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Introduction and Agenda

* Introduction of Metal AM for Propulsion
e (Case Study using L-PBF

e (Case Study using DED

* Overview of Metal AM Processes

* Trades among various AM techniques

e Large Scale DED Process Overviews

* Other topicsin AM Advancement
 Advancementsin Post-Processing

* Refractory Alloy Development
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Hot-fire testing of bimetallic additively manufactured
combustionchamber using Electron Beam DED Jacket
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Course will focus exclusively on metal additive manufacturing

 AM = Additive Manufacturing
DED = Directed Energy Deposition
LP-DED = Laser Powder DED
LW-DED = Laser Wire DED
AW-DED = Arc Wire DED

EB-DED = Electron Beam DED
L-PBF = Laser Powder Bed Fusion

Metal Additive Manufacturing - Build, print, grow, AM, fabricate...



Why use AM? (Rocket Engines)

 Metal Additive Manufacturing provides significant
advantages for lead time and cost over traditional
manufacturing for rocket engines

* Lead times reduced by 2-10x
* Costreduced by more than 50%

 Complexity is inherent in liquid rocket engines and AM
provides new design and performance opportunities

e Materials that are difficult to process using traditional
techniques, long-lead, or not previously possible are now
accessible using metal additive manufacturing



Additive Manufacturing (AM) Development
at NASA for Liquid Rocket Engines
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Metal AM Technologies - Overview

Metal Additive
Manufacturing Processes
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*Does not include all metal AM processes
Based on Ref:
* Gradl, P.R., Mireles, O., Andrews, N. “Introduction to Additive Manufacturing for Propulsion Systems. 10.13140/RG.2.2.13113.93285

ASTM Committee F42 on Additive Manufacturing Technologies. Standard Terminology for Additive Manufacturing Technologies ASTM Standard: F2792-12a. (2012).

Gradl, P.R., Greene, S.E., Protz, C., Bullard, B., Buzzell, J., Garcia, C., Wood, J., Osborne, R., Hulka, J. and Cooper, K.G., 2018. Additive Manufacturing of Liquid Rocket Engine Combustion
Devices: A Summary of Process Developments and Hot-Fire Testing Results. In 2018 Joint Propulsion Conference (p. 4625).

Ek, K., “Additive Manufactured Metals,” Master of Science thesis, KTH Royal Institute of Technology (2014).


https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.13140%2FRG.2.2.13113.93285?_sg%5B0%5D=_tictzQDZHQOiD741onNy9fOzwfdy707qt-YuCYdAmjENug9u3gfKTDpeA346V_3YMoirc77Nh1bXUNfjUQDLODb3A.krq1ZmQv6zQTFRP7niVdKEjJf_y7Qxr3MkHr5ERJNsK3ZnS3VaCh2He9pZMbhr4XrC76s1mpt4vtbe6gLlg5MA

Laser Powder Bed Fusion

e Laser Powder Bed Fusion (L-PBF)
e Basic Process: Layer-by-layer powder-bed

approach where desired features are ;dO |
melted using a laser and solidify.
* Advantages: High feature resolution, Powder Bed
complexinternal desighs such as cooling  rowderoverfiow &
D)

€c
e

Ventilator
channels. \

* Disadvantages: Scale limited and does not » e
provide a solution for all components. =

Powder
Feedstock

* Electron Beam Melting

e Basic Process: Similarto L-PBF, but uses an 1
E|ECtrOn beam' Build Platform with

* Advantages: Performed in-near vacuum, BemmevEbis Euldplete
which is useful for reactive materials such
as TIbA4V.




Laser Powder Bed Fusion (L-PBF)




NASA Development with L-PBF
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Cost Evolution for Copper-Alloy Additive Chambers

Traditional Manufacturing AM Development Evolving AM
-

12-18 mos / $310k 6-8 mos / $200k 3-5 mos / $125k

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

10
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L-PBF GRCop-alloy Combustion Chambers
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e A systematic mean tolerance across all features was 0.0014 inches (36 um) with
a 95% confidence interval (Cl) of 0.0041 inches (104 um). Therefore, relative
error decreases inversely with feature size.

e Featuressized at 0.004 inches (0.1 mm) failed to build for thin walls and slots

e Featuressized at 0.008 inches (0.1 mm) failed to build for horizontal holes

e Features sized at 0.008 inches (0.02 mm) had high variability for thin walls,
slots, and extruded cylinders
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P.R. Gradl, D.C. Tinker, J. lvester, S.W. Skinner, T. Teasley. (2021). Geometric Feature Reproducibility for Laser
Powder Bed Fusion (L-PBF) Additive Manufacturing with Inconel 718. In-Review Article.
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The need for large scale AM...

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

a1

L-PBF Build
Boxes

10x10x10  15.5x24x19

(inches) 90// 46" 70// 56"
Nozzle Exit Dia.
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Case Study — RS25 Powerhead

Traditional Manufacturing L-PBF Development DED Development

Forged => Machined

| ya——
hydrogen | . | - &0 < oxidizer
4 A CRE s oreburner B
‘eburner » : o S |

>90 days using L-PBF (Large Platform) <14 days deposition
using LP-DED

main
combustion
chamber

Sivolella D. (2014) Power to orbit: the main engines. In: To Orbit and Back Again. Springer
Praxis Books. Springer, New York, NY. https://doi.org/10.1007 /978-1-4614-0983-0_3 14



Metal AM Technologies - Overview

Metal Additive
Manufacturing Processes
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*Does not include all metal AM processes

B .
+ AlAA Book: Metal Additive Manufacturing for Propulsion Systems, Gradl, Protz, Mireles, Garcia (unreleased)

Gradl, P.R., Mireles, O., Andrews, N. “Introduction to Additive Manufacturing for Propulsion Systems. 10.13140/RG.2.2.13113.93285

ASTM Committee F42 on Additive Manufacturing Technologies. Standard Terminology for Additive Manufacturing Technologies ASTM Standard: F2792-12a. (2012).

