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Introduction

• LP-DED for rocket nozzles
• Opportunities and challenges
• Process evaluation of thin-walls and features
• LP-DED channel characterization
• Surface enhancements and evaluation
• Component testing
• Hot-fire testing
• Scale-up
• Summary
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Comparison Various Metal AM Processes

CREDITS: AFS-D image credits to MELDTM Manufacturing, Cold spray image credits to Spee3D, EBW-DED image credits to Sciaky and Lockheed Martin Corporation, AW-DED image credits to Gefertec, LW-DED image credits to Meltio, UAM image credits to 
Fabrisonic and NASA JPL, LP-DED image credits to DEPOZ project led by IRT Saint-Exupery and Formalloy, L-PBF image credits to Renishaw plc and CellCore GmbH/Sol Solutions Group AG, EB-PBF image credits to Wayland and GE Additive/Arcam.



Laser Powder Directed Energy Deposition (LP-DED)
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AM process selection balances design requirements, process 
limitations, and programmatic considerations.

NASA HR-1 alloy LP-DED Nozzle 
1.52 m dia. x 1.78 m height 

NASA HR-1 alloy LP-DED Chamber

Gradl, P., Cervone, A., Colonna, P., 2022. Integral Channel Nozzles and Heat Exchangers using Additive Manufacturing Directed 
Energy Deposition NASA HR-1 Alloy. 73rd International Astronautical Congress. Paris, France, IAC-22,C4,2,x73690.



LP-DED Large Scale Thin-Wall Nozzle Development
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60” (1.52 m) dia and 70” (1.78 m) height 
with integral channels

90 day deposition 

36” (0.9 m) dia and 30” (0.76 m) height
Integral channels + 18 day build time

Reference: P.R. Gradl, T.W. Teasley, C.S. Protz, C. Katsarelis, P. Chen, Process Development and Hot-fire Testing of Additively Manufactured NASA HR-1 for Liquid 
Rocket Engine Applications, in: AIAA Propuls. Energy 2021, 2021: pp. 1–23. https://doi.org/10.2514/6.2021-3236.

A6061-RAM2

NASA HR-1

RPMI
RPMI



Example of LP-DED with small features



Reality vs Design
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Design Intent Manufacturing Reality



Channels Built via LP-DED
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• Wall thickness of ~1 mm achievable, thinner 
walls to 0.5 mm possible, but limits overhang 
geometry severely

• Channel width/height limited to ~1.4 mm

• Thinner channels increase risk for powder 
adherence, clogging, or bridging 

NASA HR-1 (Fe-Ni)



Channel Sample Materials Evaluated
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Material Use

NASA HR-1
High strength precipitation-strengthened Fe-Ni-Cr alloy 

resistant to hydrogen environment embrittlement

Alloy 625 High strength solid-solutioned Ni-Cr-Mo superalloy

A6061-RAM2
High conductivity, high strength-to-weight aluminum-

magnesium alloy with B4C-Ti providing weldability

GRCop-42
High strength, high conductivity Cu-Cr-Nb alloy for high 

heat flux environments



Factors that impact final geometry built using LP-DED
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AM process limitations consider several aspects that constitute the 
as-built geometry (ie. no processing) for propulsion applications.

Various channel sizes LP-DED

Material Quality 
(Porosity, 

Microstructure, etc)



Channel Characterization

•Characterized various channels and 
alloys based on:
• Channel size
• Channel area
• Channel perimeter
• Wall thickness (rib and outer walls)
• Rib taper
• Porosity
• Surface texture (internal and external)

• Roughness (Particle adherence)
• Waviness + Form
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NASA HR-1 GRCop-42

Inconel 625

A6061-RAM2



Examples of Thin-Wall Channels, Various Sizes
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Channel Area and Perimeter – All Alloys 
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Area Perimeter

Channel area consistently smaller and perimeter consistently higher 
due to powder adherence



Wall Thickness and Rib Thickness – All Alloys

Wall Thickness Rib Thickness
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Wall and rib thickness higher (5-15%) than targets using standard nozzles



Angle and Wall Thickness – NASA HR-1

15

Material droop on downskin and excess deposition on upskin causes 
increased thickness with increasing angle

Gradl, P., Cervone, A., Colonna, P., 2023. Influence of build angles on thin-wall geometry and surface texture in laser powder 
directed energy deposition. Materials & Design 234, 112352. https://doi.org/10.1016/j.matdes.2023.112352



Rib Taper – All Alloys 
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Rib Taper

Inconel 625 NASA HR-1 6061-RAM2*

*Note: Not porosity, but Boron Carbide and Ti-rich particles

Minor rib taper due to start 
and stop locations



Surface Texture (PSD Variations) – NASA HR-1
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Gradl, P.R., Cervone, A., Gill, E., 2022. Surface texture characterization for thin-wall NASA HR-1 Fe – 
Ni – Cr alloy using laser powder directed energy deposition ( LP-DED ). Advances in Industrial and 
Manufacturing Engineering 4, 100084. https://doi.org/10.1016/j.aime.2022.100084

