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» Additive Manufacturing (AM) has provided new opportunities for liquid rocket engine
components to reduce cost, reduce lead time and improve performance

* NASA and commercial industry have demonstrated AM on various development and flight
programs as a feasible technology

* High performance alloys, such as GRCop-42 and GRCop-84, are continuing to be advanced
and evolved for use in several applications
* NASA has demonstrated >20,000+ sec of hot-fire time and 400 starts on GRCop alloys
* Bimetallic AM applications have also been demonstrated at subscale and large scale
e Current AM technology using Laser Powder Bed Fusion (L-PBF) has limitations of volume that
can be built
* There is a need to develop large scale additive manufacturing techniques for engine
components such as regeneratively-cooled combustion devices and further improve
performance through weight reduction

The Rapid Analysis and Manufacturing Propulsion Technology (RAMPT) project was
established to develop large scale additively manufactured and composite overwrap
actively-cooled thrust chamber assemblies




| Enhancing Prior AM Technology Developments

 NASA’s Low Cost Upper Stage Propulsion (LCUSP) project developed the process for L-PBF of
GRCop-84 (Cu-8 at.% Cr-4 at.% Nb)

* Demonstrated bimetallic additive manufacturing combustion chambers with GRCop-84 and
Inconel 625 structural jacket (using Electron Beam Directed Energy Deposition)

* Project was successful through full scale hot-fire testing

* Observed shrinkage of the bimetallic jacket

* AM provides an opportunity for fully closed-out coolant channels and use of a composite
overwrap structural jacket
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&% Overview of RAMPT Project

Bimetallic Deposited Manifoldsj
and Nozzle Interface

L-PBF AM Copper

Chamber J

* Develops commercial supply chain

*  Optimizes weight based on selective
material deposition

* Reduces costs

* Evaluating DED and solid state AM

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

* Advances and expands commercial

supply chain

processes

Integrated Large Scale DED
Freeform Manufacturing Deposition

Composite Overwrap

Thrust Chamber Assembly

Regen-Cooled Nozzle

e Selected Blown Powder Directed
Energy Deposition (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

Significantly reduces weight for
high chamber pressure TCA’s
Reduces distortions caused by
bimetallic cladding

Reduces overall cost and fabrication
schedules

Builds upon prior composite
overwrap pressure vessel (COPV)
technology



| Key Technology Developments for RAMPT Project

 Demonstrate key technologies through process development, characterization, component
fabrication, hot-fire testing and infusion into industry

* Demonstrates technologies through progression of hardware scale, coupling of technologies,
thrust levels and propellant combinations

* Makes use of Public Private Partnerships through industry investments

2k-lbs Decoupled 2k-1bs Coupled 7K-Ibs Coupled 40K-Ib; Coupled
LOX/RP-1 LOX/LH2 LOX/LCH4 LOX/LH2
Room Temp Fuel Demonstrates Cryogenic | Cryogenic through elevated | Cryogenic through high temp, High Pc
Testing Completed through elevated temps temps at larger scale Axial and Radial Bimetallic Interfaces
Axially bimetallic Axially bimetallic deposition

deposition




Overview of RAMPT Concept

Combining key technologies into an integrated thrust chamber assembly using:
1. Large scale blown powder directed energy deposition

2. Composite overwrap jacket

3. Bimetallic and multi-alloys for joints
4. GRCop-42 L-PBF

L-PBF GRCop-42 Manifolds applied using Blown Powder DED of Regen-
Chamber Liner bimetallic AM DED nozzle directly on chamber

Composite Overwrap of TCA



Large Scale Blown Powder Directed Energy
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Deposition (DED) for Regeneratively-cooled Nozzles

* Blown powder DED (BP-DED) was selected for the integral channel large-scale integrated

nozzle providing significant scale options
* Process being developed with industry partners

* Prior publications detailed early process and hardware development work on the BP-DED

and successful subscale hot-fire testing
* Process selected as it provided a good trade of deposition rates along with feature

resolution needed for integral channels
* Channels have been demonstrated in various configurations, providing new design options
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Large Scale Blown Powder DED
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for Regeneratively-cooled Nozzles