Gradl, P.R., Greene, S.E., Protz, C., Bullard, B., Buzzell, J., Garcia, C., Wood, J., Osborne, R., Hulka, J. and Cooper, K.G., 2018. Additive Manufacturing of Liquid Rocket Engine Combustion
Devices: A Summary of Process Developments and Hot-Fire Testing Results. In 2018 Joint Propulsion Conference (p. 4625).

Ek, K., “Additive Manufactured Metals,” Master of Science thesis, KTH Royal Institute of Technology (2014).
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AIAA Book: Metal Additive Manufacturing for Propulsion Systems, Gradl, Protz, Mireles, Garcia (unreleased) 16
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References:

AM is often viewed as a serial process...

Process
Parameters
W
Model Design, Additive
Generation and > Manufacturing
Tool Pathing Process
/N
Part Design
L Analysis Material
—— Build Layout Feedstock
— Support Generation
—— Model Slicing
— Toolpath

* AIAA Book: Metal Additive Manufacturing for Propulsion Systems, Gradl, Protz, Mireles, Garcia (unreleased)

A 4

A\

Post-Processing

Part in service

—— Powder Removal

— Heat Treatments
—— Support Removal
— Build Plate Removal
— Inspections

— Final Machining
— Cleaning

—— Polishing

— Welding

—— Brazing




Successful AM Integrates the entire process

Design for Additive
Manufacturing

Certification
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Feedstock Material for AM

Feedstock can be Powder or Wire

Process Type of Feedstock | Typical Feedstock Size Stock Lead Times
L-PBF Powder 10-45 pum Short
EB-PBF Powder 45-105 pm Short
LP-DED Powder 45-105 um Short
AW-DED Wire 1.14 —2 mm dia Short

LW-DED Wire 0.76 — 1.52 mm dia Short-Medium

LHW-DED Wire 1.14 mm dia Short
EB-DED Wire 1.14 - 3.2 mm dia Short
UAM Sheet Varies Long
Friction StirAM Bar Varies Long
Coldspray Powder 10-45 um Short
Binderjet Powderw/ Binder 3-22 uym Short

*UAM = Ultrasonic Additive Manufacturing

Electron Beam PBF

aser ower DD .

Coldspray
Laser PBF

Binder Jet

180p 125y 90u 63u

80 mesh 120 mesh 170 mesh 230 mesh
150p 106p 75
100 mesh 140 mesh 200 mesh

N
N
=

45 16 10p
325 mesh

53p 38

270 mesh 400 mesh

S
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Material Availability for Metal AM (DED)

As available materials and processes continue to grow, so does

complexity of characterization and standardization

Ni-Base
Inconel 625
Inconel 718
Hastelloy-X
Haynes 230
Haynes 214
Haynes 282
Haynes 188
Monel K-500
C276
Rene 80
Waspalloy

Fe-Base

SS 17-4PH
SS 15-5 GP1
SS 304
SS 316L
SS 420
Tool Steel
(4140/4340)
Invar 36
SS347
JBK-75
NASA HR-1

Cu-Base

GRCop-84
GRCop-42
C-18150
C-18200
Glidcop
Cu110

Refractory

Al-Base

AlSi10mg
A205
F357

6061 / 4047

W
W-25Re
Mo
Mo-41Re
Mo-47.5Re
C-103
Ta

Ti-Base
Ti6Al4V
v-TiAl
Ti-6-2-4-2

Bimetallic

GRCop-84/IN625
C-18150/IN625

Co-Base

CoCr
Stellite 6,
21, 31

MMC

Al-base
Fe-base
Ni-base

Industry Materials developed for L-PBF, E-
PBF, and DED processes (not fully inclusive)
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Comparison of L-PBF and DED

Different methods for
different components!

Feature Resolution / Complexity

High resolution of features
Wall thicknesses and holes <0.010”

Medium resolution of features
Walls >0.040” and limited holes

Deposition Rate

Low build rates
<0.3Ib/hr

High Build rates
Ibs per hour (some systems >20lb/hr)

Multi-alloys / Gradient Materials

Monolithic materials in single build

Option for multi-alloys or gradients
within single build

Materials Available

High number of materials available
and being developed

High number of materials available
and being developed

Production Rates

Higher volume with several parts
in a single build

Generally limited to single builds; longer
programming/setup time

Scale / Size of components

Limited to existing build volumes
<15.6"” dia (400mm) or 16”x24”x19"”

Scaleis limited to
gantry or robot size

Added Features / Repair

No (limited) ability to add material
to existing part

Can add material or features
to anexisting part
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Inconel 625

jet
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LP-DED (Low Dep) L

P-DED (High Dep)

Study Courtesy: UTEP and NASA MSFC
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Microstructure — Different AM Processes

Inconel 718

. ‘K:S"».,’ Mo

Laser Powder Bed Fusion (L-PBF)  Laser Powder DED (LP-DED) Arc Wire DED (AW-DED)

