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Abstract

	As the International Space Station’s (ISS) life approaches its end, NASA intends to travel back to the Moon and establish a sustainable presence, paving a pathway towards Mars. A fundamental shift in the current logistics strategy is required to support extended missions. On-demand manufacturing enables reduced operational cost and increased long term sustainability providing a pathway towards reducing NASA’s logistics burden. The In-Space Manufacturing (ISM) portfolio at Marshall Space Flight Center is developing additive polymers, metals, and electronics manufacturing technologies to enable a sustainable presence on the Moon and enable long-duration transit missions. Manufacturing systems for in-space applications must meet a unique set of constraints requiring a maturation path independent from processes targeted for terrestrial use. In May 2023, the On Demand Manufacturing of Metals (ODMM) project, part of the ISM portfolio funded through the Game Changing Development (GCD) program office, was canceled; however, prior to cancelation, the engineering team developed a technology maturation plan for in-space manufacturing of metallic components. The status of ODMM at closeout and an overview of the technology maturation plan for ODMM are discussed. 

Introduction & Current State of In-Space Manufacturing Payloads

	Current logistics models for supplying the ISS rely on a relatively steady supply of replacement components and prepositioned spares for on-orbit maintenance. A 2016 study by Andrew Owens and Oliver De Weck illustrated the challenges of supporting logistics for the ISS noting that approximately 13,000 kg of spares were prepositioned with an additional 18,000 kg premanufactured on the ground [9]. Additionally for most payloads, if the system experiences a failure, the full assembly, referred to as an Orbital Replacement Unit (ORU), is down-massed to determine the cause of the fault, and inform design changes or repair. On orbit repair is limited to operations which require very limited crew time or critical systems that cannot be down-massed, such as the structure or power sub-systems. While this approach is suitable for low-Earth orbit where launch costs are decreasing due to the introduction of commercial partners, a logistics architecture based on prepositioned spares and minimal repair capability is unsustainable for a permanent presence on the surface of or in orbit around the moon or Mars. Current up-mass costs for passive cargo to low-Earth Orbit is $20,000 per kilogram while down-mass costs exceed $40,000 per kilogram [2]. Prices to bring cargo to lunar orbit and the lunar surface are exponentially more expensive. Astrobotic’s Peregrine lander’s, which was selected as a lander for the Commercial Lunar Payload Services (CLPS) missions, publicly listed service costs are $300,000 per kilogram to lunar orbit and $1.2 M per kilogram to the lunar surface [1]. In space manufacturing and assembly approaches can reduce the logistics burden for future missions and enable long duration mission architectures not viable using the current approach. Initial technologies would require feedstock to be up-massed along with the manufacturing unit; however, as the manufacturing system and auxiliary technologies, such as recycling and metal extraction from regolith, mature, the feedstock for in-space manufacturing systems is anticipated to first shift towards recycling of discarded products brought from Earth and ultimately to feedstocks derived from in situ resources further reducing up-mass and associated costs.
	
	In-space manufacturing may also provide a path towards increasing the overall reliability of critical mission systems. While critical systems are extensively tested prior to use and designed to include multiple redundancies, target mission locations exhibit exceedingly hostile environments that cannot be perfectly reproduced in testing. The inability to test within the intended use environment for extended periods of time prior to the onset of missions introduces risk including common cause failures which may affect not only the primary system, but any spares that are brought along. Such common cause failures have been repeatedly identified as a risk to NASA missions [3,12]. Harry W. Jones notes that to protect against common cause failures “Extensive failure mode analysis, redesign for higher intrinsic reliability, and use of technical diversity” must be utilized [4]. The ability to manufacture parts at the point of use provides the ability to redesign parts and increase the technical diversity of systems when a failure is experienced. However, extensive testing and analysis of the manufacturing system and hardware itself is needed to extract any potential reliability gains. Thus, early testing and development within a relevant environment is needed to mature systems to an adequate readiness level for mission infusion. 
	
	In 2017, NASA issued a broad agency announcement (BAA) to solicit proposals for the development of a multi-materials fabrication laboratory (FabLab) focused on additively manufacturing detailed metal parts [6]. Of the three partners initially selected through this FabLab solicitation, Techshot, which merged with Redwire Inc., was selected to continue into detailed design. The Techshot FabLab consists of three components – a printer module, a furnace module, and a process gas drawer. The FabLab printer module includes a bound metal deposition (BMD) system capable of producing Ti64 components with a maximum build volume of 4.5”x4.5”x6”. The unit can print a variety of feedstocks including polymer filaments, metal bound filaments and pastes, and electronic inks.  Additional capabilities include defect detection and remediation during the printing process, dry finish milling, and an environmental control system to extract milling debris before the manufacturing volume is opened to the habitable volume. 

	The primary challenge associated with bound metal manufacturing systems for use in space is the relatively high-power consumption of the furnace during the sintering stage. At the time of cancelation, the FabLab furnace module was measured to have a power draw of approximately 2250 W, slightly above the target requirement of 2000 W; however, several potential mitigation strategies were identified including additional insulation of the furnace hot zone and decreasing the sintering temperature. In April of 2023, the FabLab payload successfully completed a preliminary design review showing a feasible path forward to flight followed by completion of a phase I payload safety review in May. Due to funding challenges and changing agency priorities, the development of the furnace module and the process gas drawer was canceled in May of 2023. Development of the printer module, specifically for electronics printing, is continuing and may provide some insights relevant to the printing portion of the bound metal deposition process. 

Technology Maturation Plan Overview & Structure

	Prior to cancelation, the Marshall Space Flight Center (MSFC) engineering team developed a Technology Maturation Plan (TMP) for on demand manufacturing of metal parts in space. The purpose of the TMP was to document the major technical accomplishments necessary to develop manufacturing systems from the current phase through infusion into mission architecture for surface or transit applications and show the interactions between technology development efforts. Due to the breadth of manufacturing, the development plan was limited to additive manufacturing methods intended for use in a pressurized, temperature-controlled, reduced gravity environment. Additionally, as the project previously down-selected from a variety of manufacturing methods including ultrasonic deposition and wire fed additive manufacturing to bound metal deposition, much of the development plan focused on the maturation and testing of the FabLab payload. However, while the maturation plan was developed to target one process, many of the tasks generalize to any manufacturing process targeted for NASA applications in space.
	
The overarching structure of the plan was based on the technical maturation plans for both the Nuclear Thermal Propulsion Project (NTP) and the Moon to Mars Planetary Autonomous Construction Technology (MMPACT) project and includes two primary sections. The first is the TMP map which illustrates the interaction between development blocks. The second section includes the task sheets which give detail to the development blocks shown in the map. Each task sheet provides an overview, technical approach, and deliverables for each development block. When applicable, assumptions, risks, and dependencies on other efforts are also noted.
Figure 1: Technology Maturation Plan Structure: Scope and Purpose Frontmatter (Top) TMP Map (Middle) Task Sheets (Bottom)

	The ODMM TMP is divided into three major phases as denoted by the vertical columns within the TMP map: demonstrate, characterize, and infuse. Each phase has specific entrance and exit criteria with a milestone allowing advancement through phasing. If multiple manufacturing systems are being developed concurrently, each may be in a different phase; however, certain core tasks such as developing standards for in-space manufacturing systems may leverage the previously acquired knowledge for similar systems.
[image: ]Figure 2: Technology Maturation Plan Map showing relationships between project blocks.

Development Phase

[image: ]The first phase is the demonstration phase. The main goal of this phase is to develop technologies which illustrate the feasibility of manufacturing components in space, act as pathfinders for future in-space manufacturing processes and serve as a testbed for materials and tooling. The demonstration phase culminates in the on-orbit testing of the FabLab (or similar) payload.

A major focus of the development phase is the initial hardware development for the payload and the associated technologies. During development, power consumption has remained a significant challenge; thus, many of the advanced bound metal deposition processes, such as laser debinding and sintering, are targeted at decreasing peak power usage. Laser sintering allows for the power draw to be extended over a longer time scale which reduces peak power loads. Unlike powder bed fusion (PBF) technologies, there is limited research on the laser debinding process for BMD; however, direct PBF processes are not well suited for space applications due to safety concerns and the complexities associated with maintaining an even powder bed without the aid of gravity. Additional blocks noted for the development stage include technologies to expand the available materials space. One notable example is solvent debinding which is useful for low temperature materials such as aluminum which can be extracted from regolith. While solvent debinding is the standard method for terrestrial BMD processes, the space environment introduces several challenges. Fluid flow in microgravity is significantly altered from a terrestrial environment, and solvent regeneration processes are necessary to minimize consumables [5]. While these additional technologies are not necessary for initial demonstrations, their maturation provides a path towards more efficient systems for lunar surface applications.Figure 3: Development Phase of the TMP


Additional technology development blocks identified for further research in the demonstration phase are post processing and joining techniques. Joining techniques have also been identified by NASA as a required ISM technology area “to fully deploy and expand human exploration, enable colonization, and to make possible the exploitation of in-situ resources” [11]. The usefulness of manufacturing systems is greatly enhanced when piece parts can be assembled into more complex structures which can be used in harsh environments. These technology blocks are specifically aimed at enhancing the interoperability of parts manufactured with ODMM technologies with existing components.

Characterization Phase

[image: ]The second phase begins following the initial demonstration mission and is denoted as the Characterization Phase. During this phase, the manufacturing payload will be used as a pathfinder to develop an approach for how in-space manufacturing technologies can be utilized at the point of use. A particular emphasis is placed on developing an approach to either meet NASA standards or inform revision of those standards for use in the space environment. An additional focus during this phase is part verification and inspection. The second phase culminates in baselining in-space manufactured components in the maintenance or assembly plan for an external payload.

Three primary blocks comprise the characterization phase. The first is using the systems developed during the demonstration phase to inform methodologies for control of additive manufacturing processes in space. One of the primary barriers preventing the widespread adoption of in-space manufacturing techniques is the lack of “design to” standards for engineers. Current standards for additive manufacturing, such as NASA-STD-6030 and NASA-STD-6033, are targeted at applications where parts are produced on earth where there is a plethora of relatively cost-effective materials characterization services and non-destructive (NDE) evaluation methods [7, 8]. No mechanical testing capabilities or volumetric testing capabilities currently exist for in-space applications. Furthermore, many applications require minimization of volume and mass which prohibits the up-massing of multiple support payloads.  The benefit of in-space manufacturing techniques is greatly reduced if payloads are not designed for manufacturing and assembly in space which is fundamentally reliant upon providing designers clear and concise requirements and standards.Figure 4: Characterization Phase of the TMP


The second primary block in the characterization phase is the development of NDE techniques and in situ monitoring. The primary goal of this block is to respond to and support the development of standards specific to in space manufacturing. The standardization activity will develop a risk based minimum required testing approach which is likely to include a form of NDE. While not a primary focus of the ODMM project, this block documents the effect of NDE development on ODMM technologies.

The third major block within the characterization phase is materials development. One of the primary functions of the pathfinder manufacturing systems is to be used as a testbed for materials development and microgravity research. Materials science on the ISS is often limited in size; however, there is great interest in both the fundamental science and application of microgravity effects for materials research [5, 10]. 

Integration Phase

[image: ]The third phase, integration, focuses on the transition of technology demonstrators and approaches developed during phase I and II into mission architectures and lunar surface applications. In addition to the development of second-generation hardware, this transition phase will heavily focus on application specific technologies and advanced feedstocks.

As noted previously, a key aspect of the infusion phase is the transition away from up-massed feedstock to recycling discarded materials and deriving feedstocks from in situ resources. Thus, the technology focus of this phase primarily targets these auxiliary technologies and understanding stakeholder needs. As needs are identified, the knowledge gained through the demonstration and characterization phases will be used to optimize manufacturing systems to high priority needs. Figure 5: Integration Phase of the TMP


Conclusion

Prior to project cancelation, ODMM developed a TMP to guide the advancement of technologies for in space manufacturing of metallic components through infusion into NASA’s mission architecture. The TMP outlines three phases necessary for the development and adoption of in space manufacturing into NASA’s logistics model. While the TMP concludes before widespread infusion into critical systems, key elements are outlined providing a pathway for enabling long duration missions and reducing operations costs. When efforts regarding the in-space manufacturing of metals resume, the TMP should be updated to reflect the state of the art and realigned with priorities identified by stakeholders.
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TASK SHEET 1



FabLab Hardware Development & Demonstration



� Return to Map



1.1 Overview



The On-Demand Metal Manufacturing (ODMM) Project will pursue the commercial development of a hybrid
(additive-subtractive) manufacturing prototype unit for demonstration aboard the ISS. A fully integrated
system using Bound Metal Additive Manufacturing (BMAM), developed by Redwire, Inc., to produce titanium
(Ti6Al4V) parts; this approach has the potential to expand material processing capability to other metals as well
as polymers with the vision of providing a multi-material capability for future missions. The systems is referred
to as Fabrication Laboratory (FabLab). The primary goal of ODMM is to bring the aforementioned on-demand
manufacturing system to a flight demonstration for ISS, where the feasibility of manufacturing metal parts in
low-gravity can be demonstrated. This work aligns directly with NASA’s 2020 Technology Taxonomy for TX 12,
“Materials, Structures, and Manufacturing.”



The overarching goal for the ODMM project is:



• Develop and demonstrate the feasibility of a low-gravity, on-demand manufacturing system for metal parts
on the International Space Station.



The ODMM project objectives are:



• Design, build, and demonstrate an on-demand manufacturing approach in low gravity for metal parts.



• Deliver to ISS a flight-certified, on-demand manufacturing system or systems.



• Demonstrate the manufacture of metal parts in a low-gravity environment on ISS.



• Evaluate parts made on ISS against parts produced on the ground.



• Develop physics-based models to predict processing parameters and material outcomes under low-gravity
conditions for metals.



1.2 Technical Approach



To achieve the project goal of demonstrating feasibility of an on-demand metal manufacturing system on ISS,
ODMM is currently working with an industry partner to develop a systems that will potentially be demonstrated
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Chapter 1



Technology Maturation Plan (TMP
Summary)



Add in TRL Assessment Plan”



Add in TRL analysis for each system



Finalize task sheets sections 1-3



Add budget and schedule



1.1 Background



Long-duration Exploration missions require a paradigm shift in the design and manufacturing of space
architectures. The ability to perform In-Space Manufacturing (ISM) provides a solution towards sustainable,
flexible missions (both in-transit and on-surface) through on-demand fabrication, repair, and recycling
capabilities for critical systems, habitats, and mission logistics and maintenance. These capabilities provide
tangible cost savings due to reducing launch mass, as well as significant risk reduction due to decreasing
dependence on spares and/or over-designing systems for reliability. ISM is developing these capabilities by
leveraging the highly disruptive technologies being developed terrestrially and adapting them for operations in
the space environment. Thus, the International Space Station (ISS) serves as a one-of-a-kind test bed on the ISM
technology development roadmap.



ISM consists of an integrated task portfolio which culminates in the development of manufacturing systems,
recycling technologies, and processes that will enable on-demand production of a wide array of parts and
components. The project is led out of the Space Technology Mission Directorate (STMD) Game Changing
Development (GCD) Office with Marshall Space Flight Center (MSFC) acting as the lead Center. The ISM
Project utilizes a streamlined management approach with moderate risk tolerance in order to obtain technical
implementation within aggressive schedule and budget baselines.



Designing space systems to enable an ”Earth independent” logistics model stands diametrically opposed to
the ISS model which is rooted in decades of Low Earth Orbit (LEO) spaceflight relying heavily on Orbital
Replacement Units (ORUs) for system-based (vs. component level) repair and maintenance. This ORU model
does not address on-demand fabrication and repair, nor recycling of consumables, which ultimately results in high
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mass maintenance requirements and low sparing efficiency (i.e. 95% of available spares will never be used). This
presents significant challenges when considering long-duration missions beyond LEO. ISM provides a ”pioneering”
approach which will help to enable sustainable, affordable exploration mission operations and logistics. ISM is
key to addressing significant logistics challenges for long-duration missions by reducing mass, providing flexible
risk coverage, and enabling new capabilities that are required for Exploration missions.



The National Aeronautics and Space Administration (NASA) is developing the infrastructure required to support
long-duration, Exploration space missions. However, in order to realize the benefits of on-demand manufacturing
and repair capabilities, ISM must be incorporated during the Exploration systems’ design phase. In order to
ensure that these capabilities provide a viable solution for mission sustainability and reliability within this
timeframe, the ISM Project has developed this Tenchnology Maturation Plan (TMP) to support NASA’s planned
path to long-duration Exploration missions.



1.2 ISM Goals & Objectives



The On-Demand Metal Manufacturing (ODMM) Project will pursue the commercial development of a hybrid
(additive-subtractive) manufacturing prototype unit for demonstration aboard the ISS. A fully integrated system
using Bound Metal Additive Manufacturing (BMAM), is beingn developed by Redwire, Inc., to produce titanium
(Ti6Al4V) parts; this approach has the potential to expand material processing capability to other metals as
well as polymers with the vision of providing a multi-material capability for future missions. Furthermore,
the additional of an advanced toolplate allows the system to produce electronic components and meet ODME
scientific objectives. The system is referred to as Fabrication Laboratory (FabLab) in the remainder of this
document. The primary goal of ODMM is to bring the aforementioned on-demand manufacturing system
to a flight demonstration for ISS, where the feasibility of manufacturing metal parts in low-gravity can be
demonstrated. This work aligns directly with NASA’s 2020 Technology Taxonomy for TX 12, “Materials,
Structures, and Manufacturing.”



