigRufaetss Selection and Development for Aerospace Components. Journal of Materials Engineering and Performance, Springer.

https://doi.org/10.1007/s11665022-068500
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AMaterial properties are highly dependent on
the type of process (PBF, DED, UAM, Cold
ALINF @ XP0OX GKS &0 NI Ay

AEach AM process results in different grain

distributions, precipitates, and porosity, all of

which influence final properties.

AHeat treatments should be developed baseoT
the requirements and environment of the end
component use.

AProcess, parameters, and feedstock should aIIOV

be stable before property development.
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parameters used In the process, and the heat | !
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AM Process

*Not design data and provided as an example onl
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The Challenges with AM Processes

Feedstock

Specification

Chemistry

Diameter (wire/bar)
Metal Alloy

Wettability

Morphology

Build Strategy (direction)

Overall Size

Design Margins

Alloy Type

Particle Size
Distribution (PSD)

Flowability
Humidity
Absorptivity

Density

Feature Design Rules

Supports/Stock

Feature Size

Define critical characteristics

Iteration of design
Demo builds

Topology Optimization &
Generative Design

Power
Scan Speed

AM Build
Process

Layer Thickness

AM Process

Parameters Hatch Spacing

Build Environment
Distortion/Shrinkage
Residual Stresses

Hardware/Tool Wear Recoater Type

Build Variations Restarts

Multi-material Surface Roughness

Nozzle Type

Surface Enhancement / Cleaning

Inspection HIP

Support Removal Brazing

Weldin
Machining &

Heat Treatments
Build Plat Removal

Powder Flow Rate
Contour and Infill Parameters

Misc (Pressure, Frequency, etc)

Excess Powder/Partial Fusing

Spattering/Ejecta

Process Tooling and Fixtures

Metal Alloy
Fatigue
Design Allowables Mechanical Tensile
Properties

Process Control

Thermophysical

Homogeneity Properties

Dross Defects

Melt Pool Stability Heat Treatments Sampling Plan

Environment

Fit-up of mating
components

Bench or Subsystem
Testing

Proof Testing Flow Testing

Final Cleaning

Tolerance stack-up
Production Part Plan

Mass
Complexity AM Build limitations Trapped Powder Residual Powder Verification and Validation
GD&T Component Requirements Post Assembh/ and
Design Processing Checkout
Process

Qualified Metallurgy

Final Geometry
and Functionality

There are a lot of inputs and steps in the AM lifecycle that must go right to meet the expected geom{ztry




Challenges in AM

ASurface Texture
AWS LIS GFO0AfTAOE 2F UKS LINROS&aa ol Ol
Alnspection of components
AResidual stresses and distortion
AProperties of alloys and common usage (databases)
A Anisotropy based on build direction

ADifferences between processes
AMechanical, thermophysical, texturetcX
ADesign of AM parts and systematic application of AM
AEducation of AM for proper infusion
AUnderstand of the entire lifecycle

AStandards and certification of process



AM Mechanical Property Database

AObtained material samples fromRBF and L-BED vendors with full traceability

ACharacterization of aluilt samples and evolution through heat treatments to
select optimal heat treatment cycle (HIP baselined)
APartnership with Auburn NCAME
AAfter appropriate heat treatment cycle, complete temperature dependent
tensile and fatigue testing

APartial data set is published as Appendix in AIAA book
A P. R. Gradl, O. Mireles, C.S. Protz, C. Garcia. (Ra).Additive Manufacturing for Propulsion Applications
AIAA Progress in Astronautics and Aeronautics Book Seities//arc.aiaa.org/doi/book/10.2514/4.106279

AFuture goal to publish all data and characterization in a handbook and raw
uploaded to selected database (potentially MAPTIS)



https://arc.aiaa.org/doi/book/10.2514/4.106279

EXPLOREMOON A

AM Alloys and Processes-tmork

Material Process
Haynes 282 L-PBF
Haynes 282 LP-DED
Hastelloy X L-PBF
Hastelloy X LP-DED
Inconel 625 L-PBF
Inconel 625 LP-DED
Inconel 625 LW-DED
Inconel 625 AW-DED
Inconel 718 L-PBF
Inconel 718 LP-DED
Inconel 718 AW-DED
Inconel 939 L-PBF
Haynes 230 L-PBF
Haynes 230 LP-DED
Haynes 214 L-PBF
Haynes 233 L-PBF
Haynes 233 LP-DED

Material |~ Process
Monel K500 LP-DED
Monel K500 L-PBF

GRCop-42 L-PBF

GRCop-42 LP-DED

GRCop-84 L-PBF

C-18150 L-PBF

Ti6Al-4V L-PBF

Ti6Al-4V LP-DED

Ti6Al-4V LW-DED

Ti6Al-4V EBW-DED

Ti6242 L-PBF
T16242 LP-DED

GRX-810 L-PBF
GRX-810 LP-DED

Haynes 214-ODS L-PBF
C-103 LP-DED

55+ Alloys in characterization

Material |~ Process
NASA HR-1 L-PBF
NASA HR-1 LP-DED

JBK-75 L-PBF
JBK-75 LP-DED
CoCr L-PBF
CoCr LP-DED

Invar 36 LP-DED
Stellite 21 LP-DED

316L LP-DED
15-5 LP-DED
17-4 L-PBF
17-4 LP-DED
Scalmalloy L-PBF
6061-RAM2 L-PBF
6061-RAM2 LP-DED
F357 L-PBF
F357 LP-DED
1000-RAM10 L-PBF

AlSi10Mg L-PBF

AlSi10Mg LP-DED
TAT7 L-PBF
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Material Power Layer Height Scan Speed Hatch Distance
(W) (mm) (mm/s) (mm) =
Haynes 282 285 0.04 960 0.13 -
m
)
: _ <
Procedure Temperature Time Cooling
(Designation) (°Q) (hrs)
Stress Relief (SR) 1065 1.5 Furnace cool 8
[t
HIP [2] 1162/103 MPa 35 Furnace cool ®© e
(D) 1 Grain Size: 19= 10 um
Solution Annealed (SOL) 1135 1 Argon quench |: 7 {\{/ VY
Double Step Aging (AGE) 1010 2 Furnace cool at E b,
10°C/min O o
788 8 2 bar Argon gas at E
20°C/min S
LL
3 2000 100%

+UTS #YS +EL
1600 -

1200 -

800 -

Strength (MPa)
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Series. (2022). Appendix A. 0

Tensile

195 25 200 425 650 870 980
LCF

Test Temperature (°C) 25