Schneider, J.A., “Comparison of microstructural response to heat treatment of Inconel 718 prepared by three different metal a dditive
manufacturing processes,” JOM, https://doi.org/10.1007/s11837-020-04021-x, vol. 72/3, pp. 1085-1091, 2020.
23



Material Properties for Metal

Example of Inconel 625, L-PBF and LP-DED (Typical)

* |In general, once AM processes are refined they can yield uTS ffsh)
near wrought properties *_ g

* Material properties are highly dependent on the type of
process (L-PBF, DED, UAM, Coldspray,....), the starting
feedstock chemistry, the parameters used in the process,

i)
h (M

[=a]
o
[==]

80

o
B ow
o o
S S

Ultimate Strength (ks

L-PBF per AMS 7000

[
[=)
=

[¥5)
[==]
[e=]
Ultimate Tensile Strengt

20 LP-DED, HT. per AMS 7000
and the heat treatment processes used post-build ) Inco 625 Pate, Specal Metal .
« Each AM process results in different grain structures, T s
which ultimately have an effecton properties Temperature (C)
* Heat treatments should be developed based on the o (o 2 PP R
requirements and environment of the end component % 0o
use
* Propertiesshould be developed after AM processis ;" Same heat treatment applied
stable and parameters confirmed o to L-PBFand LP-DED

*Not design data and provided as an example only



Metal AM Technologies - Overview

Metal Additive
Manufacturing Processes
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*Does not include all metal AM processes

B .
+ AlAA Book: Metal Additive Manufacturing for Propulsion Systems, Gradl, Protz, Mireles, Garcia (unreleased)

Gradl, P.R., Mireles, O., Andrews, N. “Introduction to Additive Manufacturing for Propulsion Systems. 10.13140/RG.2.2.13113.93285
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Devices: A Summary of Process Developments and Hot-Fire Testing Results. In 2018 Joint Propulsion Conference (p. 4625).

Ek, K., “Additive Manufactured Metals,” Master of Science thesis, KTH Royal Institute of Technology (2014).
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 Each Metal AM technique provides advantages and disadvantages

* DED offers advantages for various applications
e Large Scale
* Multi-axis
* Use wire or powder feedstock
 Ability to use multiple materials in same build
* Ability to add material in a secondary operation
* High deposition rates
* Integration of secondary processes (machining)
* Process feedback and closed loop control

* Disadvantages

* Residual stresses (more heat input)
* Lower resolution (less detailed complexity)
* Higher surface roughness
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Laser

Wire

Heat

Source

\

Electron
Beam

Powder

Aspects of AM DED Systems

Arc
Plasma

Cartesian
Gantry

Enclosed Local
Inert
Inert

\ /

\

Kinematic
Robot

/ Vacuum

~._  Secondary
Purges
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Various DED Technologies

Freeform fabrication technique focused on near net shapes as a forging or casting replacement and also near-
final geometry fabrication. Can be implemented using powder or wire as additive medium.

Laser Powder DED (LP-DED)
Melt pool created by laser and off-axis nozzles

inject powderinto melt pool;installed on gantry
or roboticsystem

Kntegrated and Hybrid Dlh

» Combine L-PBF/DED

» Combine AM with
subtractive

» Wroughtand DED

Laser Wire DED (LW-DED) / Hotwire

A melt pooliscreated by a laserand uses an off-
axis wire-fed depositionto create freeform
shapes, attached to robot system

Arc Wire DED (AW-DED)
Pulsed-wire metalinert gas (MIG) welding process
creates near net shapes with the deposition heat

integral to a robot

Electron Beam DED (EB-DED)

*Photos courtesy DMG Mori
SeikiandDM3D

An off-axis wire-fed deposition technique using
electron beam as energy source; completedina
vacuum.

28
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* Coaxial laser energy source with surrounding nozzles that S—
inject powder (within inert gas) fabricating freeform shapes =
or cladding

Coaxial Laser

 Advantages: Large scale (only limited by gantry or robotic
system), multi-alloys in same build, high deposition rate

* Disadvantages: Resolution of features, rougher surface than
L-PBF, higher heat input

DED NASAHR-1 Liner Integrated Channel DED Nozzle Inco 718, 1:4 Scale JBK-75,IN625, NASA HR-1 Manifolds JBK-75 Integrated Channel
29
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LP-DED Process Overview

* Powder and laser beam path

(sometimes optics) integrated ‘\ o Angleof Head [} H3serand Optics,
into deposition head o Spotsize
e
e Basic parameters include profle
power, powder feedrate, travel Travel Speed /’
speed > | |
* Additional geometry control \i T shielding Gas
1 /
for layer height, step over | If -
. . C . G
(hatching), standoff distance, arrier Gas
- Powder Si
angle of head and trunnion orandot Focal owder Size
ta b I e Layer Powder Flow Rate

Height —[
Step-overj

AlAA Book: Metal Additive Manufacturing for Propulsion Systems, Gradl , Protz, Mireles, Garcia (unreleased)

* Can vary spot size

Gradl, P.R, & Protz, C.S. (2020). Technology advancements for channel wall nozzle manufacturing in liquid rocket engines. Acta Astronautica.
X . ) 2020.04.067

* AIAA Book: Metal Additive Manufacturing for Propulsion Systems, Gradl et al (unreleased)

Courtesy: BeAM

Courtesy: Formalloy


https://doi.org/10.1016/j.actaastro.2020.04.067
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Example of LP-DED for large scale