The overarching goal for the ODMM project is:



• Develop and demonstrate the feasibility of a low-gravity, on-demand manufacturing system for metal parts
on the International Space Station.



The ODMM project objectives are:



• Design, build, and demonstrate an on-demand manufacturing approach in low gravity for metal parts.



• Deliver to ISS a flight-certified, on-demand manufacturing system or systems.



• Demonstrate the manufacture of metal parts in a low-gravity environment on ISS.



• Evaluate parts made on ISS against parts produced on the ground.



• Develop physics-based models to predict processing parameters and material outcomes under low-gravity
conditions for metals.



1.3 Sub-Projects



In addition to the core development tasks the ODMM project supports seedling projects for companion
technologies. Two primary areas of research, Recycling and Outfitting, support ODMM applications and
feedstock development.
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1.3.1 Recycling and Reuse



The Recycling and Reuse (RnR) sub-project within th eODMM portfolio is tasked with developing technologies
to enable a sustainable recycling ecosystem, reducing logistics and providing feedstock, derived from what would
otherwise be nuisance materials, for manufacturing systems. With the installation of the Made In Space (MIS)
recycler on the International Space Station (ISS), the ISM project renewed its focus on developing materials
intended for recycling and reuse.



The RnR project will pursue the commercial and in-house development of materials intended to be recycled and
auxiliary recycling technologies. Auxiliary recycling technologies are those that support the filament extrusion
process, such as cleaning, degassing, and disassembly of the feedstock. A mature purpose-built recyclable
material will need to meet or exceed current flammability requirements, have sufficient mechanical properties,
and have limited degradation with repeated recycling cycles. These efforts will culminate in the delivery of a
flight-certified purpose-built packaging material to the ISS where it will enter the on-board recycling ecosystem.



The primary goals of RnR are namely, (1) to mature a purpose-built recyclable material to a flight demonstration
for ISS where feasibility and logistics can be demonstrated, and (2) to study fundamental properties of materials
on Earth that can inform decisions on future applications beyond LEO. Hardware currently exists aboard the
ISS for recycling polymers into filament. Thus, as opposed to a hardware development effort, the RnR project
will focus on maturing the pre-production processes, such as cleaning, degassing, and shredding, and developing
materials to be utilized in the recycling process. These efforts include both the study of a purpose-built
recyclable packaging material and a fundamental study of recycled thermoplastic polyurethane (TPU).



The R&R project objectives are:



• Identification of flame-retardant material chemistries and optimal loading percentage to meet ISS
outgassing and flammability requirements.



• Optimize the elastic modulus and tensile strength of the recyclable material through the inclusion of
strengthening fillers.



• Characterize the impact of the recycling process on mechanical and chemical properties the recyclable
material.



• Develop cleaning and pre-processing methodologies to ensure consistent feedstock production.



• Certify the material for use aboard the ISS both in a virgin and recycled state.



• Deliver to ISS a flight-certified purpose-built packaging material.



• Demonstrate the complete lifecycle of the recyclable material from initial use through a printed component.



• Demonstrate a complete recycling loop of flexible thermoplastic polyurethane (TPU) material starting from
bulk TPU.



• Characterize changes to mechanical and rheological properties of thermoplastic polyurethane material
through each iteration of recycling.



1.3.2 Outfitting



Outfitting is the process by which a structural system is transformed into a usable system by in situ installation
of subsystems as well as the associated planning and preparation required for this process. Habitat Outfitting
generally refers to the supplies and equipment which provide crew with a livable, safe environment during a
mission and enable the performance of mission tasks. Similarly, ISM Outfitting refers to Outfitting elements that
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are implemented via In-Space Manufacturing methods as well as the development of the enabling ISM technology.
This is also referred to as “On-Demand” Outfitting.



NASA programs unanimously agree that Outfitting is a critical element required for mission success and requires
further development to enable prolonged human presence beyond earth. Outfitting discussions have already
begun across multiple NASA organizations covering many topics. However, there is currently no agency-wide
strategy that exists for Outfitting.



To buy down risk, it is crucial that “On-Demand” Outfitting capabilities be adequately investigated and
strategically managed to drive technology maturation and enable mission success. Subsequently, it is also
important that all NASA Outfitting efforts be synchronized across the agency.



The Outfitting sub-project is currently in a development phase defining taxonomy and investigating stakholder
goals and requirements. The current approach to outfitting is outlined in subsection 1.3.2.
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1.4 ODMM TMP Summary



The ISM TMP, shown on page 11, is divided into three major phases as denoted by the vertical columns. The
first phase is the demonstration phase. The main goal of the demonstration phase is to develop technology
demonstrators to illustrate the feasibility of manufacturing components in space, act as a pathfinder for
processes, and serve a testbed for materials and tooling. The demonstration phase culminates in the onborbit
testing of the FabLab payload.



The second phase begins following the initial demonstration mission and is denoted as the Characterization
phase. During this phase, the FabLab payload will be used as a pathfinder to develop an approach for how
in space manufacturing technologies can utilized at the point of use. A particular emphasis will be placed on
developing an approach to either meet NASA standards or inform revision of those standards for use in the
space environment. An additional focus during thos phase is part verification and inspection. The second phase



8 CHAPTER 1. TECHNOLOGY MATURATION PLAN (TMP SUMMARY)











D
RA
FT



On Demand Manufacturing of Multi-Materials (ODMM)



Document Title: ODMM
Technology Maturation Pan



Document No: ISM-
DOC-XXXX



Draft v1



Release Date: Page: 9 of 76



culminates in baselining an inspace manufactured component in the matinence or assembly plan for an external
payload.



The third phase, Infusion, focuses on the transition of technology demonstrators and approaches developed
during phase I and II into mission architectures and lunar surface applications. In addition to the development
of second generation hardware, the transition phase will heavily focus on application specific technologies and
advanced feedstocks.



1.5 ISM Schedule Summary



The current ISM TMP schedule is summarized in section 1.5. It should be noted that this schedule contains no
schedule reserve.
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TASK SHEET 1



FabLab Hardware Development & Demonstration



� Return to Map



1.1 Overview



The On-Demand Metal Manufacturing (ODMM) Project will pursue the commercial development of a hybrid
(additive-subtractive) manufacturing prototype unit for demonstration aboard the ISS. A fully integrated
system using Bound Metal Additive Manufacturing (BMAM), developed by Redwire, Inc., to produce titanium
(Ti6Al4V) parts; this approach has the potential to expand material processing capability to other metals as well
as polymers with the vision of providing a multi-material capability for future missions. The systems is referred
to as Fabrication Laboratory (FabLab). The primary goal of ODMM is to bring the aforementioned on-demand
manufacturing system to a flight demonstration for ISS, where the feasibility of manufacturing metal parts in
low-gravity can be demonstrated. This work aligns directly with NASA’s 2020 Technology Taxonomy for TX 12,
“Materials, Structures, and Manufacturing.”



The overarching goal for the ODMM project is:



• Develop and demonstrate the feasibility of a low-gravity, on-demand manufacturing system for metal parts
on the International Space Station.



The ODMM project objectives are:



• Design, build, and demonstrate an on-demand manufacturing approach in low gravity for metal parts.



• Deliver to ISS a flight-certified, on-demand manufacturing system or systems.



• Demonstrate the manufacture of metal parts in a low-gravity environment on ISS.



• Evaluate parts made on ISS against parts produced on the ground.



• Develop physics-based models to predict processing parameters and material outcomes under low-gravity
conditions for metals.



1.2 Technical Approach



To achieve the project goal of demonstrating feasibility of an on-demand metal manufacturing system on ISS,
ODMM is currently working with an industry partner to develop a systems that will potentially be demonstrated
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in a microgravity, crewed environment. The system would be installed in an EXpedite the PRocessing of
Experiments to Space Station (EXPRESS) rack which is designed to accommodate payloads on ISS. The
EXPRESS rack provides power, data command and control, cooling, vacuum exhaust, and nitrogen supply to
payloads. Each EXPRESS rack consists of eight lockers, each with dimensions 20” (depth) x 17” (width) x 10”
(height). Payloads may fly in a single or multiple locker configuration. A payload with a physical footprint of
four lockers comprises a quad locker, which is half of a rack. The FabLab is designed to occupy a full rack (8
lockers), with the upper quad locker consisting of the print chamber and the lower quad locker housing a furnace.
A sketch of the EXPRESS rack system appears in Figure 1.1.



Figure 1.1: Schematic of EXPRESS rack



The Techshot FabLab was initially a 2-year effort under an Advanced Exploration Systems (AES) BAA. In
phase A, Techshot developed an integrated system for bound metal additive manufacturing (BMAM), which uses
sacrificial polymer binders to produce metallic components. The BMAM process is derived from metal injection
molding. The variation of the BMAM process used in the Techshot FabLab initially extrudes feedstock through
a nozzle in one of two forms: filament (1.75 mm diameter, metal particles in a binder material, developed by
University of Louisville) or paste (metal particles in a polymer suspension, plunger-based extrusion, purchased
off-the-shelf from commercial supplier Vito). Because the as-built part is in a “green-state” (low density), it must
be transferred from the print module (in the upper quad locker) to a sintering furnace (in the lower quad locker),
where it undergoes a thermal de-bind to remove the polymer material and a sintering process to consolidate the
remaining metal. If necessary, the part is then transferred back into the print module for finish machining with
an end mill. The process is illustrated in Figure 1.2.



Currently, the BMAM process for FabLab has been optimized for production of Ti-64 specimens with filament
and paste and electronic inks. The ground-based, integrated prototype system for FabLab is shown in Figure 1.3.
This design completed a flight PDR in June 2019. Techshot delivered a suite of materials characterization
specimens produced with the system for testing and evaluation. These specimens included tensile coupons
to characterize the dependence of material properties on build direction and derive ultimate tensile strength,
yield strength, and ductility, density specimens to assess porosity, and metallurgical specimens to assess grain
structures and microstructural characteristics. Techshot also produced two large manufacturing test artifacts, five
small manufacturing test artifacts, and five “challenge builds” (representative parts which represent candidates
for manufacturing on space missions from the ODMM design database). These parts underwent structured
light scanning to compare the as-manufactured geometry to the CAD model and assess process capabilities for
tolerances and feature resolution.
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Figure 1.2: BMAM process for Techshot FabLab.



Figure 1.3: Image of Techshot FabLab prototype.



1.2.1 Continuation and path forward for Techshot FabLab



The partnership mechanism for current activities with Techshot FabLab is an Indefinite Delivery, Indefinite
Quantity (IDIQ) contract with Techshot managed by ISS Research Office. The flight version of FabLab will
include additive and subtractive (surface and feature finishing) manufacturing subsystems, a thermal de-binding
and sintering subsystem, and an automated inspection/verification subsystem (consisting of a laser line
profilometer which scans each deposited layer and compares the scanned geometry back to the part model). The
atmosphere of the de-binding and sintering subsystem is capable of purging the furnace using gasses and/or a
vacuum to prevent contamination of the final print during thermal processing. The command and data handling
system will allow for the FabLab to be operated from Techshot’s Payload Operations Control Center. Optimally,
the only crew interaction with the facility will be to install the system, change media (i.e., feedstock material
contained in a cartridge or syringe), move a build platform print between subsystems, set up cradles and parts for
finishing operations, stow (or use) manufactured parts, and adjust the configuration of the glove bags located on
the front of the print and furnace modules. Other maintenance tasks such as removal of filters and replacement of
glove bags, will also require crew time.



Initial tasks in the FabLab maturation effort will focus on reduction of power of the furnace to meet ISS
requirements. At the end of the phase A, power draw for the furnace was approximately 7.2kW; the EXPRESS
Rack interface requires 2kW for the flight design. Power reduction strategies include redesign of the furnace,
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incorporation of a new power supply, selection of a different material system for insulation, and a reduction in the
maximum volume of the parts which will be sintered (phase A was 216 cubic inches of Ti-64). The redesigned
system will go through a delta PDR and specimens will be produced for evaluation at the lower furnace power.
Techshot will also interface with ISS Program for a phase 0 safety TIM. Another initial task will evaluate
incorporating a capability for on-demand manufacturing of electronics (ODME) into the flight mission.



Following completion of these initial tasks, further materials evaluation, and successful reduction of furnace
power, Techshot FabLab will continue maturation to a flight system for demonstration on ISS. This includes
design of the flight system (successful completion of CDR is a key decision point) and completion of phase
1-2 safety reviews with ISS. Techshot will then fabricate the engineering development qualification unit
(EDQU), which will be used for further testing. The EDQU will be used to produce tensile specimens (in each
of three primary build directions to characterize anisotropy), density, and metallographic specimens as well
as manufacturing test artifacts and candidate parts for evaluation. Data from this testing will be compared
with KPPs for material quality and part accuracy. Following CDR a flight unit will be manufactured. Then a
combination of the EDQU and flight unit will undergo EMI, vibration testing, integration testing, and complete a
phase 3 safety panel. Concurrent with these activities, a model for the BMAM process in microgravity previously
developed by NASA Ames Research Center will be refined and used to inform development of sintering protocols
and/or material formulations (specifically metal particle loading) for the flight demonstration mission. “Ground
truth” specimens and parts will be produced prior to launch. These specimens will correspond to the specimens
which will be produced on-orbit during the flight demonstration and will serve as the baseline for comparison
with microgravity-manufactured materials. FabLab will be installed on ISS, where it will manufacture tensile,
density and metallographic specimens as well as candidate parts from the ODMM part database. These
specimens will be downmassed, evaluated, and compared with the “ground-truth” specimens by NASA. Results
will be published and will inform continued development of BMAM for future space missions.



1.3 Deliverables, Milestones, and Schedule



Figure 1.4: High Level FabLab Schedule



• Additional Data on Deliverables and Milestones May be found within the FabLab Task Order Contract.



• The Integrated Master Schedule provides additional detail for the FabLab schedule.
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TASK SHEET 2



Thermal Debinding and Sintering Profile Optimization



� Return to Map



2.1 Overview



The ISM FabLab is using a bound metal deposition (BMD) technique to produce titanium (Ti64) materials
and components. Available power on the ISS is limited, which places limitations on times and temperatures of
debinding and sintering operations. It is expected that similar power limitations will be experienced on many
future space-faring habitats, labs, and vehicles. Hence, the need exists to understand and optimize debinding
and sintering profiles (both times and temperatures) for a variety of potential BMD materials. Both time and
temperature affect material structure and properties; hence, a study that correlates power, time, and temperature
with material properties is needed.



In addition, the atmosphere within a furnace affects properties; for example, nitrogen cannot be used with
titanium, but argon is acceptable. The pressure level within the furnace is yet another factor – lower pressures
will ultimately affect material properties.



2.2 Technical Approach



Techshot, Inc. (a subsidiary of Redwire, Inc.) is currently conducting studies on the effects time and temperature
in a low-pressure argon atmosphere on Ti64 paste material. Although they are not following a traditional design
of experiments (DOE), they are developing invaluable data for the FabLab system.



The following steps would expand upon the current approach.



• Select a candidate structural BMD alloy/binder system per task “Alloy Development.”



• Identify a use case and governing material property requirements (akin to key performance parameters, or
KPPs) for the material and the application to be optimized. If use cases are unknown, general material
classifications may be employed, such as Cu materials for conductivity or CRES for corrosion resistance.



• Perform material characterization (likely screening level testing) of material processed with a
known/nominal thermal debinding/sintering profile to establish a baseline on at a minimum properties,
power requirements, cost.



• Identify potential adjustments to temperature-time curves and estimate associated power savings.
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1. Debinding



2. Sintering



• Select a material property(ies) from step 2 as a dependent variable(s) to evaluate changes in thermal
profiles.



• Set up a design of experiments (DOE) with time, temperature, and potentially atmosphere/pressure as
independent variables.



• Conduct alternate debinding/sintering of materials using independent variable values from the DOE test
matrix.



• Compare DOE test results with baseline and iterate if not within TBD % of the properties identified in step
2 and with positive margin maintained. Otherwise, move to step 9 for this material and use case.



• Report associated power savings to ISM PM and CE offices.



2.3 Deliverables



Provide the following, at minimum, to the ISM PM and CE offices:



1. Material property data base for a given material system. (Screening level)



2. Optimized thermal debinding/sintering profile (and estimated power requirements for a given part size) for
each material.
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TASK SHEET 3



Post Processing Finish Machining and



Geometric Dimensioning & Tolerancing



� Return to Map



3.1 Overview



The objective of the Post Processing Machining and Geometric Dimensioning, and Tolerancing (GD&T) task
is to develop the capabilities in the baseline FabLab design to machine to and verify critical dimensions of a
part. The GD&T system utilize the same hardware as the defect detection and remediation subsystem. A laser
line scanner will be developed to measure parts following the sintering stage. While the flexibility of such a
measurement system is limited, additional measurements may be accomplished using more manual means such as
calipers and micrometers. Following measurement, the system will be capable of light milling operations to bring
critical dimension to within tolerance. The following objectives will be completed within this task.