* RAMPT project has completed various decoupled BP-DED nozzle fabrication

demonstrators and hardware for hot-fire testing
 Significantly reduces number of parts and assembly time compared to traditional

* Ongoing characterization of material and mechanical property testing
 Completed large scale milestone with 40” (1016 mm) dia and 38” (965 mm) length

nozzle in 30 day deposition time
* Post-test inspections showed limited distortion and met intended geometry




Composite Overwrap Process Development for
Combustion Chambers
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* Composite overwrap being developed for structural support of the combustion chamber
(light weight jacket)

* Polymeric matrix composite (PMC) using filament winding, tape wrapping, hand layup and
combination of techniques

* Focuses include evaluation of surface preparation, resins and processing to meet
combustion chamber requirements

* Cryogenic up to 450°F (232°C)




Se— Composite Overwrap Process Development

* Analytical modeling drove design to a “floating” liner approach, which is addressed in
the composite surface preparation development

* Resins being evaluated and selected based on wide temperature range, but driven by
higher temperatures

e Curing processes also being evaluated and vary based on chamber requirements and
available facilities

* Plastic models being used for toolpath programming for manufacturing
demonstrators
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Bimetallic and Multi-metallic Additive
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Manufacturing for Thrust Chambers

* Bimetallic and multi-metallic joints necessary to join various alloys to optimize strength-to-
weight materials by using materials locally based on component requirements

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

* Evaluation various processes including Cold Spray, Laser Hot Wire, and Blown Powder DED

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

-Ib; Blow Powder LED
T
Bimetallic Chia_mb

Microtensile testing of Bimetallic/Multi-metallic Joints 11



Advancement of GRCop-42 Alloys and Supply Chain

e GRCop-42 (Cu-4 at.% Cr-2 at.% Nb) is a high conductivity, high strength copper-alloy
being advanced for the RAMPT project for the channel-cooled combustion chamber
* Details previously provided in prior publications

* Developing database of material properties and continuing to expand supply chain
(powder and L-PBF service providers)

 Various thrust-class chambers completed fabrication under RAMPT
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Hot-fire Testing Development

* Hot-fire testing completed at 2,400 Ibf with decoupled (bolted) hardware on
composite overwrap chamber and DED nozzle

* Demonstrated composite and resin up to temperatures of 250 °F

LOX/GH2 GRCop-42 L-PBF w/ Slip Jacket BP-DED JBK-75 114 4,170
LOX/GH2 GRCop-42 L-PBF w/ Slip Jacket BP-DED Inco 625 1 15
LOX/RP-1 GRCop-84 L-PBF w/ Composite Overwrap BP-DED  Inco 625 17 617
LOX/RP-1 GRCop-84 L-PBF w/ Bimetallic Jacket BP-DED Inco 625 10 440

2k-Ib; Decoupled Assembly wnth Digital Image Correlatlon . kel NS b
applied to composite overwrap to obtain strains Zk -Ib; Decoupled Assembly during Hot-fire (LOX/RP-1) 13



Conclusions and Future Development

 The RAMPT project was established to develop large scale additively manufactured and composite overwrap thrust
chamber assemblies (TCA) for channel-cooled chambers and nozzles

 Significant progress has been made for several key technologies under RAMPT including integration/coupling of these
technologies working towards a large scale integrated assembly
* Demonstrated integral channel blown powder directed energy deposition (BP-DED) at large scale
* Demonstrated composite overwrap techniques at subscale and working towards scale-up
* Demonstrated robust joints using bimetallic and multi-metallic additive manufacturing techniques

e Future work includes several milestones for integral chambers and hot-fire testing
* Complete hot-fire testing using BP-DED nozzles at 7K-lb; and 40K-Ib; scales
* Complete hot-fire testing of 2K-lb; integrated chambers with all key technologies in LOX/LH2
* Complete hardware fabrication and testing of integrated TCA’s at 7K-Ib; and 40K-Ib; with LOX/LCH4 and LOX/LH2

 Complete process characterization, material testing and data dissemination to government and commercial
partners
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