Example of LP-DED with small features
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Dep. Rate: 1 in3/hr (23 cc/hr) Dep. Rate: 3 in3/hr (49 cc/hr) Dep. Rate: 5 in3/hr (82 cc/hr)

Deposition Time: 24 hours Deposition Time: 11 hours Deposition Time: 6 hours

FEATURE RESOLUTION

*Courtesy: RPM Innovations 34
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Component Applications using LP-DED

b

" g

ulti-material comb

5 Nozzle Lint . 3 5. < ‘ ~ L-PBF and DED (RAMPI
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60” (1.52 m) diameterand 70” (1.78 m) height
90 day deposition




Laser Wire DED

* Uses a laser energy source with a off-axis wire feed and local purge
* 100% efficiency in material usage

* High deposition rates, but balances low heat input

* Can be used on complex surfaces

* Key parameters: Laser Power, Wire feedrate, Travel rate, Angle of
Head, Shielding gas flowrate Laser beam

Wire feeder

Melt pool

Solidified layer
Travel

Substrate

All Images Courtesy
of Procada

38
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e Used on a variety of components
including rocket nozzles

e Add secondary material “in-place” or
freeform deposition

 Multi-alloys demonstrated




Electron Beam DED

* Uses electron beam energy source with a Wire foed Electron beam gun
wire feed inside vacuum chamber

* 100% efficiency in material usage
* High deposition rates
* Key parameters: Beam current and

acceleration voltage, Wire Feedrate, Travel
Rate, Angle of Turntable y

Deposit
Electron beam

Substrate Positioning system > X

Monolithic EB-DED Freeform EB-DED Inco 625 Jacket on L-PBF GRCop-84 Liner
40
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Arc Wire DED

e Electric energy source providing arc with
co-axial wire feed and local purge

* Very high efficiency of material usage
* Low cost process

* Key parameters: Voltage, Current, Wire
Pulse Rate, Wire Feedrate, Travel Rate,

Angle of Head and Turntable, Shielding
Gas flowrate

Layer

Height —[

‘H 6 Angle of Head

Travel Speed

Standoff
Distance

Step-overj -

& | 7—=""Shielding Gas

Gas Flow Rate

Cur

rent




Arc Wire DED

EXPLOREMOON 1%

Courtesy: Keystone Synergistic

42
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RS25 Powerhead demonstratorusing LP-DED under NASA SLS Artemis Program (Courtesy: RPMI)




Typical DED Process Flow

U
CAD Model with “Rules " Model Interrogation | Slicing and Toolpath Indicate Build Plate
of Thumb” 5 Generation or Part in Machine W
DED Build of General Powder Build Plate Removal (or
Part/features— > > Stress Relief maintained for
L Removal .
multi-axis tooling/feature)

Post-Processing

. > Partin service
Operations

— Heat Treatments
—— Inspections

— Final Machining
— Cleaning

— Polishing

— Welding

—— Brazing

AlAA Book: Metal Additive Manufacturing for Propulsion Systems, Gradl , Protz, Mireles, Garcia (unreleased)



Bimetallic and Multi-metallic Additive

EXPLORE MOON10/Vil

Manufacturing for Components

* Bimetallic and multi-metallic joints may be necessary in some designs to minimize weight by
using high strength-to-weight materials locally based on componentload requirements

e Locationsinclude for joining manifolds on the chamber and axial joint between chamber
and nozzle

e Evaluation of various processes including Cold Spray, Laser Hot Wire, and Laser Powder DED
* Demonstrating fundamental materials characterization and large scale hardware

L-PBF GRCop-84/L-PBF IN625/BP-DED JBK-75

<-1bs Blow Powder '
Bimetallic Chamb

Microtensile testing of Bimetallic/Multi-metallicJoints 45
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Coldspray Laser Powder DED

46



Challenges with DED

Machining

* Programming / Tooling

* Pre-heating (some processes) %

* Surface Roughness o

* Smaller supply chain i 2
* Residual Stresses and distortion o

* Joining (can differ than wrought) Surface Roughness

[ J

We | d/d e p O S iti O n fa i I u re S : Type: Directional Deformation(X Axis)

Unit: mm

* Melt pool instabilities S ol
* Lack of fusion e
. Oxidation ~— 0.29143 Max
. -0.36133
* Deposition overrun/under g e
e Delamination W e
. -2.263
* Elemental segregations I-z.“fwn

* Cracking

Delamination Distortion

Rosa, B., Brient, A., Samper, S., & Hascoét, J. Y. (2016). Influence of additive laser manufacturing parameterson surface using density of partially melted particles. Surface Topography: Metrology and Properties, 4(4), 045002.
Bian, L., Thompson, S. M., & Shamsaei, N. (2015). Mechanical properties and microstructural features of direct laser-deposited Ti-6 Al-4V.Jom, 67(3), 629-638.
47



Challenges in Large Scale AM

* Build durations are significantly increased with large scale AM due to

amount of material being deposited

 Stops and starts will be more prevalent and re-starts may not be feasible
* Distortion is a concern with all AM processes, particularly at large scale

Directional Deformation
Type: Directional Defor,
Unit: mm
Coordinate System
Time:; 2.3398e+005
8/9/2020 1:42 PM

I 0.086787 Max

-1.6603

= -3.4074
-5.1544

e -6.9015

B _5c436
-10.396

-12.143
l -13.89
-15.637 Min

Ref: Kevin Wheeler/ NASA Ames

B: R25_7.5x15
Directional Deformation
Type: Directional Defor
Unit: mm
Coordinate System
Time: 2.339%e+005
8/9/2020 1:47 PM