1. Evaluation of inspection subsystem hardware for using in GD&T applications



2. Development of dry finish machining in the FabLab system



3. Development of Fixturing capabilities for the FabLab system



3.2 Technical Approach



Objective 1: Evaluation of inspection subsystem hardware for using in G&T applications Evaluation of the
subsystem for GD&T applications is necessary before precision milling operations can be implemented. The
payload developer will execute a test plan for a variety of feature in differing orientations using known standards.
The following is the minimum feature set to be tested.



• Holes: evaluated for circularity, diameter, and depth (minimum diameter 0.5mm)



• Planar Face: evaluated for edge dimensions, flatness, orientation, location relative to selected origin,
parallelism, perpendicularity



Objective 2: Development of dry finish machining in the FabLab system Development of finish milling is included
in the baseline FabLab design. The payload developer will design and integrate tooling capable of accepting 1/8”
milling tools. Development of the milling subsystem includes:
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1. Tool Development: Redesign nScrypt tools for the advanced toolplate



2. Parabolic testing of milling tools and FOD collection



3. Develop processes and ConOps for safe implementation of milling in microgravity



4. Characterize tool life for milling the FabLab baseline material (Ti64)



Objective 3: Development of Fixturing capabilities for the FabLab system Traditional fixturing concepts require
operator time and skill for locating arbitrary geometries. The payload developer will develop a repeatable
fixturing to enable finish milling of components.



3.3 Deliverables



1. Data on GD&T capabilities provided to MSFC Engineering Team



2. Milling tool compatible with the Advanced Toolplate



3. Safety Data Package detailing milling and FOD control hazards controls



4. Fixturing ConOps



5. Monthly Reports



*deliverable reports may be combined with standard monthly reporting as allowed by the governing contract



3.4 Assumptions



1. The inspection subsystem will be integrated into the FabLab baseline and have sufficient resolution.



2. Critical dimensions are primarily in a relatively shallow plane without large obstructions which would
hinder gantry motion.



(a) The laser line scanner has a limited focal distance. Recessed regions may not be inspectable.



3. Software to inspect the point cloud for dimensioning is readily available through industry. No software
development is assumed within this task.



3.5 Data Needed



1. Inspection subsystem capabilities and resolution
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TASK SHEET 4



First Generation Alloy Feedstock Development



� Return to Map



4.1 Overview



The objective of the FabLab First Generation Alloy Development task is to mature a feedstock for the initial
FabLab Demonstration. During initial development of the FabLab system contractors were required to develop a
system capable of producing components from at least one aerospace grade metal, such as Ti-6Al-4V, Aluminum
Alloy 6061, and Inconel 718. The vast majority of components on ISS that documented within the MAPTIS
system utilize aluminum and CRES alloys (FIGURE 1); however, the ISM database developed from potential
ECLSS and medical toolkit applications illustrates the need for titanium alloys development in addition to
aluminum and CRES alloys (FIGURE 2).



Techshot, the prime contractor of the FabLab system, selected Ti-6Al-4V for the primary development effort
due to the availability of a Commercial Off the Shelf (COTS) feedstock and large range between debinding
and sintering temperatures. However, titanium alloys require a high sintering temperature to consolidate
material while aluminum, bronzes, and CRES alloys have lower melting typically leading to decreased sintering
temperatures and power requirements. Therefore, multiple materials available for demonstration are desired to
both meet the needs of various potential customers and mitigate the risk associated with meeting ISS power
requirements for the demonstration mission.



Two sub-task are associated with this task:



1. Development of Ti-6Al-4V Paste



2. Development of an Aluminum Feedstock
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Figure 4.1: Usage Frequency of Materials on ISS



Figure 4.2: Usage Frequency of Metalic Materials on ISS



4.2 Technical Approach



This overarching task is a summary effort of two subtasks: Development of a TI-6Al-4V paste and the
development of an aluminum feedstock for FabLab. Materials for the initial FabLab demonstration will be
selected from commonly used materials in both the ISS MAPTIS database and the ISM Parts database.
Compatibility with the FabLab process, impact on resource requirements, and the TRL of the feedstock will be
considered. As development progresses, additional feedstocks may be assessed.



SubTask 1: Development of Ti-6Al-4V Paste



• The FabLab contractor selected Ti-6Al-4V paste during the initial contract phase due to the large
differential between sintering and melting temperatures, availability of COTS feedstock, and the frequency
of use in parts identified within the ISM Parts Database.



SubTask 2: Development of an Aluminum Feedstock



• The majority of components aboard the ISS are manufactured from aluminum alloys. It is likely that
both transit and surface habitats will contain a large number of aluminum alloys. Furthermore, aluminum
may be extracted from lunar regolith providing a sustainable supply chain for manufacturing on the lunar
surface.
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4.3 Assumptions



1. Feedstocks must be processed in the furnace module within resource requirements aboard ISS



• Power: 2000W



• Shielding gas: Nitrogen or self-contained



• Toxicology Rating: less than 2



• Materials must meet NASA-STD-6016 requirements for, at minimum, safety flammability, and toxic off
gassing



• Frangible materials must maintain containment throughout processing and use



4.4 Data Needed



1. FabLab printer capabilities



2. Furnace module capabilities and power curve



4.5 Risks and Opportunities



See subtasks for materials specific risks



1. Given the low TRL of feedstocks compatible with thermal debinding and current FabLab manifest date, it
is possible that a feedstock will not be available for the FabLab test demonstration that meets ISS resource
requirements.
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TASK SHEET 5



Development of Ti-6Al-4V Paste



� Return to Map



5.1 Overview



The objective of the Development of Ti-6Al-4V Paste task is to mature the feedstock for the initial FabLab
Demonstration. During initial development of the FabLab system contractors were required to develop a system
capable of producing components from at least one aerospace grade metal, such as Ti-6Al-4V, Aluminum Alloy
6061, and Inconel 718. Techshot, the prime contractor of the FabLab system, selected Ti-6Al-4V for the primary
development effort due to the availability of a Commercial Off the Shelf (COTS) feedstock and large range
between debinding and sintering temperatures. However, titanium alloys require a high sintering temperature
to consolidate material resulting in increased power requirements for the furnace module. The following will be
completed within this task:



1. Initial Characterization of the Ti-6Al-4V paste



2. Optimization of Sintering Profile



3. Characterization of optimized sintering profile



5.2 Technical Approach



Objective 1: Preliminary Characterization of the Ti-6Al-4V paste The goal of this objective and the associated
deliverables is to baseline expected properties for Ti-6Al-4V manufactured by the Techshot FabLab. During
initial characterization, the system and feedstock will be used to create several mechanical test specimens as well
as challenge build parts; however, the manufacturing unit during this phase will be in a prototype phase.



• The ISM Engineering team will deliver a materials characterization plan to the contractor outlining samples
to be produced.



• The contractor will provide both mechanical test specimens as well as challenge build parts for analysis.



• The ISM Engineering Team will perform independent testing of the samples including mechanical testing,
materials characterization, and structed light scanning.



• A final test report, data package, and components will be delivered to the ISM project
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Objective 2: Optimization of Sintering Profile



• The contractor will investigate sintering profiles that optimizes, at a minimum, material outcomes, resource
requirements (power draw and gas flow rate), and time at temperature.



• The contractor will perform a research study on drying times and techniques to minimize the time between
printing and sintering.



• The contractor will develop techniques to reduce chemical contamination during the debinding and sintering
process.



Objective 3: Optimization of Sintering Profile The goal of this objective and the associated deliverables is to
baseline expected properties for Ti-6Al-4V manufactured by a flight like system. During characterization, the
system and feedstock will be used to create several mechanical test specimens as well as challenge build parts.
All components will be manufactured by a flight like unit.



• The ISM Engineering team will deliver a materials characterization plan to the contractor outlining samples
to be produced.



• The contractor will provide both mechanical test specimens as well as challenge build parts for analysis.



• The ISM Engineering Team will perform independent testing of the samples including mechanical testing,
materials characterization, and structed light scanning.



• A final test report, data package, and components will be delivered to the ISM project



5.3 Deliverables



1. Preliminary Materials Characterization Plan



2. Preliminary Materials Characterization Data



3. Preliminary challenge build parts and mechanical test specimens



4. Report documenting an optimized sintering profile



5. Data Package detailing the results of the drying time research study



6. Baseline Materials Characterization Plan



7. Baseline Materials Characterization Data



8. Baseline challenge build parts and mechanical test specimens



5.4 Assumptions



1. Materials may not be processed in the same manner as an analogous material on the ground. For instance,
titanium is typically not utilized in a furnace cooled state. Due to safety constraints the material will
not be removed from the furnace until completely cooled. This will likely have significant impacts on the
materials properties due to excessive grain growth. Material properties will be assessed independent of
ground analogs.



2. The furnace module is assumed to be capable of reaching titanium sintering temperatures within EXPRESS
rack requirements.



24 TASK SHEET 5. DEVELOPMENT OF TI-6AL-4V PASTE











D
RA
FT



On Demand Manufacturing of Multi-Materials (ODMM)



Document Title: ODMM
Technology Maturation Pan



Document No: ISM-
DOC-XXXX



Draft v1



Release Date: Page: 25 of 76



5.5 Data Needed



1. FabLab printer capabilities



2. Furnace module capabilities and power curve



5.6 Risks and Opportunities



1. Given the high sintering temperature of titanium alloys, it is possible that the furnace will not be able to
reach the optimal sintering temperature within the EXPRESS rack power requirements.
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TASK SHEET 6



Aluminum Feedstock Development



� Return to Map



6.1 Overview



The objective of the Aluminum task is to develop feedstocks for applications such as radiator panels, fuel tanks,
and structural components for outfitting. As a strong, light weight and thermally conductive material aluminum
is ideal for these applications. In Space Manufacturing (ISM) will utilize this technology is such area as outfitting
and sparing. To enable aluminum bound metal deposition printing, it is essential to develop a suitable material
that can be effectively printed through utilizing this technique. This requires extensive research and development
to identify the most suitable aluminum alloy powders, binders, and other components that will provide the
desired mechanical and thermal properties for the printed component. Baseline materials for the FabLab system
(Ti-6Al-4V) have poor thermal conductivity and are relatively dense; thus, to address this applications segment
light weight, thermally conductive materials must be developed. Additionally, to enable aluminum bound metal
deposition printing, it is important to develop effective post-processing methods to improve the final properties
of the printed components. This may involve heat treatment, mechanical finishing, surface coating, or other
processes to enhance the mechanical and thermal properties of the printed components and improve their
performance in the intended application.



Four objectives are included within this task:



1. Perform a trade study to select materials and binders



2. Optimize and characterize material properties in ground-based systems



3. Demonstrate printing of aluminum feedstock on orbit



4. Demonstrate postprocessing of printed parts on orbit



6.2 Technical Approach



Objective 1: Develop an aluminum-based alloy compatible with FabLab processing methods



• The ISM project will coordinate with NASA Materials and Process to conduct a trade study on potential
alloys and binders which meet the requirements of the FabLab system. The trade study will consider
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the sintering temperature of the alloy, availability of the powdered metal, binder compatibility, thermal
performance, and mechanical strength.



• The results of the trade study will be delivered to the project as a report.



Objective 2: Optimize and characterize material properties in ground-based systems



• NASA Materials and Processes will manufacturer the feedstock selected through the trade study and
determine the optimal loading percentage. Optimization will consider, at a minimum, storage, printability,
shrinkage during sintering, and feedstock-to-part ratio.



• Concurrent with the optimization of loading percentage, M&P will optimize processing parameters, such as
extrusion rate, hatch spacing, bed temperature, drying procedures, and sintering profiles. Optimization of
processing parameters will consider at a minimum, material properties, thermophysical properties, impact
on shrinkage during sintering, and density.



• Following optimization M&P will deliver a report detailing the optimization process and materials data to
the ISM project.



Objective 3: Demonstrate printing of an aluminum alloy on orbit



• Personnel from the ISM project, NASA M&P, and the payload developer will define a design of experiments
for the on-orbit testing. The materials test plan for flight and ground will be documented in a report and
delivered to the ISM project.



• The payload developer will be responsible for conducting the experimentation both on the payload and on
the EDQU ground unit. Samples will be returned to NASA.



• NASA M&P will be responsible for testing and characterization in accordance with the materials test plan.
Results will be documented in a report and delivered to the ISM project.



Objective 4: Demonstrate postprocessing of an aluminum part on orbit



• Personnel from the ISM project, NASA M&P, and the payload developer will define a design of experiments
for on-orbit post processing. The materials test plan for flight and ground will be documented in a report
and delivered to the ISM project.



• The payload developer will be responsible for conducting the experimentation both on the payload and on
the EDQU ground unit. Samples will be returned to NASA.



• NASA M&P will be responsible for testing and characterization in accordance with the materials test plan.
Results will be documented in a report and delivered to the ISM project.



6.3 Deliverables



1. Binder and Alloy Trade Study Report



2. Optimized Process Definition Report



3. Materials Test Plan for On-Orbit Testing



4. Flight and Ground Samples



5. Materials Characterization and Test Report
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6.4 Assumptions



1. Materials expertise will be available at the time of development with the NASA M&P organization.
If expertise is not found materials development functions will be transferred to either a contractor or
academic institution.



2. The availability of raw materials including aluminum powder and binders.



6.5 Data Needed



1. Aluminum binder trade study, including optimal loading percentage.



2. Results from initial demonstration test on the effect of microgravity on the sintering process.



3. Mechanical testing from EDQU and flight units.



4. Density testing from EDQU and flight units.
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TASK SHEET 7



Directed Energy Sintering



� Return to Map



7.1 Overview



The FabLab payload uses a Bound Metal Deposition (BMD) technique to produce metal parts. When applied
to the SmartPump tool head, this method involves metal powders which are suspended in a solvent and polymer
mixture, called a binder, to create a viscous liquid paste or ink. The ink is extruded through a Direct Ink Write
(DIW) process to create printed traces or layers of a bulk component. To convert the wet printed material into
a solid part with the desired properties, post-processing is necessary. This involves several steps: 1) drying the
part and removing the solvent, 2) debinding the part and removing the polymer and 3) sintering the part and
condensing the metal powders into a cohesive solid part. This process is traditionally completed thermally, and
FabLab will have a furnace module which can be used for this purpose.



The objective of the Direct Energy Sintering Task is to develop a laser post-processing method that is an
alternative to the standard thermal processing. Thermal processing is very energy intensive. In addition, the
part shape is bound by the dimensions of the oven or furnace that the part is processed in. One of the main
benefits to additive manufacturing is the ability to create parts with unique and complex geometries, and that is
constrained by the need to put a part inside of a furnace after printing. Finally, the printer module is separate
from the furnace module in the FabLab system, which means a part must be manually moved between the two
modules by an astronaut.



Direct energy sintering with a laser has the potential to be significantly less energy intensive than thermal
methods. It can be constrained by the same manufacturing volume as the print bed. FabLab will have a laser
attached to the print module gantry, so there would be no need to move a part for post-processing. However,
there are additional safety considerations with a laser based post-processing method, as opposed to thermal
sintering.



There are several laser-based methods that are already commonly used in additive manufacturing, including
Laser Powder Bed Fusion and Directed Energy Deposition. However, those methods start with a solid feedstock,
not the viscous liquid used in BMD/DIW. Adding the drying and debinding steps to post-processing increases
the complexity of this process. Initial work has shown that there can be significant issues with differences in the
coefficient of thermal expansion between wet and dry material as well as the printed material and the substrate.
This can cause cracking or poorly adhering layers if the laser treatment is not carefully controlled. Despite the
challenges, laser sintering has significant potential. DIW printed traces of silver and barium titanate have been
successfully laser sintered, and significant grain growth was observed with the barium titanate.
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To apply a directed energy post processing method to larger metal parts, such as those made from Ti64, this task
has 3 objectives:



1. Perform a trade study on laser sintering DIW printed metal parts



2. Optimize and characterize laser sintered metal parts on ground-based systems



3. Demonstrate laser post-processing of a DIW printed metal part on orbit



7.2 Technical Approach



Objective 1: Perform a trade study on laser sintering BMD printed metal parts.



• The ISM project will coordinate with NASA Materials and Process Lab to conduct a trade study on
laser sintering BMD printed metal parts. The trade study will consider materials development and
printability, the laser hardware (wavelength, pulse duration, intensity, and power), the atmosphere in the
laser enclosure, and laser parameters such as speed.



• Based on the necessary hardware identified, the study will consider if a retrofit with an upgraded laser
system is possible for FabLab.



• The results of the trade study will be delivered to the project as a report.



Objective 2: Optimize and characterize laser sintered metal parts on ground-based systems.