• Surface texture derived from excess or partially melted powder captured in trailing edge melt pool
• Finer powder (10-45 µm) reduces texture by 40% but with higher variation

Completed design of experiment varying parameters with surface texture as output variable



Porosity and Particle Adherence – All Alloys 
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Higher density of particle adherence for internal surfaces

Density 
>99.8% for 
all alloys



Fluid 
Mixing

Pressure 
Losses

Cavitation

Functional Surface Texture

Surface texture impacts several design and operational decisions
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Heat 
Transfer

Fatigue 
Life

Fluid 
Dynamics Corrosion

Wear 
Resistance

Coating 
Adhesion

Optical 
Properties

Sealing & 
Assembly

Processing 
Economics

Aesthetics



Surface Texture
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Particle Size Evaluation – NASA HR-1
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• Channels built with fine (10 – 45 µm) and coarse (45 – 105 µm) powders.
• Excessive fine powder observed in build chamber volume.
• As-built area is smaller than design due to excess powder adherence
• Surface texture reduced with fine powder



Build Angle Limitations (2.5D builds) – NASA HR-1
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Build Direction • NASA HR-1 Coarse 
Powder (45 – 105 µm)

• 350W Power

Gradl, P., Cervone, A., Colonna, P., 2023. Influence of build angles on thin-wall geometry and surface texture in laser powder directed energy deposition. Materials & Design 234, 112352. https://doi.org/10.1016/j.matdes.2023.112352



Surface Texture and Orientation – NASA HR-1
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500 µm50x

500 µm50x

Upskin (Exterior) Upskin (Internal)

Gradl, P., Cervone, A., Colonna, P., 2023. Influence of build angles on thin-wall geometry and surface texture in laser 
powder directed energy deposition. Materials & Design 234, 112352. https://doi.org/10.1016/j.matdes.2023.112352
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Surface Angle and Orientation – NASA HR-1

Surface texture varies based on surface orientation and angle by ~25%



Various Surface Enhancement Techniques for LP-DED
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Surface enhancement applicability for 

LP-DED 

Process External surfaces 
Internal 
surfaces 

Chemical milling (CM) + + 

Chemical Mechanical Polishing (CMP) + + 

Abrasive flow machining + + 

Electrochemical machining (ECM) or 
electropolishing (EP) 

+ 0 

Dissolvable / surface sensitization + 0 

Magnetic abrasive finishing (MAF) 0 + 

Powder enhanced slurry plating 0 0 

Secondary laser polishing (in-process or post) + – 

Mechanical or Manual polishing (machining, 
honing, buffing, burnishing) 

+ – 

Media suspension methods + – 

Grit or Bead blasting + – 

Thermal deburring – – 

Coatings + 0 

Peening methods + – 

 

+ potential for maturation and/or demonstrated 

– affected by significant challenges 

0 unknown and/or further development required



Evaluation of Surface Enhancements for LP-DED Channels
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Evaluation of Surface Enhancements for LP-DED Channels



CT Scanning of Channels with Internal Surface 
Enhancements
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The Design Intent

Reality



Surface Enhancements – Flow Dynamics
How much material do you need to remove?
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• A minimum of 1x average powder 
diameter should be removed to achieve 
reduction in flow resistance

• Resistance is driven by roughness peak 
height and density and waviness height 
and density along the length
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Surface Enhancements – Flow Dynamics
What is the AM surface impact to flow resistance?

Surface texture can be tuned to achieve a balance between 
frictional pressure losses and heat transfer

Four Regions of Surface Reduction

1. Roughness Peaks
2. Peak smoothing
3. Reduced roughness and 

waviness peaks
4. Reduction of valleys



Hot-fire Testing of LP-DED Nozzles
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JBK-75 NASA HR-1 NASA HR-1

Tested various LP-DED nozzles from 2K to 35K-lbf thrust class and 
accumulated over 16,000+ sec and 500+ starts.

A6061-RAM2 Inconel 625





Full Scale RS-25 Nozzle Upgrades for ARTEMIS
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Summary and Future Work

• Demonstrated small channels with LP-DED process with 
repeatable geometry and ability to deposit thin-walls for 
channel wall nozzles up to 95”+ (2.4 m) diameter.

• Manufacturing demonstration components and samples 
completed to understand the LP-DED process capabilities.

• Various geometric limitations for channel sizes, angles, 
orientation, and surface texture were evaluated and 
characterized.

• Surface enhancements allow for a significant reduction in 
frictional flow losses and ability to tune the flow to balance 
with requirements (flow dynamics, heat transfer, fatigue life…)

• Hot-fire testing accumulated >16,000+ sec and >500+ starts.

• LP-DED for rocket nozzles is mature to TRL=6.
34
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Ratio of Peaks and Density

37



Material Removal using Surface Enhancements
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Surface modification of internal channels
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