0.4541 Max
. -1.3284
-3.111
-4.8935
-6.6761
-8.4586
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Hot-fire Testing of Metal AM Parts
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L-PBF GRCop-42 Combustion Chamber, NASA HR-1 LP-DED Nozzle, Inconel 625 L-PBF Injector



General Summary

* |t's all welding, so same physics apply

» Additive manufacturingis not a solve-all; consider trading with other
manufacturing technologies and use only when it makes sense

* Complete understanding of design process, build-process, and post-processing
critical to take full advantage of AM

* DED offers a lot of flexibility for large scale and multiple material with the same
build for near net shape or final shape applications

* Additive manufacturing takes practice!
e Standards and certification of the processes in-work
 AM is evolving and there is a lot of work ahead
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Standards for DED Techniques

Published
 ASTM F3187-16: Standard Guide for Directed Energy Deposition of Metals

Standards under development

* |SO/ASTM PWI 52943-1
Additive manufacturing — Process characteristics and performance — Part 1: Standard specification for
directed energy deposition using wire and beam in aerospace applications

* |SO/ASTM PWI 52943-2
Additive manufacturing — Process characteristics and performance — Part 2: Standard specification for
directed energy deposition using wire and arc in aerospace applications

e ISO/ASTM PWI52943-3
Additive manufacturing — Process characteristics and performance — Part 3: Standard specification for
directed energy deposition using laser blown powder in aerospace applications

*(PWI: Preliminary Work Item)
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* Shamsaei, N., Yadollahi, A., Bian, L., & Thompson, S. M. (2015). An overview of Direct Laser Deposition for additive manufacturing; Part II:
Mechanical behavior, process parameter optimization and control. Additive Manufacturing, 8, 12-35.

* Thompson,S. M., Bian, L., Shamsaei, N., & Yadollahi, A. (2015). An overview of Direct Laser Deposition for additive manufacturing; Part I: Transport
phenomena, modeling and diagnostics. Additive Manufacturing, 8, 36-62.

* Dass, A., & Moridi, A. (2019). State of the art in directed energy deposition: From additive manufacturing to materials design. Coatings, 9(7), 418.

* Gradl, P.R., & Protz, C.S. (2020). Technology advancementsfor channel wall nozzle manufacturing in liquid rocket engines. Acta Astronautica.
https://doi.org/10.1016/].actaastro.2020.04.067

e Gradl, P, Greene, S., Protz, C., Bullard, B., Buzzell, J., Garcia, C., Wood, J., Osborne, R., Hulka, J. Cooper, K. Additive Manufacturing of Liquid Rocket
Engine Combustion Devices: A Summary of Process Developments and Hot-Fire Testing Results. 54th AIAA/SAE/ASEE Joint Propulsion Conference,
AIAA Propulsion and Energy Forum, (AIAA 2018-4625). July 9-12, 2018. Cincinnati, OH.

e Gradl, P, Protz, C., Wammen, T. Additive Manufacturing Development and Hot-fire Testing of Liquid Rocket Channel Wall Nozzles using Blown
Powder Directed Energy Deposition Inconel 625 and JBK-75 Alloys. 55th AIAA/SAE/ASEE Joint Propulsion Conference, AIAA Propulsion and Energy
Forum. August 19-21, Indianapolis, IN. AIAA-2019-4362

e Gradl, P, Protz, C., Fikes, J., Clark, A., Evans, L., Miller, S., Ellis, D.L., Hudson, T. Lightweight Thrust Chamber Assemblies using Multi-Alloy Additive
Manufacturing and Composite Overwrap. AIAA Propulsion and Energy Forum. August 24-26. Virtual. (2020). AIAA-2020-3787.

e Gradl, P.R., Protz, C., Greene, S.E., Ellis, D., Lerch, B., and Locci., |. "Development and Hot-fire Testing of Additively Manufactured Copper Combustion
Chambers for Liquid Rocket Engine Applications", 53rd AIAA/SAE/ASEE Joint Propulsion Conference, AIAA Propulsion and Energy Forum, (AIAA 2017-
4670)

* Anderson, R., Terrell, J., Schneider, J., Thompson, S., & Gradl, P. (2019). Characteristics of Bi-metallic Interfaces Formed During Direct Energy
Deposition Additive Manufacturing Processing. Metallurgical and Materials Transactions B, 50(4), 1921-1930.

* Gradl, Mireles, Andrews (2020). Introduction to Additive Manufacturing for Propulsion and Energy Systems. Conference: AIAA Propulsion and Energy
2020, Additive Manufacturing Course. DOI: 10.13140/RG.2.2.23228.05761



https://doi.org/10.1016/j.actaastro.2020.04.067
https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.13140%2FRG.2.2.23228.05761?_sg%5B0%5D=Y5pTgOKprMTdC1xRdUeYPkpjEpuIOtZ48edxrTtYJEmhFix8IXoNyce5hYH6y5MovGgdyNhszT1gnyKfWBci_AVeXg.8wexqrp5CNtvBUWC1_ZAMDTbtH3LISssXMrBYqTaufqfL-QFIUf_-k0Dd8RXVVOb0iqrv4iqwDa1WHoXRAjvYQ

Case Studies of Additive Manufacture
Research & Development at MSFC

Omar Mireles / Paul Gradl
NASA Marshall Space Flight Center
May 25, 2021



EXPLORE MOON1a\i

¢ P rO CeSS Dissolvable Metal Suppoﬂs Process Flow
* Sensitizing agent applied to AM part. SeizmgAgen Hoa Traman _ Disoed
* During stress relief heat treatment the sensitizing agent diffuses @
100-200 um into the part altering surface chemical composition. 'L"““i
» Sensitized region dissolved in an electrochemical process.