• The NASA Materials and Processes Lab will manufacturer laser sintered BMD/DIW printed metal parts.
Multiple laser passes of varying wavelengths, speeds, or intensity will be tested in order to move through all
of the post-processing steps.



• Two approaches will be taken to determine the best method to laser sinter parts printed with multiple
layers.



– Determine laser sintering parameters for layer-by-layer sintering. In this task, we will seek to dry and
sinter the first layer before printing the second layer and sintering it.



– Determine laser sintering parameters for bulk materials. In this task, we will seek to dry the first layer,
and then print and dry the second layer. We will then sinter the layers



• Sintered parts will be sectioned and characterized by SEM with EDS to determine material structure and
chemistry and evaluate sintering success.



• Following optimization M&P will deliver a report detailing the optimization process, the hardware used,
and materials data to the ISM project.



Objective 3: Demonstrate laser post-processing of a DIW printed metal part on orbit



• Personnel from the ISM project, NASA M&P, and the payload developer will define a design of experiments
for the on-orbit testing. The materials test plan for flight and ground will be documented in a report and
delivered to the ISM project.



• The payload developer will be responsible for conducting the experimentation both on the payload and on
the EDQU ground unit. Samples will be returned to NASA.



• NASA M&P will be responsible for testing and characterization in accordance with the materials test plan.
Results will be documented in a report and delivered to the ISM project.
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7.3 Deliverables



Provide the following, at minimum, to the ISM PM and CE offices:



1. Laser Sintering for DIW Printed Parts Trade Study Report



2. Optimized Process Definition Report



3. Materials Test Plan for On-Orbit Testing



4. Flight and Ground Samples



5. Materials Characterization and Test Report



Note: Reporting deliverables may be combined with other task reporting presentations and documentation.



7.4 Assumptions



1. Materials expertise will be available at the time of development with the NASA M&P organization.
If expertise is not found materials development functions will be transferred to either a contractor or
academic institution.



7.3. DELIVERABLES 31











D
RA
FT



On Demand Manufacturing of Multi-Materials (ODMM)



Document Title: ODMM
Technology Maturation Pan



Document No: ISM-
DOC-XXXX



Draft v1



Release Date: Page: 32 of 76



TASK SHEET 8



Post Processing



� Return to Map



8.1 Overview



The objective of the Post Processing task is to develop the auxiliary capabilities for finishing a near net shape
part produced by the baseline FabLab design. While many components may be made using the Fablab system
directly, additional processes, such as cleaning, coating, and machining, must be applied to specific components.
These processes will allow in-space manufacturing systems to be more versatile. This overarching task sheets
covers the following subtasks:



1. Development of Coating Processes



2. Development of Cleaning Processes



3. Development of Bulk Machining Processes



8.2 Technical Approach



This overarching task is a summary effort of three subtasks: The overaching objective of this category of tasks is
to the techniques to process material following printing and consolidation. A significant focus is to



Sub Task 1: Development of Coating Processes



• Developing coating technologies enable in space manufactured components to be utilized in a wider variety
of applications. Terrestrial coating technologies typically rely on fluids, volatile organic compounds, or
hazardous materials. This task will aim to develop techniques that minimize crew interaction with hazards
and minimize consumables usage.



Sub Task 2: Development of Cleaning Processes



• Developing cleaning methods that are suitable for use in space is critical to enabling the recycling spares
in space and ensuring the sustainable use of resources. This subtask will develop cleaning technologies and
develop a demonstration of processes and hardware on orbit.



Sub Task 3:Development of Bulk Machining Processes
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• The objective of the Post Process Machining Task is to develop the capability to machine bulk features into
a printed part. This capability is particularly important for geometries that are difficult if not impossible
to print at a near net shape such as threads, long holes, and high angle overhangs. This task will culminate
the development of a conceptual design for a machining capability on orbit.
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TASK SHEET 9



Machining Process Development



� Return to Map



9.1 Overview



The objective of the Bulk Machining Task is to develop the capability to machine bulk features into a printed
part. This capability is particularly important for geometries that are difficult if not impossible to print at a near
net shape such as threads, long holes, and high angle overhangs. The current baseline capabilities within FabLab
are limited to finish machining with minimal material removal. The goal of the baseline design is to enable the
system to meet critical dimensions and interfaces rather than machine a bulk feature. Therefore, geometry is
limited in cases where support removal would be necessary. Similarly, Phase A identified holes with a large ratio
of length verses diameter to be particularly challenging for the system especially when boring perpendicular to
the build direction. True bulk machining capabilities would allow for these features to be repeatably produced.



Three objectives are associated with this task:



1. Perform a trade study on utilizing FabLab for bulk machining or development of a secondary payload.



2. Develop processing parameters for standard machining operations using dry machining techniques



3. Develop hardware for a demonstration on orbit or on the lunar surface



9.2 Technical Approach



Objective 1: Perform a trade study on utilizing FabLab for bulk machining or development of a secondary
payload.



• Bulk machining will react additional loads into the locker, it is currently unknow if the rigidity of the
system will be capable of bulk machining. The trade study aims at understanding the “retrofitability” of
the system for use as a machining center.



• The trade study will evaluate at a minimum system rigidity, FOD control capabilities, part fixturing
capabilities, dry coolant (gas) capabilities, potential machining capabilities, and costs to other science
objectives.



• Trade study results will be documented and provided to the ISM project office.
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Objective 2: Develop processing parameters for standard machining operations using dry machining techniques



• Traditional coolant capabilities will be unsustainable for in space manufacturing applications due to the
large amount of “heavy” consumables. Additionally liquid coolants result in a safety and cleanliness hazard.
Therefore, dry machining techniques are performed for on orbit and lunar surface applications.



• Development of processing parameters will be a combination of testing and computational and thermal
modeling. Given the reduction in buoyancy effects on orbit, it is likely that the thermal performance of the
milling tools will change affecting tool life. The ISM project will partner with either in house capabilities or
academic institutions to model the machining process in microgravity.



• Testing results will be reported in monthly meetings and quarterly reports



Objective 3: Develop hardware concept for a demonstration on orbit or on the lunar surface



• Conceptual hardware will be developed for a on orbit or lunar surface demonstration utilizing the design
requirements elucidated by the trade study and modeling objectives.



• The concept design will be documented and delivered to the ISM project office.



9.3 Deliverables



1. Trade Study Report delivered to the ISM project office



2. Testing Reports and Modeling Data & Quarterly Reports



3. Conceptual design report



9.4 Assumptions



1. FabLab will be available for potential toolhead modification



2. Modeling capabilities will focus on a single alloy for the initial demonstration



9.5 Data Needed



1. Print Module Design and FEA Analysis
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TASK SHEET 10



Brazing



� Return to Map



10.1 Overview



The objective of the Brazing task is to develop techniques to form brazed joints using the FabLab furnace
module. While the FabLab system allows greater design and manufacturing flexibility than traditional machining,
not all component geometries can be successfully manufactured within the system. Large crosssectional areas
which inhibit debinding and overhangs pose a particular challenge. As the complexity of components increase,
it can be beneficial to print, sinter, and finish mill portions of the components separately followed by a joining
operation. Brazing was identified within the preliminary design phase as a potential solution. A paste or foil
brazing compound can be applied to the parts following the sintering and finishing phase. The furnace module
is then used to complete the brazing processes. While this process does allow for more complex components
to be produced. The final part size is constrained by the size of the hot-zone within the furnace module. This
particularly limits the utility of brazing in a transit habitat or orbital platform environment; however, surface
operations may have more power and volume available may better be able to utilize a brazing process. Three
objectives are associated with this task:



1. Identify a compatible brazing compound which both meets safety requirements and forms an adequate bond
with material produced in the FabLab system.



2. Optimize brazing thermal profile within the furnace module



3. Develop a concept of operations for brazing components on orbit



10.2 Technical Approach



Objective 1: Identify a compatible brazing compound which both meets safety requirements and forms an
adequate bond with material produced in the FabLab system.



• The contractor will procure and test multiple brazing compounds with paste or film and identify the
optimal solution. Constraints such as ease of application, mechanical properties, and required brazing
temperature will be considered.



• Testing results will be reported in monthly meetings and quarterly reports
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Objective 2: Optimize brazing thermal profile within the furnace module



• The contractor will determine optimal settings and thermal profile for sintering the selected compound.
Optimization will include at minimum, tensile strength, shear strength, and resource requirements.



• Testing results will be reported in monthly meetings and quarterly reports



Objective 3: Develop a concept of operations for brazing components on orbit



• The contractor in coordination with NASA ISM, Hfit and Safety representatives will develop a concept of
operations for demonstration aboard the ISS.



• The concept of operations will be defined within the CDR data package.



• The concept of operations will describe an adequate means of holding the parts within the furnace module
to be brazed in position during the brazing process.



10.3 Deliverables



1. Testing results on sintering compounds in cluded in monthly meeting notes



2. Quarterly rest reports on optimization of the brazing procedure



3. Concept of operations report for brazing activities



Note: Reporting deliverables may be combined with other task reporting presentations and documentation.



10.4 Assumptions



1. Application of the brazing compound will be a manual process performed by the crew.



2. The selected brazing compound must meet all material requirements for use aboard the ISS.



3. Brazing will be demonstrated as part of the initial demonstration mission.



4. A protocol to monitor the brazing process and detect defects that may arise has been previously developed
under NDE tasking.



10.5 Data Needed



1. Furnace module capabilities



10.6 Tasked Enabled



1. Flight Test Demonstration
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10.7 Risks & Opportunities



1. Given that safety requirements on orbit are likely to preclude the use of traditional abrasive cleaning
approaches and the abnormal grain structure of FabLab material, there is a possibility that the brazed joint
will exhibit poor mechanical strength.



2. Given that brazing is a sensitive process and microgravity effects are unknown, it is possible that samples
produced during the demonstration exhibit poor mechanical properties.



3. Given the high temperature of the hot zone and limited materials compatibility, it is possible that
positioning mechanisms will add unacceptable part complexity.
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TASK SHEET 11



High Energy Density Welding



� Return to Map



11.1 Overview



The purpose of this task is to develop welding processes, such as laser and electron beam welding, in high-fidelity
environments representative Low Earth Orbit (LEO) and the Lunar surface. Developing welding processes
for applications in space will require similar process qualification steps as used in terrestrial settings. These
may include tests to ascertain the mechanical properties and microstructure of the welds. The influences
of microgravity, vacuum, and thermal fluctuations and their multiplicative effects must be considered when
developing welding processes for in-space use. The development of welding for LEO and Lunar applications
will enable manufacturing and repair in space for small scale and outfitting applications. It will also allow for
in-space fabrication of structures much larger than those that can fit within a payload faring. An example
may be to build a manufacturing/servicing dock in LEO to enable the repair and/or outfitting of a space
structures for sustainable human presence in space. Another example may be to join additive manufactured or
extruded truss structures into habitats or power towers on the Lunar surface. Ultimately, welding is an enabling
technology which is used in essentially every terrestrial manufacturing application. Its development for the LEO
environment and Lunar surfaces will be directly extensible to Martian applications and to translate our terrestrial
manufacturing capabilities to the space environment, it will certainly be required.



Gaps Addressed:



1. MANU-646/MANU-855 from HEOMD (405 Gap 3063) ISAM-welding in space, recycling, and reuse



2. STMD-OSAM-009, Fabrication and repair of on-orbit and lunar surface hardware, components and
structures using advanced manufacturing processes



3. HEOMD 3426, Manufacturing approaches to support habitat outfitting



4. HEOMD 3061, Inability to fabricate spare parts, replacement units, specialty tools in situ (on-demand
manufacturing)



11.2 Technical Approach



• Design and retrofit a robot arm to hold a welding torch (e.g. the Meltio laser weld head).
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• Place the robot arm and welding torch assembly into a thermal vacuum chamber to run tests in
environments representative of LEO, and the Lunar surface (tie in with Parker Shake’s robot arm TE;
EM32 will lead this effort).



• Perform welding experiments on a parabolic flight (EM32 lead; EM22, EM42, and EM31 for testing
support). This task aligns directly with an ongoing Ohio State/MSFC collaboration to retrofit a vacuum
chamber with a laser welder for parabolic flight laser welding experiments (the vacuum chamber used has
previously flown on parabolic flights to demonstrate electron beam additive manufacturing).



• Develop weld processes to join aluminum 2219, aluminum 6061, stainless 304, stainless 316, and titanium
64 in high fidelity environments approximating the conditions of the LEO environment and Lunar surface.
Titanium 64 development directly aligns with FABLAB needs due to its extensive use in astronaut life
support systems.



• Develop a digital twin for the robotic system (a UTEP CAN with EM32 is focusing on building a digital
twin for weld joint fit-up; a UTEP Space Act Agreement is in place for MSFC to support UTEP with
manufacturing expertise as they develop their digital twin and robotics technology for ISAM applications).
High fidelity welding experiments will apply best efforts to obtain extensive weld feedback data to support
ICME and digital twin development.



11.3 Deliverables



1. Weld metallography, NDE, and tensile data.



2. A report outlining the technical details of the project, the lessons learned, and future work plans.



3. A physical welded structure (e.g. a subscale power tower structure) made up of two or more truss members
(to include weld experiments focused on joining additive manufactured or extruded materials).



4. Weld feedback and parameter data (to include necessary sensor feedback data to support ICME and digital
twin development).



5. A welding digital twin capable of simulating a weld process using specific weld input parameters and
predicting desired weld properties.



11.4 Assumptions



It is assumed that funding and labor will be available to complete the scope. It is assumed that a thermal
vacuum chamber will be available and operational to run weld trials.



11.5 Data Needed



1. The robot arm being procured through Parker Shake’s TE proposal will need to be on-site.



2. Prior laser weld parameter and test data from OSU CAN.



3. The digital twin from the UTEP CAN and UTEP Space Act Agreement.
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11.6 Risks



Very few welding experiments have been performed in a microgravity environment or multiple simulated space
environments simultaneously. This poses a risk from a weld development perspective. As physical weld data is
obtained and incorporated into a digital twin, process development may become more straightforward.



Labor shortages among skilled materials scientists at MSFC are real and many individuals have significant
workloads, so labor-related delays are considered a risk.
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TASK SHEET 12



Post-Demonstration ISS Development (FabLab Hardware)



� Return to Map



12.1 Overview



The Post Demonstration ISS Development (FabLab Hardware) task is a summary task of several subtasks which
aim to further develop the FabLab payload into a system capable of producing flight hardware which meets
the requirements of NASA standards for high priority application areas. This task can be dissected into four
primary areas: 1) Process Characterization 2) Standardization 3) Materials Research and Feedstock Development
4) Demonstration of Payload Infusion. Utilization of the FabLab hardware after the initial demonstration
provides further data on the operation of ISM systems in a real-world environment and informs the development
of subsequent processes intended for the lunar and Martian surfaces as well as transit habitats The FabLab
hardware will be used as a pathfinder system to develop the approaches for standardization and use of additive
manufacturing systems in space and inform future revision of the NASA standard. The following subtasks may
be found in this summary task:



Four sub-task are associated with this task:



1. Process Characterization



2. Standardization



3. Materials Development



4. Payload Demonstration: Incorporation into Payload Maintinence Plan



12.2 Technical Approach



This overarching task is a summary effort of four subtask. The overarching goal is to mature the FabLab
hardware to a point where it can be utilized by designers and infused into a baseline design. Additional tasking
to support science missions aboard ISS is also noted.



Subtask 1:Process Characterization
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• The objective of the Process Characterization task is to develop the information that designers will need to
utilize the FabLab system while meeting the intent governing requirements. Additional information on this
subtask may be found in TASK NUMBER.



Subtask 2: Standardization



• The objective of the Standardization task is to develop an approach to meet the intent of NASA Additive
Manufacturing standards NASA-STD-6030 and NASA-STD-6033. Additional information on this subtask
may be found in TASK NUMBER.



Subtask 3: Materials Development



• The objective of the Materials Development subtask is to develop the feedstocks necessary to address
priority applications for in space manufacturing. Materials development is classified as both research and
application driven materials. Additional information on this subtask may be found in TASK NUMBER.



Subtask 4:Payload Demonstration: Incorporation into Payload Maintinence Plan



• The objective of this subtask is to demonstrate the use of in space manufacturing systems in an
infusion scenario with a LEO destination or lunar destination payload. Components produced for this
demonstration will meet the intent of NASA standards for spaceflight hardware. Additional information on
this subtask may be found in TASK NUMBER.



12.3 Assumptions



1. Progression into post demonstration utilization activities assumes that payload operation and performance
is within acceptable margins during the initial demonstration mission.



