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Typical Additive Manufacturing Lifecycle

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 steps

Gradl, P., Tinker, D., Park, A., Mireles, O., Garcia, M., Wilkerson, R., Mckinney, C., 2021. Robust Metal Additive Manufacturing Process Selection and Development for Aerospace Components. Journal of Materials 3
Engineering and Performance, Springer. https://doi.org/10.1007/s11665-022-06850-0
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Maturity of Metal AM for NASA Applications
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“Usable” Strength

Single

Superalloys

Al-Alloys (2i-51Y)

DS alloys can be utilized for >1000°C
environments

TiAl Alloys ODS Alloys

Protective coating needed
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New AM Alloy Advancements — GRX-810

e Glenn Research Center eXtreme
temperature alloy (GRX-810) was
developed using ICME

* Ni-Co-Cr medium entropy alloy with nano-
scale Y,0, coating.

* Significantly improved properties:

* 2x strength at elevated temperatures (1100°C)

* 1,000x better creep rupture
e 2Xx better resistance to oxidation

FEREA
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35 1,093 °C/20 MPa
— HIP NiCoCr
30 — AM 718 HIP + HT
—— Wrought Haynes 230
< 25 AM 625 HIP (14 MPa)
= ---- As-built ODS-ReB
S 20 —— HIP ODS-ReB
a As-built GRX-810
q') -
s ” As-built GRX-810 HIP GRX-810
test terminated
10 at 1% strain: 2,804 h
; \
O 1 1 1
0 2,000 4,000 6,000
Time (h)
160
ODS Superalloys _
= 140 * MA754 TONie -
o GRX-810
= 120 o
o ODS.ReB .-~ @Hastelloy S
";‘? 100 e PM2000 . *
o ODS-NiCoCr B -~ _Hastelloy X
! - eIN718 ®INB17
w® 80 o NICISI oIN 625 Vzh-98 e
<
)
f—‘:ﬂ 60 AM NiCoCr Haynes 230 ¢
% 20 Incoloy 800 ¢ ¢ Waspalloy
=
£ 20 ¢ 3108 Superalloys
=
-] 0 Ni 200 e
7.4 7.6 7.8 8 8.2 8.4 8.6 8.8 9
Density (g/cm?3)

Smith, T.M., Thompson, A.C., Gabb, T.P., Bowman, C.L., Kantzos, C.A., 2020. Efficient production of a high-performance dispersion
strengthened, multi-principal element alloy. Scientific Reports 2020 10:1 10, 1-9. https://doi.org/10.1038/s41598-020-66436-5




AM Maturation Through Rigorous Testing

* GRX-810 Injector achieved 84 starts and 2,228 sec (Liquid Oxygen/Methane)
 Similar injectors with Inconel 718/625 would see erosion after 8-10 starts

* GRX-810 nozzle achieved 91 starts and 2,309 sec

. Average temperatures in excess of 1500°F for sustained durations

»w’—"i .~ -

*{ Injector

Nozzle
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Multi-Metallic / Multi-Process AM

Combining key technologies into an integrated thrust chamber assembly using:
1. GRCop-42 L-PBF chamber as central component and “build plate”

2. Large scale laser powder directed energy deposition

3. Bimetallic and multi-alloys for joints
4. Composite overwrap jacket

L-PBF GRCop-42 Manifolds applied using
Chamber Liner bimetallic AM DED

Laser Powder DED of Regen-
nozzle directly on chamber

Composite Overwrap of TCA
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What should | worry
about?

How should | define
and control them?

Who and When should
work them?

How Customer/NASA
should be aware and
approve of them?

Foundational Process Controls

.
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Part Production Controls

115 “shall” requirement statements in 6030; 31 ”shall” statements in 6033

— Foundational Control

— Part Production Control
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What is the future of AM and in-space manufacturing & =
(Mg 1

Building the infrastructure for a sustainable
presence on the moon...

" Rabitats; refinéries,
green hou

Credit: Corky Clinton, Jennifer Edmunson



Early Process Development

Directed energy depc

microwave sinterin
of simulated regolith :

Credit: Corky Clinton, Jennifer Edmunson A6



Moving Forward

* A thorough understanding of the processes and each of the steps/disciplines
involved and interactions between each.

* You must start your planning in the initial stage and include the conversation
on qualification early.

* Meticulously planned steps in the correct order; understanding upstream
and downstream implications.

* We need to continue conversations across the industry.
* [t is going to take lots of practice!
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The Challenges with AM Processes

Feedstock

Specification Alloy Type

Particle Size

Chemistry Distribution (PSD)

Diameter (wire/bar) Flowability

Metal Alloy Humidity

Wettability Absorptivity

Morphology Density

Design Margins
Build Strategy (direction)
Overall Size

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

Process Tooling and Fixtures

Metal Alloy
Fatigue
Design Allowables Mechanical Tensile
Properties

Process Control

Thermophysical

Homogeneity Properties

Defects Qualified Metallurgy

Dross

Melt Pool Stability Heat Treatments \ sampling Plan
Spattering/Ejecta > ..?
Environment 2 T
L c
E o
@ Qi
88
. _ =
Fit-up of mating /' gench or Subsystem UE_ T
components 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

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




Tensile Strength (MPa)

Elongation (%)
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Tensile properties of GRX-810 produced using an EOS M100 and using an EOS M280. Notable differences in
room temperature strength and high temperature elongation were observed between the different lots.
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GRX-810 Stress Rupture and Oxidation " (TP

Stress rupture shows 1,000x improvement Cyclic oxidation at 1093°C and 1200°C

over typical Ni-based superalloys a © 093
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similar trends, although M280 performing better

Smith, T.M., Kantzos, C.A., Zarkevich, N.A., Harder, B.J., Heczko, M., Gradl, P.R., Thompson, A.C., Mills, M.J.,
Gabb, T.P., Lawson, J.W., 2023. A 3D printable alloy designed for extreme environments. Nature.
https://doi.org/10.1038/s41586-023-05893-0



Multi-metallic Additive Manufacturing under o

Bimetallic Deposited Manifolds)

RAMPT Project

and Nozzle Interface

* Develops commercial supply chain

*  Optimizes weight based on selective
material deposition

* Reduces costs

* Evaluating DED and solid-state AM
processes

Integrated Large Scale DED
Freeform Manufacturing Deposition
Regen-Cooled Nozzle

* Selected Laser Powder Directed
Energy Deposition (LP-DED)

* Demonstrate integral channels
using DED process

* Demonstrate coupled chamber
and nozzle configuration to
reduce weight

*  Reduces complexity

* Significantly increases scale for
AM processes for regen-cooled
components

L-PBF AM Copper
Chamber

Based on prior LCUSP development
Proven Technology for GRCop alloys
Expand to GRCop-42

Advances and expands commercial

supply chain

Composite Overwrap }

* Significantly reduces weight for
high chamber pressure TCA’s

* Reduces distortions caused by
bimetallic cladding

* Reduces overall cost and fabrication
schedules

e Builds upon prior composite
overwrap pressure vessel (COPV)
technology

23
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Multi-metallic and multi-process hardware development @ 5
_ Credit: RPMI T

b
lllllllllllllllllllll LT

¢ Direct deposit LP-DED nozzle

\ W% (Radial and Axial Bimetallic)

L-PBF GRCop-42 to Inco 625