* Supportsand surface material <100 um is removed. ‘@ -

O

* Objectives
* Demonstrate viability to dissolve AM IN718 support structures.
* L-PBF AM specimens produced and heat treated (MSFC).
» Sensitizationagentand acid development to remove supports (CSM).
* Microstructural characterization and mechanical tests (MSFC).

* Results
e Electrochemicaldissolution of AM IN718 shown feasible.
e Self-terminating reaction allows for support removal with minimal part impact. | R
* No statistically significantimpact on microstructure or mechanical properties. IN718 stator segments pre-etch left) and

.. . .. post-etch (right). Supports dissolved
* Processshould be limited to geometries that cannot be optimized for AM such sufficientlyto removevia grit blasting.

as aerodynamic surfaces, thin features, and inaccessible passages.
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Inconel 718 L-PBF built on EOS
M400 with standard parameters

 Completed Stress Relief + HIP
+ Solution + Aging

* Objective was to evaluate
support removal of internal
surfaces

* Varying levels of material
removal and residual support
structure

* Implementationrequires
proper design

Sensitization and Etched

Chemical Milling

57



Feasibility Study on Post-Processing High Cycle Fatigue

1. As-built (tensile bar)

2. Chemical Milling [CM] _

3. Pulsed Electrochemical Machining [PECM] (75) tests conducted Per ASTM E4666-16 at

4. Chemical Mechanical Polishing [CMP] room temperature, run-out at 10,000,000 cycles
5. Notshown: Machined

Surface Treatment HCF Study
SLM Inconel 718
R =0.1, Axial Test, 40 Hz, Room Temperature

140

[y
N
o

—t—————— . — E——a—

=
o
o

8
!
1
|
|
i

As-Built
» Chem Milled
CMP

(o))
o

PECM
= Machined

Maximum Stress [ksi]

N
o

N
(=]

| *Test was terminated at 1077 cycles
0

10,000 100,000 1,000,000 10,000,000
Fatigue Life, N (Cycles)

Extensive data being generated under future NASA projects on various alloys for internal and external surfaces -



Lattice Structure Development & Application

. Appllcatlons
Reduce weight, retain stiffness.
* Variable relative density & surface area.
* Permeable solid: porous foam replacement.
* Metal matrix composite (back infiltration).
* Custom properties: mimic properties of different materials in
the same part using the same material in adjacent regions.

* Limitations
. . Latticestructure: repeating
¢ ComputatlonallyexpenSIVe. topology of unitcell (a).
* Inadequate property data. |

* Terminology

* Topology (lattice shape)
e Unit ” Dode Medium-13%RD  Diamond-20%RD Octet Truss-30%RD Rhombic Dodecahedron i) ZEPEN
nitce (a) o, 4 -20%RD Optical micrograph of Octet-Truss

1 (30 %RD) lattice with 4 mm unit cell
. Strut-thlcknes.s (t) jattice with 4
* Relative Density (pq)

Vsolid
= ———x 100 (%RD
Prel VsotidtVvoid (%RD)

- JARE 59
GRCop&84 trialcubes(L)a=5mm., (R)a =2 mm.



Lattice Mechanical Properties

 L-PBFIN718 vs. heat treatment at quasi-static strain rates.

 Lattice-to-solid transitions (discrete vs. gradient).

e Conditions: As-Built (AB), Stress-Relieved (SR), SR+Hot Isostatic
Press (HIP), SR + HIP + Solution/Age (SA), SR+SA.

Discrete transition burn-out (IN718).Gradient transition optimized specimens (IN718).
200 r - - -

0.8 T T T T T
g i Octet SR-SA
== R o " ® Octet SR-HIP-SA
Octet Truss (30 %RD) ~ e * © Rhombic SR-SA
=150k - . <, ' ‘ ¢ Rhombic SR-HIP-SA
o B £ 08 Reversible Testing 1
=) e ser -
g » 2 o5} SR=-1 |
8 g
? 100 <
o)) o 04 -
£ g
3 e $ @ S PO i
c ——Octet SR-HAIP-SA (1) 7 P oaf
D —Octet, SR-HIP-SA (2) 9
T — Octet SR-SA (1) N
w 50 0(‘:«: SR-SA (2). ' g 0.2 -
T RD.20 SRHIPSA (2 - 2 Tension-Tension Testing
—RD-20 SR-SA D 01 - =
~ o0 sRsA (2 1 % SR=0.1
0 . : 7 0 1 1 1 1 1 1
0 0.02 0.04 0.06 0.08 0.1 g x | a 0 1000 2000 3000 4000 5000 6000 7000
Engineering Strain i Pkl 3 PP ; T Rl e Cycles to Faliure
Stress-Strain curve of Octet-Truss(30 %RD) and Node strain localization of Octet-Truss-30%RD (left) and Strut strain localization of S-N curve of Octet-Truss (30 %RD) & Rhombic Dodecahedron
Rhombic Dodecahedron (20 %RD),a =4 mm, IN718. Rhombic Dodecahedron (20 %RD), a =4 mm, IN718 in SR+HIP+SA condition. (20 %RD), a=4 mm, IN718, as-built surface finish.