12.4 Data Needed



1. Results from initial demonstration test on the effect of microgravity on the sintering process.
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TASK SHEET 13



Process Characterization



� Return to Map



13.1 Overview



The objective of the Process Characterization task is to develop the information that designers will need to
utilize the FabLab system while meeting the intent governing requirements. One of the largest barrier to
the initial usage of in space manufacturing technologies is the need to meet governing requirements such as
NASA-STD-6016 and NASA-STD-6030. However, these documents represent best practice and protect systems
from known causes of failure and any system intended for use in NASA missions must meet the intent of these
requirements. This overarching task sheet is a summary of two subtasks:



1. Development of Material Design Values



2. Characterization of Feature & Design Considerations (User’s Guide)



13.2 Technical Approach



The two subtasks within the process characterization task inform designers of what material properties they can
design to and the system limitations, such as feature resolution, repeatability, and minimum overhang angle.
Process characterization will inform how standards are applied to ISM parts and elucidate any changes that may
be necessary to the standard for use with parts made in space. For this reason, the Process Characterization and
Standardization: AM Control Plan and Facilities Plan tasks should be performed concurrently.



SubTask 1: Development of Material Design Values



• The objective of the Materials Design Values task is to characterize the material and process so that
designers can utilize the fabrication system within a baseline design. The primary deliverable from this
Task is an MUA detailing S basis allowables



SubTask 2: Characterization of Feature & Design Considerations (User’s Guide)



• The objective of the Characterization of Feature & Design Considerations task is to characterize the
fabrication system’s capabilities so that a designer can implement manufacturing within a baseline design.
The primary deliverable from this task is a report that designers may use as a user’s guide for the facility
which provides system capabilities



44











D
RA
FT



On Demand Manufacturing of Multi-Materials (ODMM)



Document Title: ODMM
Technology Maturation Pan



Document No: ISM-
DOC-XXXX



Draft v1



Release Date: Page: 45 of 76



13.3 Assumptions



1. The system to be characterized has sufficient repeatability to develop statistically significant design values
and feature resolution.



2. The ISM system is not required to meet a strict interpretation of MMPDS of A and B basis allowables.
Due to the cost of testing materials manufactured in space it is unlikely that enough samples will be
available to develop A or B basis allowables using the methodologies outlined in MMPDS.



3. Standardization tasks are performed concurrently with the characterization process. To develop design
values, the process must be “locked” according to NASAS-STD-6030 and NASA-STD-6033.



13.4 Data Needed



1. Final Report from FabLab initial demonstration
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TASK SHEET 14



Materials Design Values



� Return to Map



14.1 Overview



The objective of the Materials Design Values task is to characterize the material and process so that designers
can utilize the fabrication system within a baseline design. Currently, all components intended for use in the
system either through nominal operations or repair must meet materials and processes requirements laid out by
NASA-STD-6016 specifically MPR 33 which states that A, B, or S bases statistical values are required for design
an analysis of hardware for all applications where structural analysis is required. The following will be completed
within this task:



1. Develop the test plan necessary to developing A, B, and S Basis Design values for material manufactured in
space in accordance with the methodology prescribed by MMPDS



2. Establish at a minimum S bases design values in accordance with the developed test plan



14.2 Technical Approach



Objective 1: Develop the test plan necessary to developing A, B, and S Basis Design values for material
manufactured in space in accordance with the methodology prescribed by MMPDS



• Establish a NASA working group consisting of additive manufacturing, materials control, fracture control,
and In Space Manufacturing SMEs



• Working group analyzes data developed during the flight demonstration and develops a preliminary test
plan for establishing A, B, and S basis design values



• Working group documents the test plans through a memorandum to the project



Objective 2: Establish at a minimum S basis design values in accordance with the developed test plan



• Project establishes a contract with the FabLab Payload Developer to execute the test plan defined by the
working group established in objective 1.



• As samples are returned for characterization, data is further analyzed by the working group to refine the
test plan to ensure statistical criteria will be met
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• Once analysis shows a statistical bases is met, an MUA will be developed to document and approve the S
basis statistics for the material



14.3 Deliverables



1. Preliminary test plans for A and B basis characterization documented in a memorandum to the project



2. Finalized test plan for S basis characterization documented in a memorandum to the project



3. Materials characterization data in accordance with the S basis design values test plan



4. MUA for S basis material properties



14.4 Assumptions



1. All samples are manufactured in microgravity and testing on the ground.



2. The payload developer is responsible for executing the manufacture of flight samples and providing any in
process monitoring data collected during manufacturing



3. Data from the flight demonstration indicates that the process is in control and producing viable material
with minimal variation



14.5 Data Needed



1. Flight demonstration characterization results



14.6 Tasked Enabled



1. Standardization: AM Control Plan and Facilities Plan



2. Payload Demonstration: Incorporation into baselined Payload Maintinence Plan



14.7 Risks & Opportunities



1. Given the relative immaturity of the manufacturing metal parts in space and the unknown effects of
microgravity, it is possible that materials properties show a high degree of variability.



• Higher variability results in a high number of samples needed to ascertain the statistical significance
required by the MMPDS design allowable development process.



2. Given the unknown long-term effects of microgravity on the system, there is a probability that system drift
could adversely impact mechanical properties and the characterization process.
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TASK SHEET 15



Characterization of Feature & Design Considerations



(User’s Guide)



� Return to Map



15.1 Overview



The objective of the Characterization of Feature & Design Considerations task is to characterize the fabrication
system’s capabilities so that a designer can implement manufacturing within a baseline design. All manufacturing
systems must be characterized for capabilities such as minimum feature sizes, repeatability, and surface finish.
Design for additive manufacturing requires at a minimum a preliminary characterization of system capabilities.
The following will be completed within this task:



1. Characterization of system capabilities



2. Publish a user’s guide for designing for the FabLab system



15.2 Technical Approach



Objective 1: Characterization of system capabilities Develop the test plan necessary to characterize the system
for accuracy and repeatability



• Establish a NASA working group consisting of additive manufacturing, designers, NDE, and In Space
Manufacturing SMEs



• Working group analyzes data on potential uses of ISM systems to determine salient features to assess and
reviews data from the flight demonstration to determine initial system capabilities.



• Working group develops a test artifact suite and test plan to characterize the salient features during, at
minimum, the following phases:



– Green Part (particularly in relation to polymers printing)



– As-Built Metal Component (sintered, not milled)



– Finished Metal Component (sintered and milled)



• Working group documents the test plans through a memorandum to the project
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Objective 2: Publish a user’s guide for designing for the FabLab system



• Project establishes a contract with the FabLab Payload Developer to execute the test plan defined by the
working group established in objective 1.



• As samples are returned for characterization, data is further analyzed by the working group to refine the
test plan to ensure statistical criteria will be met



• Once data is finalized, the ISM project will coordinate with designers on establishing a User’s guide for the
FabLab facility detailing system constraints and design properties.



15.3 Deliverables



1. Finalized test plan for process characterization documented in a memorandum to the project



2. Process characterization data in accordance with the test plan



3. User’s Guide detailing pertinent design considerations for manufacturing with the fabrication system.



15.4 Assumptions



1. All samples are manufactured in microgravity and testing on the ground.



2. The payload developer is responsible for executing the manufacture of flight samples and providing any in
process monitoring data collected during manufacturing



3. Data from the flight demonstration indicates that the process is in control and producing viable material
with minimal variation



15.5 Data Needed



1. Flight demonstration characterization results



15.6 Risks and Opportunities



1. Given the relative immaturity of the manufacturing metal parts in space and the unknown effects of
microgravity, it is possible that process characteristics show a high degree of variability.



2. Higher variability results in a high number of samples needed to ascertain a statistical significance



3. Given the unknown long-term effects of microgravity on the system, there is a probability that system drift
could adversely impact process properties and the characterization process.
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TASK SHEET 16



Standardization of AM for In-Space Manufacturing



Applications



� Return to Map



16.1 Overview



The objective of the Standardization task is to develop an approach to meet the intent of NASA Additive
Manufacturing standards NASA-STD-6030 and NASA-STD-6033. To meet design requirements, payloads
utilizing additive manufacturing must comply with NASA-STD-6030, which defines additive manufacturing
(AM) requirements used in the design, fabrication, and testing of space program flight hardware for NASA, and
NASA-STD-6033 which responds to section 4.5 of NASA-STD 6030 detailing the requirements for facilities and
equipment used to create AM components for flight hardware. Two primary documents are required to meet
these standards: 1) an Additive Manufacturing Control Plan (AMCP) and 2) and an Equipment and Facility
Control Plan (EFCP). The overarching goal of this task is to develop these and the associated child documents
for the FabLab system. The primary objectives are:



1. Develop an Equipment and Facilities Control Plan tailored for the FabLab payload.



2. Develop an Additive Manufacturing Control Plan (AMCP) tailored for the FabLab payload.



16.2 Technical Approach



Objective 1: Develop an Equipment and Facilities Control Plan tailored for the FabLab payload



• The ISM project in coordination with the responsible NASA M&P organization will determine and
document a tailoring matrix for NASA-STD-6033.



• The ISM project in coordination with the responsible NASA M&P organization and payload developer will
develop an Equipment and Facilities Control Plan that will document the payloads approach to feedstock
handling procedures, data management & security, installation controls, operational controls, and operator
certifications.



• The payload developer will develop a personnel Training Plan.



Objective 2: Develop an Additive Manufacturing Control Plan (AMCP) tailored for the FabLab payload.
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• A working group with a membership consisting of at minimum the ISM project, the responsible NASA
M&P organization, and the payload developer will be formed to develop an Additive Manufacturing
Control Plan for the FabLab payload which will tailor NASA-STD-6030. Tailoring will focus on Class C
part production; however, the working group will provide an approach to produce Class B parts in space.



• Utilizing testing from Appendix 14 andAppendix 15 the working group will document feedstock
specifications, the AM Processes, and Post-AM Processes to develop a Qualified Metallurgical Process
(QMP) for the payload. Documentation of the QMP will be provided the to project as a technical report.



• The working group will develop an AMCP for the production of parts from the FabLab facility.



16.3 Deliverables



1. Approved EFCP



2. Approved AMCP



3. Class B Part Production Approach (Report)



4. Training Plan



5. Feedstock Specification



6. AM Process Documentation



7. Post-AM Process Documentation



8. Qualified Metallurgical Process Documentation



16.4 Assumptions



1. NASA standards can be tailored to meet the needs of in space manufacturing applications where resources
and access to characterization equipment is limited.



2. Initial tailoring will focus on the production of Class C parts. A gap analysis will be developed for Class B
parts.



16.5 Data Needed



1. Design allowables reports



16.6 Risks and Opportunities



1. NASA standards are developed with the assumption that a full laboratory can support continual materials
characterization and inspection. No such capabilities exist on orbit. In Space Manufacturing technologies
are likely to rely on in process monitoring techniques; however, the FabLab process utilizes a bulk sintering
phase that makes in-process monitoring prohibitive at an essential portion of the process. Given the lack of
testing and inspection resources on orbit, it is possible that a tailored approach which meets the intent of
NASA-STD-6030 in its current form cannot be found using existing resources.
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TASK SHEET 17



Materials Development



� Return to Map



17.1 Overview



The Materials Development task is a summary task of several subtasks which aim to develop a variety of
feedstocks to address the needs of high priority applications. Any in space manufacturing capability must be
able to produce a variety of materials, including metals alloy, polymers, and ceramics. Materials development
is classified as both research and application driven materials. Application driven materials are aimed at
high priority applications such as thermal management, power distribution, and ECLSS which were identified
within market analysis completed by Booz Alen Hamilton. Research materials will also be evaluated to provide
increased utilization of the payload and elucidate enabling technologies for space applications and development of
LEO economy. Subtasks within this task are:



1. Development of Thermal Materials



2. Development of Structural Materials



3. Development of Research Materials



17.2 Technical Approach



Subtask 1: Development of Thermal Materials



• The objective of the Thermal Materials task is to develop feedstocks for applications where thermal
performance is the primary concern. A market analysis by Booz Allen Hamilton noted that a primary
application area for In Space Manufacturing would be in thermal management devices, such as heat
exchangers, radiators, and cryo-fluid management.



Subtask 2: Development of Structural Materials



• The objective of the Development of Structural Materials task is to mature feedstocks for typical aerospace
alloys which may be present in mission payloads. Initial feedstock development will be concentrated on
CRES alloys to complement Ti-6Al-4V and aluminum feedstocks developed for the initial demonstration.



Subtask 3: Development of Research Materials
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• The objective of the Development of Research Materials subtask is to develop the feedstocks for materials
research. Feedstocks developed under this subtask will be aimed at unique capabilities that are enabled by
processing in microgravity.
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TASK SHEET 18



Thermal Materials Feedstock Development



� Return to Map



18.1 Overview



The objective of the Thermal Materials task is to develop feedstocks for applications where thermal performance
is the primary concern. A market analysis by Booz Allen Hamilton noted that a primary application area for In
Space Manufacturing would be in thermal management devices, such as heat exchangers, radiators, and cryo-fluid
management. Baseline materials for the FabLab system (Ti-6Al-4V) have poor thermal conductivity; thus,
to address this applications segment both insulating and conducting materials must be developed. Typically,
thermal applications use aluminum or copper-based alloys. Aluminum feedstocks will be developed as a
structural material in Appendix 6 Copper alloys are widely utilized in space applications; however, the primary
alloys utilized, C17200 and C17300, include beryllium which poses unacceptable safety hazards when machined in
a habitable volume. Two subtasks are included within this task:



1. Develop a thermally conductive copper-based alloy compatible with FabLab processing methods



2. Develop a thermally insulating ceramic feedstock for the FabLab system



18.2 Technical Approach



This overarching task is a summary effort of two subtasks: The overaching objective of this category of tasks is to
develop materials for applications where thermal performance is a priority.



Sub Task 1: Develop a thermally conductive copper-based alloy compatible with FabLab processing methods



• A thermally conductive copper alloy will be developed for use in the FabLab system. A trade study will be
conducted to identify the target alloy and binder composition. NASA Materials and Processes personnel
will optimize processing parameters and feedstock composition prior to on orbit testing.



Sub Task 2: Develop a thermally insulating ceramic feedstock for the FabLab system



• A thermally insulating ceramic feedstock will be developed for use in the FabLab system. All feedstocks
developed under this task will produce components capable of meeting ISS frangibility requirements or
supplemental containment methods will be developed.
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• Ceramic materials may be fragile and will require special post-processing, such as glazing to achieve desired
properties.
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TASK SHEET 19



Copper Feedstock Development



� Return to Map



19.1 Overview



The objective of the Copper Feedstock Development task is to develop feedstocks for applications where thermal
performance is the primary concern. Copper alloys are commonly used in space applications due to their high
electrical and thermal conductivity, strength, and corrosion resistance. Furthermore, a market analysis by
Booz Allen Hamilton noted that a primary application area for In Space Manufacturing would be in thermal
management devices, such as heat exchangers, radiators, and cryo-fluid management. Baseline materials for the
FabLab system (Ti-6Al-4V) have poor thermal conductivity; thus, to address this applications segment both
insulating and conducting materials must be developed. Copper alloys are widely utilized in space applications;
however, the primary alloys utilized, C17200 and C17300, include beryllium which poses unacceptable safety
hazards when machined in a habitable volume. Aluminum bronzes will be included within the trade study to
address potential safety concerns.



Three objectives are included within this task:



1. Develop a copper-based alloy compatible with FabLab processing methods



2. Optimize and characterize material properties in ground-based systems



3. Demonstrate printing and post-processing of a copper alloy on orbit
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Figure 19.1: Usage of Copper Alloys on ISS



19.2 Technical Approach



Objective 1: Develop a copper-based alloy compatible with FabLab processing methods



• The ISM project will coordinate with NASA Materials and Process to conduct a trade study on potential
alloys and binders which meet the requirements of the FabLab system. The trade study will consider
the sintering temperature of the alloy, availability of the powdered metal, binder compatibility, thermal
performance and mechanical strength.



• The results of the trade study will be delivered to the project as a report.



Objective 2: Optimize and characterize material properties in ground-based systems



• NASA Materials and Processes will manufacturer the feedstock selected through the trade study and
determine the optimal loading percentage. Optimization will consider, at a minimum, storage, printability,
shrinkage during sintering, and feedstock-to-part ratio.



• Concurrent with the optimization of loading percentage, M&P will optimize processing parameters, such as
extrusion rate, hatch spacing, bed temperature, drying procedures, and sintering profiles. Optimization of
processing parameters will consider at a minimum, material properties, thermophysical properties, impact
on shrinkage during sintering, and density.



• Following optimization M&P will deliver a report detailing the optimization process and materials data to
the ISM project.



Objective 3: Demonstrate printing and post-processing of a copper alloy on orbit



• Personnel from the ISM project, NASA M&P, and the payload developer will define a design of experiments
for the on-orbit testing. The materials test plan for flight and ground will be documented in a report and
delivered to the ISM project.



• The payload developer will be responsible for conducting the experimentation both on the payload and on
the EDQU ground unit. Samples will be returned to NASA.



• NASA M&P will be responsible for testing and characterization in accordance with the materials test plan.
Results will be documented in a report and delivered to the ISM project.
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19.3 Deliverables



1. Binder and Alloy Trade Study Report



2. Optimized Process Definition Report



3. Materials Test Plan for On-Orbit Testing



4. Flight and Ground Samples



5. Materials Characterization and Test Report



19.4 Assumptions



1. Materials expertise will be available at the time of development with the NASA M&P organization.
If expertise is not found materials development functions will be transferred to either a contractor or
academic institution.