Mechanical properties influenced by p,.;, then lattice topology, then unit cell size (thicker struts = stronger lattices).
Node or strut failure mode is topology dependent, not necessarily microstructure.
Lattice structures are stress concentrators and utilization in fatigue environments should be limited.
HIP does add cycle life beforefailure in either topology. 60




Lattice Thermal Simulation

1
) ® B-G Relationship
Qi ,-,9‘. 5 ' 0.9 ® Octet_Truss-30%RD
Side NI 380 ® Octet Truss-20%RD
(T I 0.8 A Rhombic_Dodecahedron-20%RD
e 1 s iy
.:,‘.;‘: [7] 9ras 70 3 Poly. (B-G Relationship)
A []
A CRFCKFOK ;
D P T e E o7
,“oj‘ K » "4')‘ ‘.’dﬁ’i .‘o,“ o 360
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S i > ' \'d [ 350 g "
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.9 0 et
Ry »‘:.:‘; > C s‘.v‘ 3 t;
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) NS, SR, SO SO, [l S y =0.7309x2 - 1.718x + 0.9918
e L e Ay (@)) O 04 =
S AT AT A 330 Pt °
SR s %S S (V| B ’
p NS S SRS X ! 0.24 g
S e I g i
IS NI AT AT 0.3
e oS A0 4 I_ 320 Q °
LA £ o
PN <
SRR 2 02
»”'4‘4.»" S 310 B
i - ®
i n 0.1 L
= , w  Ho n
. . - N . 0
Dode-Medium (13 %RD) lattice thermal conduction model. 0.0 01 0.2 03 04 05 06 0.7 08 09 1.0

Void Fraction

Lattice effective thermal conductivity vs. topology voidfraction.

Th rea.ded Boil-off Inlet Thin Wall Lattice Threa.ded
Portion Portion

CryogenicStrut CIF: reduce mass30-40%, reduce thermal conductivity to
10% of fullydense material.

Effective thermal conductivity proportionalto %RD (solid volume dominated).
Dependent more on a and t not necessarily topology. 61



CFM TVS Augmented Injector

e Design: 3 functionsin 1 part
* Liquid to gas heat exchanger
* Liquid sprayinjector head
* External condenser heat exchanger

* Function

* Fluid spray promotes tank ullage condensation,
drops pressure, and maintains fill flow.

* Tank vent closed early in fill process (before fluid
introduced). In some cases vent may not be opened. o

* Long-termstorage pressure control: if fluid pumped TVS Augmented Injector V4 (IN718), liquid circuit, 2-phase/gas circuit. Inner & outer lattice Dode-Medium (13 %RD)
back through the injectorto reduce pressureor
connected to a closed loop cryo-cooler circuit.

i Lll
5 N

Lll[[.
T ? 3y
1

Internal
Heat

Flow distributor |attice structure (Octet-Truss 14 REE
30%RD) to improve radial flow spatial distribution. TVS Augmented InJ ectorV4 (AISi10Mg) water flow testand LN, tests.




High Strength Aluminum Maturation

* High strength AM aluminum alloy needs:
* NTP turbopump housings

* CFM components ?blji;[;::i} 267 | 25235 31578 114 173
* Lightweight structures -
. 2.67 256.48 324.74 10.9-18.2 150
(AISi7TMg0.6)
. . . . ABDGL-RAM2Z
* Limited AM alloy options (AlSi10Mg, F357, A205) moscroncuosreoamg | 273 | s ms | 1 | s
* AISi10Mg properties well below wrought 6061-T6. 0.2Mn0.65i0.2Ti0.2Zn)
* HIP+solutionize/age of AlSi10Mg add 4 weeks to schedule. Scalmalloy 267 | a0 s20 13 105
(Al4.5Mg0.665c0.42r) ]

Comparison of common AM Al-alloy properties.

* High strength Al-alloys of critical importance to
propulsion, structures, etc.

* Candidate Alloys

 HRL 7A77
 E3D AI6061-RAM2
* APWorks Scalmalloy

v §

Topology Optimized AM Scalmalloy antenna struts

currently on-orbit. CourtesyBegoc,2019*. 63



Refractory Metal Additive Manufacture Development

EXPLOREMOON/aE

Background

* Problem
* High temperaturerefractoryalloys needed for numerous applications.
* Traditional refractory alloy manufactureis difficult and expensive. No
e High buy-to-flyratios (20:1) and limited supply chain.

Nb
Mb-1Zr
C103
C129y
Ch732
C3009
WC3015
FS85

Nb

Mb-1Zr

Nb-10HF-1Ti
Nb-10Hf-10W-0.1Y
MNb-10W-2.5Zr
Nb-30Hf-10W
Nb-28Hf-13W-5Ti-2Ta-1Zr
Mb-28Ta-10W-17r

» Refractoryalloys designed for forging/machining and use expensive additives (Re
$3.5k/kg). Mo

Mo
Mo-21Re
Mo-41Re
Mo-44Re
Mo-47.5Re
TZM

Mo

Mo-21Re

Mo-41Re

Mo-44Re

Mo-47.5Re
Mo-0.5Ti-0.08-Zr-0.2C

* Additive Manufacture (AM) State of the Art

W
W-25Re

W
W-25Re

Ta

* Limited refractoryalloy powder supply/use.

Ta
Ta-10W

Ta
Ta-10W

* Refractory powderangularand mixed.
e AMC103, Mo, and W at TRL 3-5.

307 @350 R o e
AngularW & spherical C103 powders comparison.

* Past & Current Refractory Experience
e Traditional formingand AM of W and Mo for NTP fuel clads.
e AMW of Green Propulsion Thrusters.

« CAN:AM C103 with ATl & Castheon demonstrated order of magnitude cost
reduction, design flexibility, 20% higher YS compared to traditional.

« CAN: AM W Ultra-Fine Lattices with EOS for propulsion catalyst.

* SBIR: AM TZM with VTS/UTEP identified powder supply inadequacies. AM W

Thruster

AM C103 Green Propulsion
Thruster and Stand-Off.

Traditional Refractory Alloys

AISILOMg

INV18
INB25
CoCriMg
316L 55
TisAKV

C103
ModlRe
Mo

AM W NTP

GRCop34

AM
SOA

Industry
Need

AM W Wing
Fuel Clad. ~Leading Edge.



AM of C103 (Nb10Hf1Ti)

* Traditional Manufacture Constraints
 C103bar stock @, =102 mm (4 in), if larger fails ASTM B655.
 Significantly limits design options.

* Wrought min order of 45 kg (100 Ib) with variation in S/mass. )
e 20:1-50:1 buy-to-fly= few Sk for part and several S10k waste.

* Objectives
* Investigate C103 AM to improve design flexibility, cost, & availability.
* Produce, characterize, and supply C103 powder (ATI).
* L-PBF parameters, post-processing, characterization (Castheon & MSFC).

Spec Req (24°C) Wrought (24 °C) LPBF (24 °C) Spec Req (1093 °C) Wrought (1093 °C) LPBF (1093 *C)

C103 mechanical property comparison. Possible that fine distributed oxides
fromthe L-PBF acts as a strengthenerand stabilizer.

e Results

* AM powder is ~“33% more expensive than wrought feedstock.

* AM waste ~¥10% (1.1:1) = Few Sk for part and few $0.1k waste.

* Orderof magnitude cost reduction.

* Improved mechanical properties over wrought.

* AM minimizes machining to interface surfaces (C103 is difficult to machine).
» Surfacefinishing available via chemical etch, Micro-Tek, and electro-polish.

* RCS thruster, in-space propulsion, and hypersonics now leverage AM C103. AM C103 MSFC Green Propulsion
Thruster and Stand-off.




Ultra-Fine Lattice Structures of Green Prop Catalyst

* Reticulated Vitreous Carbon (RVC) or ceramic (SiC)

foams coated with platinum group metal (PGM).
* Anisotropic (stochastic) properties.

* High costand long lead times.

SEM micrograph of carbon SEM micrograph of Hexa Profile
PNy foamwith 400 um mediancell. AM W ultra-fine | attice.
.. e

Cell volume [mm?] : (¥ 200 Hexa Profile XZ
0.1296541 . 9 Penta_Cube XZ
10um Sized Surfaces NZ

* Objectives
* Replace foams with AM ultra-fine lattices.

a1 < Egp

g aieens : bl L0 20um Sized Surfaces XZ

* High spatial symmetry, repeatable s . B R oo ¢ R

. . s1 s2 : 0.0907658 z * b S —e—40um Sized Surfaces NZ
(non-stochastic) and custom properties. pore> Pore, | M

0.0518775 . ) s 0.80
0.0389147 2 :

e Reduce cost/schedule.

. . afe : 0.50
* Increase commercial availability. g
vooonzss - B MAAS O et e
Scan path, E,, melt pool diameter, 2 P1 (Bar)
* TaSkS strutthickness, & poresize. u-CTimage of Ti6AI4V Hexa specimen cell volume. AP for GN, of Ti64Al4V specimens inXZ plane.
* |dentify lattice designs (MSFC). 2 [ Grass Hopper % 5.~ 367 Vimar
®Ea=4) Jmm2 ®Grass Hopper

100 Hexa Profile

* Parameterdevelopment (EOS). | omamat

é\ Ea=16 Jimm2 i~ ;Sn:mgjiz:d Surfares
* Metallography (MSFC). I b ¢ "
« pu-CT (3D Engineering Solutions). EN e
e Compressive strength (MSFC).

* AP characterization (UTEP).

0 1 2 3 4 ] 6 7 0 1 6 7 8

Engineering Strain (%)

Compressive stress-strain diagrams of as-built AM W DOE 6 |attice structures.

Engineering Strain (%)



Refractory Metal Additive Manufacture Development

EXPLOREMOON/aE

Enabling Technology Advances & Challenges

* Completed feasibility projects built confidence in the approach,
scope of work, and risk posture.

* |nfuses AM to overcome traditional manufacture limitations.

e Simulation/modeling AM-optimized refractory alloy design (low risk).

.

 Melt/solidification transformation and dynamics, design of experiments, |~
build simulation, and property prediction using commercial software vs.
traditional “cook and look”.

L-PBF AM build simulation.

MSFC Tekna Tek15 plasma
spherodization of W powder.

* New alloy formulation pilot-scale powder production with industry
(moderate/high risk). Multiple partners and methods to produce
powder.

* Gasatomization (plasma torch, electrode-induction).

* Rotatingelectrode atomization (SPS for ingot consolidation).
* Wire or strip atomization.

* Angular/mixed powder spherodization.

* AM parameter development (low risk). VISFCEOS M100 printing W,

* Optimize heat treatments for properties (low risk).

AM Ir ultra-fine lattice
catalyst.

* Small component test (low risk). AM W Thruster. .

Thruster hot-firetest.
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