19.5 Data Needed



1. Results from initial demonstration test on the effect of microgravity on the sintering process.
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TASK SHEET 20



Ceramic Feedstock Development



� Return to Map



20.1 Overview



The objective of the Ceramics task is to develop feedstocks for applications such as wear-resistance,
electromagnetic interference (EMI), and thermal control systems. Ceramic materials can be used as insulation
to regulate temperatures in spacecraft components, used for EMI shielding to protect electronic equipment
from interference, and are a good choice for wear-resistant components. The properties of ceramics make them
uniquely suited for space applications and in some applications are superior to metals. They have high durability
and abrasion resistance, are excellent thermal insulators and resistant to corrosion. In Space Manufacturing
(ISM) would benefit from the manufacture of refractory components for high temperature applications, wear
resistant printer nozzles, electronics shielding, and many others. Redwire’s Ceramics Manufacturing Module
(CMM) has demonstrated small scale additive manufacturing of ceramics through the SLA printing process,
while this process produces high fidelity parts the process is often too slow for significant production. Conversely,
bound ceramic printing can produce parts much quicker when high throughput is needed. ISM will have to
develop ceramic printing through sintering, possibly using the FabLab furnace for sintering.



Four objectives are included within this task:



1. Perform a trade study to select materials and binders



2. Optimize and characterize material properties in ground-based systems



3. Demonstrate printing of ceramics on orbit



4. Demonstrate postprocessing of ceramics on orbit



20.2 Technical Approach



Objective 1: Develop a ceramic compatible with FabLab sintering and processing methods



• The ISM project will coordinate with NASA Materials and Process to conduct a trade study on potential
ceramics and binders that meet the toxicity and print requirements



• The trade study will consider the sintering temperature of the ceramic feedstock, availability of powdered
material, binder compatibility, thermal performance, and mechanical properties.
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• The results of the trade study will be delivered to the project as a report.



Objective 2: Optimize and characterize material properties in ground-based systems



• NASA Materials and Processes will manufacturer the feedstock selected through the trade study and
determine the optimal loading percentage. Optimization will consider, at a minimum, storage, printability,
shrinkage during sintering, and feedstock-to-part ratio.



• Concurrent with the optimization of loading percentage, M&P will optimize processing parameters, such as
extrusion rate, hatch spacing, bed temperature, drying procedures, and sintering profiles. Optimization of
processing parameters will consider at a minimum, material properties, thermophysical properties, impact
on shrinkage during sintering, and density.



• Following optimization M&P will deliver a report detailing the optimization process and materials data to
the ISM project.



Objective 3: Demonstrate printing of a ceramic challenge part on orbit



• Personnel from the ISM project, NASA M&P, and the payload developer will define the design of
experiments for on-orbit testing. The materials test plan for flight and ground will be documented in a
report and delivered to the ISM project.



• The payload developer will be responsible for conducting the experimentation both on the payload and on
the EDQU ground unit. Samples will be returned to NASA.



• NASA M&P will be responsible for testing and characterization in accordance with the materials test plan.
Results will be documented in a report and delivered to the ISM project.



Objective 4: Demonstrate postprocessing of a ceramic part on orbit



• Personnel from the ISM project, NASA M&P, and the payload developer will define a design of experiments
for on-orbit post processing. The materials test plan for flight and ground will be documented in a report
and delivered to the ISM project.



• The payload developer will be responsible for conducting the experimentation both on the payload and on
the EDQU ground unit. Samples will be returned to NASA.



• NASA M&P will be responsible for testing and characterization in accordance with the materials test plan.
Results will be documented in a report and delivered to the ISM project.



20.3 Deliverables



1. Binder Trade Study Report



2. Optimized Process Definition Report



3. Materials Test Plan for On-Orbit Testing



4. Flight and Ground Samples



5. Materials Characterization and Test Report
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20.4 Assumptions



1. Materials expertise will be available at the time of development with the NASA M&P organization.
If expertise is not found materials development functions will be transferred to either a contractor or
academic institution.



2. Raw materials will be available including ceramic powder and binders.
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TASK SHEET 21



Structural Materials Development



� Return to Map



21.1 Overview



The objective of the Structural Materials task is to develop feedstocks for applications where mechanical
performance and materials compatibility are the primary concerns. Sparing for payloads and habitats is a
priority application for in space manufacturing systems. Baseline materials for the FabLab system (Ti-6Al-4V)
are also classified as structural materials; however, to be able to adequate spare complex payloads a wide variety
of feedstocks must be available. A materials analysis of the MAPTIS system indicates that many payloads’
components could be spared using a combination of aluminum, titanium, and CRES alloys. As titanium and
aluminum will be addressed in other tasks, CRES alloy development will be the primary objective of this
category. As additional applications are identifying additional objectives may be added. One subtask is currently
included within this task:



1. Develop a CRES alloy feedstock compatible with the FabLab payload



Figure 21.1: Usage Frequency of Metalic Materials on ISS
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21.2 Technical Approach



Subtask 1: Develop a CRES alloy feedstock compatible with the FabLab payload



• A CRES alloy will be developed as a feedstock for the FabLab system. A trade study to determine the
optimum alloy and binder will be conducted. Optimization of the printing and sintering process will be
conducted followed by a a demonstration in microgravity.
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TASK SHEET 22



CRES Alloy Feedstock Development



� Return to Map



22.1 Overview



The objective of the Structural Materials task is to develop feedstocks for applications where mechanical
performance and materials compatibility are the primary concerns. Sparing for payloads and habitats is a
priority application for in space manufacturing systems. An analysis of existing payloads aboard ISS indicate
that CRES alloys are the second most frequently used classifications of materials behind aluminum which
will be developed in Appendix 6. Baseline materials for the FabLab system (Ti-6Al-4V) are also classified as
structural materials; however, to be able to adequate spare complex payloads a wide variety of feedstocks must
be available. The primary CRES alloys used in space flight applications are CRES A-286, CRES 18-8, CRES
304 and CRES316.One subtask is currently included within this task. As additional applications are identifies
additional objectives may be added.



Three objectives are included within this task:



1. Develop a CRES-based alloy compatible with FabLab processing methods



2. Optimize and characterize material properties in ground-based systems



3. Demonstrate printing and post-processing of a CRES alloy on orbit
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Figure 22.1: Usage of CRES Alloys on ISS



22.2 Technical Approach



Objective 1: Develop a copper-based alloy compatible with FabLab processing methods



• The ISM project will coordinate with NASA Materials and Process to conduct a trade study on potential
alloys and binders which meet the requirements of the Bound Metal Deposition Tequniques. The trade
study will consider the sintering temperature of the alloy, availability of the powdered metal, binder
compatibility, materials compatibility with high priority applications, weldability, and mechanical strength.



• The results of the trade study will be delivered to the project as a report.



Objective 2: Optimize and characterize material properties in ground-based systems



• NASA Materials and Processes will manufacturer the feedstock selected through the trade study and
determine the optimal loading percentage. Optimization will consider, at a minimum, storage, printability,
shrinkage during sintering, and feedstock-to-part ratio.



• Concurrent with the optimization of loading percentage, M&P will optimize processing parameters, such
as extrusion rate, line spacing, bed temperature, drying procedures, and sintering profiles. Optimization of
processing parameters will consider at a minimum, material properties, thermophysical properties, impact
on shrinkage during sintering, and density.



• Following optimization M&P will deliver a report detailing the optimization process and materials data to
the ISM project.



Objective 3: Demonstrate printing and post-processing of a CRES alloy on orbit



• Personnel from the ISM project, NASA M&P, and the payload developer will define a design of experiments
for the on-orbit testing. The materials test plan for flight and ground will be documented in a report and
delivered to the ISM project.



• The payload developer will be responsible for conducting the experimentation both on the payload and on
the EDQU ground unit. Samples will be returned to NASA.
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• NASA M&P will be responsible for testing and characterization in accordance with the materials test plan.
Results will be documented in a report and delivered to the ISM project.



22.3 Deliverables



1. Binder and Alloy Trade Study Report



2. Optimized Process Definition Report



3. Materials Test Plan for On-Orbit Testing



4. Flight and Ground Samples



5. Materials Characterization and Test Report



22.4 Assumptions



1. Materials expertise will be available at the time of development with the NASA M&P organization.
If expertise is not found materials development functions will be transferred to either a contractor or
academic institution.



2. The trade study will assess historical materials usage to identify the applicability of alloys. It is assumed
that future payloads will use materials similar to those in historical applications as similar frequencies.



3. Testing and inspection capabilities will be avliable at the time of use.



22.5 Data Needed



1. Results from initial demonstration test on the effect of microgravity on the sintering process.
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TASK SHEET 23



Research Materials



� Return to Map



23.1 Overview



The Research Materials Development task is a summary task of two subtasks which aim to perform materials
research experiments using the printer and furnace modules. The furnace module is ideal for many types of
experiments where a large hotzone is needed. While the furnace is not capable of maintaining a gradient with
high precision, many different types of manufacturing processes rely on standard isothermal furnace operations.
Two areas of interest for research using the furnace module are the processing of silicon for semiconductors and
recycling of metals. Areas of focus for the printer module include the develop custom materials for recycling
and reuse of polymer feedstocks and the deposition of semiconductor circuits. Subtasks within this task are: 1.
Electronics and Semiconductor Research 2. Recyclable Materials Research



1. Electronics and Semiconductor Research



2. Recyclable Materials Research



23.2 Technical Approach



Subtask 1: Electronics and Semiconductor Research



• The objective of the Semiconductor Materials Research task is to develop the processes and hardware
necessary to produce semiconductors in space. All stages of semiconductor manufacturing will be addressed
through the ODME project including wafer manufacturing, circuit population, and encapsulation. While
these tasks are housed within the ODME project and Technical Maturation Plan. The hardware is shared
between the projects. Further details of this task will be expounded upon in the ODME TMP.



Subtask 2: Recyclable Materials Research



• The ODMM project has support Recycling and Reuse efforts since the cancelation of the RnR GCD
project. Until a recycling a reuse effort can be maintained as a standalone project, it will be a sub-project
of ODMM which provides seedling funds for high reward efforts. The primary goal of the recyclable
materials research is to develop materials that are purpose built for recycling which meet NASA standards
for use in a habitable volume (toxicity, flammability, etc.). The printer module will be used to test these
recyclable feedstock for printing in in-space applications.
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TASK SHEET 24



Payload Demonstration: Incorporation into Payload



Maintenance Plan



� Return to Map



24.1 Overview



After the ISM FabLab has completed its technology demonstration phase, the system will be fully characterized
through multiple tasks. The primary objective of this task is to fabricate and evaluate the repair and replacement
of a selection of candidate parts. Evaluation addresses form, fit, and function by the application of various
material tests and analyses identified in section 24.2.



This task is a pathfinder for the use of parts produced in space such as applying the standards work that was
performed in previous tasks and performing inspection on the parts before service. It provides the first baselined
implementation of ISM, resulting in a decrease in risk to future projects.



24.2 Technical Approach



Multiple tasks within this TMP lead to this task. Of note is the task on standards (Appendix 16) that will be
closely followed for the implementation of the following steps.



Repeat these steps for multiple parts on ISS and future spacecraft.



• Identify/Coordinate with designers on a high risk-tolerance program to select parts which could be
produced on orbit, including developing requirements supporting design, verification, etc.



• Provide ground testing of part production and quality according to the standards developed in the
standards task sheet.



• Demonstrate printing of parts on the for the payload at the point of use.



24.3 Deliverables



Provide the following, at minimum, to the ISM PM and CE offices:
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1. Data base of components that are replaceable/repairable by FabLab.



2. Characteristics of each replacement part, including dimensional accuracy and tolerancing, physical
properties, mechanical properties, thermal properties.



3. Parts production plan. (see NASA-STD-6030)
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TASK SHEET 25



Friction Stir Deposition for In-Space Manufacturing



� Return to Map



25.1 Overview



Solid-state manufacturing processes are advanced manufacturing processes that use severe plastic deformation
to join/print materials while staying below their melting temperature. This causes a reduction in
thermodynamically driven phase changes and eliminates solidification driven alloy segregation. The severe
plastic deformation enables the processes to achieve a refined equiaxed grain structure and mechanical properties
closer to that of the original feedstock or base material. Lack of melting also allows the processes to use
“unweldable” alloy’s such as aluminum lithium and magnesium. The sensitivity of the processes to gravitational
and low-pressure effects is essentially negligible because the material being processed remains in a plasticized, or
“solid-state”, condition. This solid-state condition is also expected to drastically reduce the processes thermal
sensitivities when compared to a fusion-based process. The negligible effects of gravity on the processes would
allow them to be developed terrestrially on earth while replicating all of the relevant parameters for orbital,
lunar, and Martian environments. This would not only allow for process development to be done on earth
ahead of time, but it would also allow for non-conformance resolution to be performed on earth. Friction
Stir Deposition (FSD) is an example of a solid-state additive manufacturing process which is well suited for
in-space manufacturing in all environments (e.g. Low Earth Orbit (LEO), and on the Lunar, and Martian
surfaces). Developing FSD processes for in-space applications will enable large scale autonomous manufacturing
of structures such as habitats, storage tanks, and power structure trusses.



Gaps Addressed:



1. MANU-646/MANU-855 from HEOMD (405 Gap 3063) ISAM-welding in space, recycling, and reuse



2. STMD-OSAM-009, Fabrication and repair of on-orbit and lunar surface hardware, components and
structures using advanced manufacturing processes



3. HEOMD 3426, Manufacturing approaches to support habitat outfitting



4. HEOMD 3061, Inability to fabricate spare parts, replacement units, specialty tools in situ (on-demand
manufacturing)
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25.2 Technical Approach



Objective 1: Partner with industry friction stir welding machine manufacturers to integrate FSD processes into
their equipment so commercial off-the-shelf systems are readily available for companies and government entities
seeking to sustain a presence in space (this task is already underway through a proposed cooperative agreement
between PAR and MSFC/EM32). This task is required to enable production level print volumes and industrial
adoption of NASA invented FSD processes.



Objective 2: Further advance FSD processes by improving design and power efficiency with Lunar and Martian
surface applications in mind (this task will complement recent work funded through an MSFC TIP which
allowed for the development of two MSFC patented/owned FSD processes). This task is complemented by
an ongoing cooperative agreement between MSFC/EM42 and MELD to develop the MELD FSD process for
in-space manufacturing. This optimization will also enable FSD processes to work more efficiently in terrestrial
applications. This objective may run parallel to objective 1, however, serial tasking is prefered due to knowledge
gained in objective 1.



Objective 3: Procure/fabricate an end effector and friction stir tool based on the design produced in Objective 2.



Objective 4: Integrate the tool from Objective 3 with a thermal vacuum chamber environment.



Objective 5: Develop FSD processes in a thermal vacuum environment to assess the ability to develop robust
parameter windows capable of withstanding ambient temperature fluctuations (this task will be led by EM32
with the support of EM42, EM22, EM31, an industrial partner, and a university partner).



Objective 6: Assess the thermal sensitivity of FSD processes through high and low temperature FSD tests.



Objective 7: Develop dust mitigation strategies for moving components on FSD systems. This task will benefit
from information gathered through Objective 5.



Objective 8: Develop alloys which are designed for additive manufacturing so resultant deposition properties may
be further improved (this is complemented by ongoing alloy development efforts between Fortius, Elementum 3D,
and MSFC, with additional work planned with university partners). This objective enables higher performance
components without the need for post-build heat treatment.



25.3 Deliverables



1. An FSD operational prototype designed for in-space use (to consider aspects of the space environment such
as thermal fluctuations, radiation, and reduced gravity). Stakeholder: MSFC ISM Portfolio, Habitats, Fuel
Storage



2. FSD process parameters for relevant aluminum alloys such as Aluminum 2219, 2195, 2050, and newly
developed aluminum alloys for additive manufacturing. Stakeholder: MSFC ISM Portfolio, SLS (Stages and
EUS)



3. Lessons learned from high fidelity space environment testing of FSD in a thermal vacuum chamber (while
vacuum effects on solid-state processes should be negligible, it’s important to consider alloying element
vaporization which may occur in hard vacuum environments). Stakeholder: MSFC ISM Portfolio, Habitats,
Fuel Storage, M&P Lab



4. Test data to include metallography, mechanical properties, and machine feedback data. Stakeholder: MSFC
ISM Portfolio, M&P Lab



5. A final report on the high-level results of this study. Stakeholder: MSFC ISM Portfolio, M&P Lab
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6. Digital twin of the terrestrial FSD system for later use in non-terrestrial applications. Stakeholder: MSFC
ISM Portfolio, M&P Lab



25.4 Assumptions



1. A thermal vacuum chamber will be available for testing at MSFC.



2. EM support orgs will have the available bandwidth to support the testing required for process development.



3. Friction stir weld equipment at MSFC will be available for temporary use in FSD experiments.



4. The CAN with PAR will be funded and push NASA one step closer to commercializing in-house invented
FSD processes.



5. The FSD process will have some form of shielding to minimize external temperature fluctuations, radiation
exposure, and any other excessive impacts from the application environment.



6. Basic robotic machining, polishing, and video inspection technologies exist and are well-suited for in-space
applications.



25.5 Data Needed



1. The data obtained through a recently completed TIP will need to be utilized (this data is already on-hand
in EM32).



2. High longevity tools developed through prior CAN efforts.



25.6 Risks



1. Given that FSD tools are subject to high loading for long durations, it is possible that identifying resilient
tool materials will lead to cost overruns. Tool longevity will need to be assessed and risk mitigation
strategies will need to be developed for autonomous tool changeout in the event of tool breakage.
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TASK SHEET 26



Computed Tomography Volumetric Additive Manufacturing



� Return to Map



26.1 Overview



Develop a volumetric additive manufacturing technology microgravity verification platform based on computed
tomography (CT). As a currently low Technology Readiness Level (TRL) technology, the primary objectives
presented target the understanding of the technological potential more so than the development of a polished
technology and associated design values.



Early work, notably the Computed Axial Lithography (CAL) platform developed primarily by a team at
Berkeley, has established early promising results using an assortment of photopolymer resin systems exposed with
a maximum part diameter of 30mm using commercial off-the-shelf (COTS) projection equipment.



The inherent flexibility of the system leans on the easy substitution of resin systems. The resin systems already
tested in microgravity have included:



• Poly(ethylene glycol) diacrylate 700m (PEGDA700), mixed with 6mM of Irgacure 369 (2-Benzyl-2-
(dimethylamino)-1-[4-(morpholinyl) phenyl)]-1-butanone) photoinitiator



• Urethane Dimethacrylate (UDMA) – 9000 cps and 6mM Irgacure 369.UDMA



• 50% UDMA- 9000 cps with 50% EBECRYL 8411 with 6mM Irgacure 369



• EBECRYL 242N with 6mM Irgacure 369



• 5% GelMA with 6mM Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP)



This variety included resins chosen for commonality, resins chosen to showcase how microgravity enables the use
of dense built parts, high viscosity resins to resist part shifting during printing, elastic material (¿150% elongation
at break) and a hydrogel material used in the 3D printing of structures that serve as a scaffold for cell culture in
biomaterials research. Resins used only in ground-based testing include a silica glass precursor that resulted in a
sintered product with 50 micron minimum feature sizes and 6 nanometer surface roughness.



Future work already planned include a scale-up of the technology from the 30mm printed diameter limit up to
six inches – a 5x improvement in diameter. Future planned work targeted at microgravity applications includes
development of a system appropriate for the liquid resin recovery and alcohol rinse currently necessary to
complete a fabrication cycle.
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26.2 Technical Approach



Objective 1: Create engineering platforms that translate terrestrial volumetric CT manufacturing advances into
functioning reduced gravity applications



• Establish the containment needed to work with resin systems with flammability or health limitations



• Develop a fluid management system to reclaim uncured resins and wash/cure the part surface as necessary



• Design for flexibility to leverage the variety of applications possible in the system with as much resin-
agnostic processing as possible, including the ability to avoid cross-contamination



• Take advantage of maximum practical scale while maintaining the ability to use narrower reaction chambers
for more challenging resins



• Allow for replaceable imaging hardware for both serviceability and changeout in case of resin system with
different wavelength response



The terrestrial race for useful volumetric AM using CT and photopolymers will propel the technology faster than
these technologies can be tested and adapted for AM. Starting early to get a system together to perform the
fundamental processing steps common within the practice can help keep up.



Objective 2: Develop resin systems with chemistries tailored to current In-Space Manufacturing ISM needs,
making best use of microgravity to expand the resin system viscosity, printed density and printing speed options.
Develop these systems for ease of processing specific to reduced gravity and space environments with respect to
toxic hazard levels, flammability and degradation in alternate oxygen pressures, or other considerations not dealt
with in terrestrial technology development.



This type of work will remain unique to space environments and will see less development in the private
commercial markets. It should be able to follow and work within the hardware developed for adaptation of
terrestrial technology. This aspect may be suited to research institutions initially, which can be provided
opportunities to model and predict chemistries and use NASA support for test and validation on suborbital and
orbital platforms they would otherwise lack access to.



Objective 3: Respond to “pull” developments answering specific engineering challenges posed by part
designers – custom o-ring materials, optics, microfluidics, filter media, challenging overwrap, incorporation
of radioluminescence, high voltage conformal isolation, etc. with targeted development projects. Develop to
maturity when practical. Again, many of these efforts should be easier to get moving provided they are preceded
by some basic configurable equipment already on an orbital platform – similar to new filament for a basic plastics
printer.



26.3 Deliverables



Notional devliverable types are provided:



1. Hardware – printer and wash/cure station delivered to the ISM project.



• Projection system capable of changeout



• Adapts to multiple reaction chamber diameters up to state of the art



• Resin recovery and storage



• Stored resin test capability – proof of material reactivity



• Robotic operation to majority of operations under multiple layers of containment



74 TASK SHEET 26. COMPUTED TOMOGRAPHY VOLUMETRIC ADDITIVE MANUFACTURING











D
RA
FT



On Demand Manufacturing of Multi-Materials (ODMM)



Document Title: ODMM
Technology Maturation Pan



Document No: ISM-
DOC-XXXX



Draft v1



Release Date: Page: 75 of 76



2. Resin Systems also delivered to the ISM project – multiple with optimizations for broad application set
such as:



• Mechanical part



• Overwrapped grip



• Bioprinting scaffolds



• Optics



• Elastomers



• Microfluidics (may require sintering capability)



• Maximum resolution



3. Progress reports delivered to the ISM project.



• User’s manual, instructions and service information (electronically) delivered to the ISM project.



26.4 Assumptions



1. The majority of the development work for resin characterization can be performed on the ground. A single
flight can print and process several resins for characterization on the ground.



2. A common microgravity platform will accommodate a wide variety of volumetric AM resin and exposure
configurations.



3. Successful resins and the useful items they are shown to predictably produce will drive the development of a
more mature production capability designed around more practical concerns than the research capabilities.



26.5 Risks and Opportunities



Opportunity: The fundamental capabilities of resolution, repeatability and scale for this process have not been
pushed to their limits. The technology may flourish in any of a wide variety of applications, from optics to
elastomers to bioreactor substrates to ceramics to structural.



Additionally, based on early feedback the results of processing these materials in microgravity and reduced
gravity regimes in parabolic flights appear similar or superior to equivalent processing on Earth. Most of the
resin development work can be completed on earth with only verification and validation in microgravity.
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TASK SHEET 1



FabLab Hardware Development & Demonstration
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1.1 Overview



The On-Demand Metal Manufacturing (ODMM) Project will pursue the commercial development of a hybrid
(additive-subtractive) manufacturing prototype unit for demonstration aboard the ISS. A fully integrated
system using Bound Metal Additive Manufacturing (BMAM), developed by Redwire, Inc., to produce titanium
(Ti6Al4V) parts; this approach has the potential to expand material processing capability to other metals as well
as polymers with the vision of providing a multi-material capability for future missions. The systems is referred
to as Fabrication Laboratory (FabLab). The primary goal of ODMM is to bring the aforementioned on-demand
manufacturing system to a flight demonstration for ISS, where the feasibility of manufacturing metal parts in
low-gravity can be demonstrated. This work aligns directly with NASA’s 2020 Technology Taxonomy for TX 12,
“Materials, Structures, and Manufacturing.”



The overarching goal for the ODMM project is:



• Develop and demonstrate the feasibility of a low-gravity, on-demand manufacturing system for metal parts
on the International Space Station.



The ODMM project objectives are:



• Design, build, and demonstrate an on-demand manufacturing approach in low gravity for metal parts.



• Deliver to ISS a flight-certified, on-demand manufacturing system or systems.



• Demonstrate the manufacture of metal parts in a low-gravity environment on ISS.



• Evaluate parts made on ISS against parts produced on the ground.



• Develop physics-based models to predict processing parameters and material outcomes under low-gravity
conditions for metals.



1.2 Technical Approach



To achieve the project goal of demonstrating feasibility of an on-demand metal manufacturing system on ISS,
ODMM is currently working with an industry partner to develop a systems that will potentially be demonstrated
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Chapter 1



Technology Maturation Plan (TMP
Summary)



Add in TRL Assessment Plan”



Add in TRL analysis for each system



Finalize task sheets sections 1-3



Add budget and schedule



1.1 Background



Long-duration Exploration missions require a paradigm shift in the design and manufacturing of space
architectures. The ability to perform In-Space Manufacturing (ISM) provides a solution towards sustainable,
flexible missions (both in-transit and on-surface) through on-demand fabrication, repair, and recycling
capabilities for critical systems, habitats, and mission logistics and maintenance. These capabilities provide
tangible cost savings due to reducing launch mass, as well as significant risk reduction due to decreasing
dependence on spares and/or over-designing systems for reliability. ISM is developing these capabilities by
leveraging the highly disruptive technologies being developed terrestrially and adapting them for operations in
the space environment. Thus, the International Space Station (ISS) serves as a one-of-a-kind test bed on the ISM
technology development roadmap.



ISM consists of an integrated task portfolio which culminates in the development of manufacturing systems,
recycling technologies, and processes that will enable on-demand production of a wide array of parts and
components. The project is led out of the Space Technology Mission Directorate (STMD) Game Changing
Development (GCD) Office with Marshall Space Flight Center (MSFC) acting as the lead Center. The ISM
Project utilizes a streamlined management approach with moderate risk tolerance in order to obtain technical
implementation within aggressive schedule and budget baselines.



Designing space systems to enable an ”Earth independent” logistics model stands diametrically opposed to
the ISS model which is rooted in decades of Low Earth Orbit (LEO) spaceflight relying heavily on Orbital
Replacement Units (ORUs) for system-based (vs. component level) repair and maintenance. This ORU model
does not address on-demand fabrication and repair, nor recycling of consumables, which ultimately results in high
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mass maintenance requirements and low sparing efficiency (i.e. 95% of available spares will never be used). This
presents significant challenges when considering long-duration missions beyond LEO. ISM provides a ”pioneering”
approach which will help to enable sustainable, affordable exploration mission operations and logistics. ISM is
key to addressing significant logistics challenges for long-duration missions by reducing mass, providing flexible
risk coverage, and enabling new capabilities that are required for Exploration missions.



The National Aeronautics and Space Administration (NASA) is developing the infrastructure required to support
long-duration, Exploration space missions. However, in order to realize the benefits of on-demand manufacturing
and repair capabilities, ISM must be incorporated during the Exploration systems’ design phase. In order to
ensure that these capabilities provide a viable solution for mission sustainability and reliability within this
timeframe, the ISM Project has developed this Tenchnology Maturation Plan (TMP) to support NASA’s planned
path to long-duration Exploration missions.



1.2 ISM Goals & Objectives



The On-Demand Metal Manufacturing (ODMM) Project will pursue the commercial development of a hybrid
(additive-subtractive) manufacturing prototype unit for demonstration aboard the ISS. A fully integrated system
using Bound Metal Additive Manufacturing (BMAM), is beingn developed by Redwire, Inc., to produce titanium
(Ti6Al4V) parts; this approach has the potential to expand material processing capability to other metals as
well as polymers with the vision of providing a multi-material capability for future missions. Furthermore,
the additional of an advanced toolplate allows the system to produce electronic components and meet ODME
scientific objectives. The system is referred to as Fabrication Laboratory (FabLab) in the remainder of this
document. The primary goal of ODMM is to bring the aforementioned on-demand manufacturing system
to a flight demonstration for ISS, where the feasibility of manufacturing metal parts in low-gravity can be
demonstrated. This work aligns directly with NASA’s 2020 Technology Taxonomy for TX 12, “Materials,
Structures, and Manufacturing.”



The overarching goal for the ODMM project is:



• Develop and demonstrate the feasibility of a low-gravity, on-demand manufacturing system for metal parts
on the International Space Station.



The ODMM project objectives are:



• Design, build, and demonstrate an on-demand manufacturing approach in low gravity for metal parts.



• Deliver to ISS a flight-certified, on-demand manufacturing system or systems.



• Demonstrate the manufacture of metal parts in a low-gravity environment on ISS.



• Evaluate parts made on ISS against parts produced on the ground.



• Develop physics-based models to predict processing parameters and material outcomes under low-gravity
conditions for metals.



1.3 Sub-Projects



In addition to the core development tasks the ODMM project supports seedling projects for companion
technologies. Two primary areas of research, Recycling and Outfitting, support ODMM applications and
feedstock development.
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1.3.1 Recycling and Reuse



The Recycling and Reuse (RnR) sub-project within th eODMM portfolio is tasked with developing technologies
to enable a sustainable recycling ecosystem, reducing logistics and providing feedstock, derived from what would
otherwise be nuisance materials, for manufacturing systems. With the installation of the Made In Space (MIS)
recycler on the International Space Station (ISS), the ISM project renewed its focus on developing materials
intended for recycling and reuse.



The RnR project will pursue the commercial and in-house development of materials intended to be recycled and
auxiliary recycling technologies. Auxiliary recycling technologies are those that support the filament extrusion
process, such as cleaning, degassing, and disassembly of the feedstock. A mature purpose-built recyclable
material will need to meet or exceed current flammability requirements, have sufficient mechanical properties,
and have limited degradation with repeated recycling cycles. These efforts will culminate in the delivery of a
flight-certified purpose-built packaging material to the ISS where it will enter the on-board recycling ecosystem.



The primary goals of RnR are namely, (1) to mature a purpose-built recyclable material to a flight demonstration
for ISS where feasibility and logistics can be demonstrated, and (2) to study fundamental properties of materials
on Earth that can inform decisions on future applications beyond LEO. Hardware currently exists aboard the
ISS for recycling polymers into filament. Thus, as opposed to a hardware development effort, the RnR project
will focus on maturing the pre-production processes, such as cleaning, degassing, and shredding, and developing
materials to be utilized in the recycling process. These efforts include both the study of a purpose-built
recyclable packaging material and a fundamental study of recycled thermoplastic polyurethane (TPU).



The R&R project objectives are:



• Identification of flame-retardant material chemistries and optimal loading percentage to meet ISS
outgassing and flammability requirements.



• Optimize the elastic modulus and tensile strength of the recyclable material through the inclusion of
strengthening fillers.



• Characterize the impact of the recycling process on mechanical and chemical properties the recyclable
material.



• Develop cleaning and pre-processing methodologies to ensure consistent feedstock production.



• Certify the material for use aboard the ISS both in a virgin and recycled state.



• Deliver to ISS a flight-certified purpose-built packaging material.



• Demonstrate the complete lifecycle of the recyclable material from initial use through a printed component.



• Demonstrate a complete recycling loop of flexible thermoplastic polyurethane (TPU) material starting from
bulk TPU.



• Characterize changes to mechanical and rheological properties of thermoplastic polyurethane material
through each iteration of recycling.



1.3.2 Outfitting



Outfitting is the process by which a structural system is transformed into a usable system by in situ installation
of subsystems as well as the associated planning and preparation required for this process. Habitat Outfitting
generally refers to the supplies and equipment which provide crew with a livable, safe environment during a
mission and enable the performance of mission tasks. Similarly, ISM Outfitting refers to Outfitting elements that
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are implemented via In-Space Manufacturing methods as well as the development of the enabling ISM technology.
This is also referred to as “On-Demand” Outfitting.



NASA programs unanimously agree that Outfitting is a critical element required for mission success and requires
further development to enable prolonged human presence beyond earth. Outfitting discussions have already
begun across multiple NASA organizations covering many topics. However, there is currently no agency-wide
strategy that exists for Outfitting.



To buy down risk, it is crucial that “On-Demand” Outfitting capabilities be adequately investigated and
strategically managed to drive technology maturation and enable mission success. Subsequently, it is also
important that all NASA Outfitting efforts be synchronized across the agency.



The Outfitting sub-project is currently in a development phase defining taxonomy and investigating stakholder
goals and requirements. The current approach to outfitting is outlined in subsection 1.3.2.



FY20 FY21 FY22 FY23 FY24 FY25 FY26 FY27 FY28 FY29 FY30 FY31 FY32 FY33-39 FY40s+



Decision Point



Events/Milestones
All mission information is notional and for the purpose of PT w ork only



NASA INTERNAL ONLY DO NOT DISTRIBUTE



Examples



Partnerships



Mission



Study



Phase 2: Technology Maturation
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KDP2:  Define Tech Dev Priorities & Funding Vehicles for Tech Maturation



KDP3:  Priority 1 Tech proven ready for mission integration



KDP4:  Begin transitioning Outfitting elements to Commercial Sector



Phase 1: Requirements 



Definition



2A: Priority  1 Tech Dev  Contracts



Other Supporting Technologies



Supporting ECO 



Technologies



Advanced manufacturing of spares (Mech. & Elec.), 
Advanced Autonomy, In-situ repair, Certification methods



Lightweight robotic platform, Autonomy, 
Implement changeout, V&V Systems



ISRU Construction Material/Manuf acturing Technology  Dev elopment



Phase 3: Integration & Sustainment



Saf ety  Equipment



1C: Gap 



Analy sis –



Needs v s 



Current SOA



1A: Outf itting 



Taxonomy  and 



NASA Needs



1B: Fact 



Finding f or 



Current SOA



1D: Tech Dev  



Strategy



CHAPEA 



Mission 1CAN – Branch



Artemis I Artemis II Artemis III Artemis IV Artemis VArtemis Manifest



Supporting 



Programs/Projects
HLS



Mars Transit



Artemis Base Camp



ISM Outfitting Roadmap



CLPS



Artemis VI Artemis VII Artemis VIII Artemis IX



Gatew ay
Humans to Mars
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2B: Priority  2 Tech Dev  Contracts



2C: Priority  3 Tech Dev  Contracts



BA C D



3



3A: Program/Mission Architecture 



Integration



3B: Sustainment/Support 



Contracts



4



4A: Establish 



Rules & 



Regulations



4B: Intro of  COTS 



Outf itting elements



4C: Intro of  



COTS Outf itting 



serv ices



E F G



CHAPEA 



Mission 2



CHAPEA 



Mission 3



Ongoing & Planned 



Partnerships



FabLab



Utilities Installation



Interior Furnishings



Wall Partitions



Tooling



Liv ing Areas



Customization



Non-Mission Essentials



Wearables



2E: Micrograv ity /Lunar Tech 



Demos



2D: Ground Tech Demos



Excav ation f or ISRU



Key Decision Points



Events



1.4 ODMM TMP Summary



The ISM TMP, shown on page 11, is divided into three major phases as denoted by the vertical columns. The
first phase is the demonstration phase. The main goal of the demonstration phase is to develop technology
demonstrators to illustrate the feasibility of manufacturing components in space, act as a pathfinder for
processes, and serve a testbed for materials and tooling. The demonstration phase culminates in the onborbit
testing of the FabLab payload.



The second phase begins following the initial demonstration mission and is denoted as the Characterization
phase. During this phase, the FabLab payload will be used as a pathfinder to develop an approach for how
in space manufacturing technologies can utilized at the point of use. A particular emphasis will be placed on
developing an approach to either meet NASA standards or inform revision of those standards for use in the
space environment. An additional focus during thos phase is part verification and inspection. The second phase
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culminates in baselining an inspace manufactured component in the matinence or assembly plan for an external
payload.



The third phase, Infusion, focuses on the transition of technology demonstrators and approaches developed
during phase I and II into mission architectures and lunar surface applications. In addition to the development
of second generation hardware, the transition phase will heavily focus on application specific technologies and
advanced feedstocks.



1.5 ISM Schedule Summary



The current ISM TMP schedule is summarized in section 1.5. It should be noted that this schedule contains no
schedule reserve.
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TASK SHEET 1



FabLab Hardware Development & Demonstration



� Return to Map



1.1 Overview



The On-Demand Metal Manufacturing (ODMM) Project will pursue the commercial development of a hybrid
(additive-subtractive) manufacturing prototype unit for demonstration aboard the ISS. A fully integrated
system using Bound Metal Additive Manufacturing (BMAM), developed by Redwire, Inc., to produce titanium
(Ti6Al4V) parts; this approach has the potential to expand material processing capability to other metals as well
as polymers with the vision of providing a multi-material capability for future missions. The systems is referred
to as Fabrication Laboratory (FabLab). The primary goal of ODMM is to bring the aforementioned on-demand
manufacturing system to a flight demonstration for ISS, where the feasibility of manufacturing metal parts in
low-gravity can be demonstrated. This work aligns directly with NASA’s 2020 Technology Taxonomy for TX 12,
“Materials, Structures, and Manufacturing.”



The overarching goal for the ODMM project is:



• Develop and demonstrate the feasibility of a low-gravity, on-demand manufacturing system for metal parts
on the International Space Station.



The ODMM project objectives are:



• Design, build, and demonstrate an on-demand manufacturing approach in low gravity for metal parts.



• Deliver to ISS a flight-certified, on-demand manufacturing system or systems.



• Demonstrate the manufacture of metal parts in a low-gravity environment on ISS.



• Evaluate parts made on ISS against parts produced on the ground.



• Develop physics-based models to predict processing parameters and material outcomes under low-gravity
conditions for metals.



1.2 Technical Approach



To achieve the project goal of demonstrating feasibility of an on-demand metal manufacturing system on ISS,
ODMM is currently working with an industry partner to develop a systems that will potentially be demonstrated
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in a microgravity, crewed environment. The system would be installed in an EXpedite the PRocessing of
Experiments to Space Station (EXPRESS) rack which is designed to accommodate payloads on ISS. The
EXPRESS rack provides power, data command and control, cooling, vacuum exhaust, and nitrogen supply to
payloads. Each EXPRESS rack consists of eight lockers, each with dimensions 20” (depth) x 17” (width) x 10”
(height). Payloads may fly in a single or multiple locker configuration. A payload with a physical footprint of
four lockers comprises a quad locker, which is half of a rack. The FabLab is designed to occupy a full rack (8
lockers), with the upper quad locker consisting of the print chamber and the lower quad locker housing a furnace.
A sketch of the EXPRESS rack system appears in Figure 1.1.



Figure 1.1: Schematic of EXPRESS rack



The Techshot FabLab was initially a 2-year effort under an Advanced Exploration Systems (AES) BAA. In
phase A, Techshot developed an integrated system for bound metal additive manufacturing (BMAM), which uses
sacrificial polymer binders to produce metallic components. The BMAM process is derived from metal injection
molding. The variation of the BMAM process used in the Techshot FabLab initially extrudes feedstock through
a nozzle in one of two forms: filament (1.75 mm diameter, metal particles in a binder material, developed by
University of Louisville) or paste (metal particles in a polymer suspension, plunger-based extrusion, purchased
off-the-shelf from commercial supplier Vito). Because the as-built part is in a “green-state” (low density), it must
be transferred from the print module (in the upper quad locker) to a sintering furnace (in the lower quad locker),
where it undergoes a thermal de-bind to remove the polymer material and a sintering process to consolidate the
remaining metal. If necessary, the part is then transferred back into the print module for finish machining with
an end mill. The process is illustrated in Figure 1.2.



Currently, the BMAM process for FabLab has been optimized for production of Ti-64 specimens with filament
and paste and electronic inks. The ground-based, integrated prototype system for FabLab is shown in Figure 1.3.
This design completed a flight PDR in June 2019. Techshot delivered a suite of materials characterization
specimens produced with the system for testing and evaluation. These specimens included tensile coupons
to characterize the dependence of material properties on build direction and derive ultimate tensile strength,
yield strength, and ductility, density specimens to assess porosity, and metallurgical specimens to assess grain
structures and microstructural characteristics. Techshot also produced two large manufacturing test artifacts, five
small manufacturing test artifacts, and five “challenge builds” (representative parts which represent candidates
for manufacturing on space missions from the ODMM design database). These parts underwent structured
light scanning to compare the as-manufactured geometry to the CAD model and assess process capabilities for
tolerances and feature resolution.
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Figure 1.2: BMAM process for Techshot FabLab.



Figure 1.3: Image of Techshot FabLab prototype.



1.2.1 Continuation and path forward for Techshot FabLab



The partnership mechanism for current activities with Techshot FabLab is an Indefinite Delivery, Indefinite
Quantity (IDIQ) contract with Techshot managed by ISS Research Office. The flight version of FabLab will
include additive and subtractive (surface and feature finishing) manufacturing subsystems, a thermal de-binding
and sintering subsystem, and an automated inspection/verification subsystem (consisting of a laser line
profilometer which scans each deposited layer and compares the scanned geometry back to the part model). The
atmosphere of the de-binding and sintering subsystem is capable of purging the furnace using gasses and/or a
vacuum to prevent contamination of the final print during thermal processing. The command and data handling
system will allow for the FabLab to be operated from Techshot’s Payload Operations Control Center. Optimally,
the only crew interaction with the facility will be to install the system, change media (i.e., feedstock material
contained in a cartridge or syringe), move a build platform print between subsystems, set up cradles and parts for
finishing operations, stow (or use) manufactured parts, and adjust the configuration of the glove bags located on
the front of the print and furnace modules. Other maintenance tasks such as removal of filters and replacement of
glove bags, will also require crew time.



Initial tasks in the FabLab maturation effort will focus on reduction of power of the furnace to meet ISS
requirements. At the end of the phase A, power draw for the furnace was approximately 7.2kW; the EXPRESS
Rack interface requires 2kW for the flight design. Power reduction strategies include redesign of the furnace,
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incorporation of a new power supply, selection of a different material system for insulation, and a reduction in the
maximum volume of the parts which will be sintered (phase A was 216 cubic inches of Ti-64). The redesigned
system will go through a delta PDR and specimens will be produced for evaluation at the lower furnace power.
Techshot will also interface with ISS Program for a phase 0 safety TIM. Another initial task will evaluate
incorporating a capability for on-demand manufacturing of electronics (ODME) into the flight mission.



Following completion of these initial tasks, further materials evaluation, and successful reduction of furnace
power, Techshot FabLab will continue maturation to a flight system for demonstration on ISS. This includes
design of the flight system (successful completion of CDR is a key decision point) and completion of phase
1-2 safety reviews with ISS. Techshot will then fabricate the engineering development qualification unit
(EDQU), which will be used for further testing. The EDQU will be used to produce tensile specimens (in each
of three primary build directions to characterize anisotropy), density, and metallographic specimens as well
as manufacturing test artifacts and candidate parts for evaluation. Data from this testing will be compared
with KPPs for material quality and part accuracy. Following CDR a flight unit will be manufactured. Then a
combination of the EDQU and flight unit will undergo EMI, vibration testing, integration testing, and complete a
phase 3 safety panel. Concurrent with these activities, a model for the BMAM process in microgravity previously
developed by NASA Ames Research Center will be refined and used to inform development of sintering protocols
and/or material formulations (specifically metal particle loading) for the flight demonstration mission. “Ground
truth” specimens and parts will be produced prior to launch. These specimens will correspond to the specimens
which will be produced on-orbit during the flight demonstration and will serve as the baseline for comparison
with microgravity-manufactured materials. FabLab will be installed on ISS, where it will manufacture tensile,
density and metallographic specimens as well as candidate parts from the ODMM part database. These
specimens will be downmassed, evaluated, and compared with the “ground-truth” specimens by NASA. Results
will be published and will inform continued development of BMAM for future space missions.



1.3 Deliverables, Milestones, and Schedule



Figure 1.4: High Level FabLab Schedule



• Additional Data on Deliverables and Milestones May be found within the FabLab Task Order Contract.



• The Integrated Master Schedule provides additional detail for the FabLab schedule.
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TASK SHEET 2



Thermal Debinding and Sintering Profile Optimization



� Return to Map



2.1 Overview



The ISM FabLab is using a bound metal deposition (BMD) technique to produce titanium (Ti64) materials
and components. Available power on the ISS is limited, which places limitations on times and temperatures of
debinding and sintering operations. It is expected that similar power limitations will be experienced on many
future space-faring habitats, labs, and vehicles. Hence, the need exists to understand and optimize debinding
and sintering profiles (both times and temperatures) for a variety of potential BMD materials. Both time and
temperature affect material structure and properties; hence, a study that correlates power, time, and temperature
with material properties is needed.



In addition, the atmosphere within a furnace affects properties; for example, nitrogen cannot be used with
titanium, but argon is acceptable. The pressure level within the furnace is yet another factor – lower pressures
will ultimately affect material properties.



2.2 Technical Approach



Techshot, Inc. (a subsidiary of Redwire, Inc.) is currently conducting studies on the effects time and temperature
in a low-pressure argon atmosphere on Ti64 paste material. Although they are not following a traditional design
of experiments (DOE), they are developing invaluable data for the FabLab system.



The following steps would expand upon the current approach.



• Select a candidate structural BMD alloy/binder system per task “Alloy Development.”



• Identify a use case and governing material property requirements (akin to key performance parameters, or
KPPs) for the material and the application to be optimized. If use cases are unknown, general material
classifications may be employed, such as Cu materials for conductivity or CRES for corrosion resistance.



• Perform material characterization (likely screening level testing) of material processed with a
known/nominal thermal debinding/sintering profile to establish a baseline on at a minimum properties,
power requirements, cost.



• Identify potential adjustments to temperature-time curves and estimate associated power savings.
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1. Debinding



2. Sintering



• Select a material property(ies) from step 2 as a dependent variable(s) to evaluate changes in thermal
profiles.



• Set up a design of experiments (DOE) with time, temperature, and potentially atmosphere/pressure as
independent variables.



• Conduct alternate debinding/sintering of materials using independent variable values from the DOE test
matrix.



• Compare DOE test results with baseline and iterate if not within TBD % of the properties identified in step
2 and with positive margin maintained. Otherwise, move to step 9 for this material and use case.



• Report associated power savings to ISM PM and CE offices.



2.3 Deliverables



Provide the following, at minimum, to the ISM PM and CE offices:



1. Material property data base for a given material system. (Screening level)



2. Optimized thermal debinding/sintering profile (and estimated power requirements for a given part size) for
each material.
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TASK SHEET 3



Post Processing Finish Machining and



Geometric Dimensioning & Tolerancing



� Return to Map



3.1 Overview



The objective of the Post Processing Machining and Geometric Dimensioning, and Tolerancing (GD&T) task
is to develop the capabilities in the baseline FabLab design to machine to and verify critical dimensions of a
part. The GD&T system utilize the same hardware as the defect detection and remediation subsystem. A laser
line scanner will be developed to measure parts following the sintering stage. While the flexibility of such a
measurement system is limited, additional measurements may be accomplished using more manual means such as
calipers and micrometers. Following measurement, the system will be capable of light milling operations to bring
critical dimension to within tolerance. The following objectives will be completed within this task.



1. Evaluation of inspection subsystem hardware for using in GD&T applications



2. Development of dry finish machining in the FabLab system



3. Development of Fixturing capabilities for the FabLab system



3.2 Technical Approach



Objective 1: Evaluation of inspection subsystem hardware for using in G&T applications Evaluation of the
subsystem for GD&T applications is necessary before precision milling operations can be implemented. The
payload developer will execute a test plan for a variety of feature in differing orientations using known standards.
The following is the minimum feature set to be tested.



• Holes: evaluated for circularity, diameter, and depth (minimum diameter 0.5mm)



• Planar Face: evaluated for edge dimensions, flatness, orientation, location relative to selected origin,
parallelism, perpendicularity



Objective 2: Development of dry finish machining in the FabLab system Development of finish milling is included
in the baseline FabLab design. The payload developer will design and integrate tooling capable of accepting 1/8”
milling tools. Development of the milling subsystem includes:
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1. Tool Development: Redesign nScrypt tools for the advanced toolplate



2. Parabolic testing of milling tools and FOD collection



3. Develop processes and ConOps for safe implementation of milling in microgravity



4. Characterize tool life for milling the FabLab baseline material (Ti64)



Objective 3: Development of Fixturing capabilities for the FabLab system Traditional fixturing concepts require
operator time and skill for locating arbitrary geometries. The payload developer will develop a repeatable
fixturing to enable finish milling of components.



3.3 Deliverables



1. Data on GD&T capabilities provided to MSFC Engineering Team



2. Milling tool compatible with the Advanced Toolplate



3. Safety Data Package detailing milling and FOD control hazards controls



4. Fixturing ConOps



5. Monthly Reports



*deliverable reports may be combined with standard monthly reporting as allowed by the governing contract



3.4 Assumptions



1. The inspection subsystem will be integrated into the FabLab baseline and have sufficient resolution.



2. Critical dimensions are primarily in a relatively shallow plane without large obstructions which would
hinder gantry motion.



(a) The laser line scanner has a limited focal distance. Recessed regions may not be inspectable.



3. Software to inspect the point cloud for dimensioning is readily available through industry. No software
development is assumed within this task.



3.5 Data Needed



1. Inspection subsystem capabilities and resolution
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TASK SHEET 4



First Generation Alloy Feedstock Development



� Return to Map



4.1 Overview



The objective of the FabLab First Generation Alloy Development task is to mature a feedstock for the initial
FabLab Demonstration. During initial development of the FabLab system contractors were required to develop a
system capable of producing components from at least one aerospace grade metal, such as Ti-6Al-4V, Aluminum
Alloy 6061, and Inconel 718. The vast majority of components on ISS that documented within the MAPTIS
system utilize aluminum and CRES alloys (FIGURE 1); however, the ISM database developed from potential
ECLSS and medical toolkit applications illustrates the need for titanium alloys development in addition to
aluminum and CRES alloys (FIGURE 2).



Techshot, the prime contractor of the FabLab system, selected Ti-6Al-4V for the primary development effort
due to the availability of a Commercial Off the Shelf (COTS) feedstock and large range between debinding
and sintering temperatures. However, titanium alloys require a high sintering temperature to consolidate
material while aluminum, bronzes, and CRES alloys have lower melting typically leading to decreased sintering
temperatures and power requirements. Therefore, multiple materials available for demonstration are desired to
both meet the needs of various potential customers and mitigate the risk associated with meeting ISS power
requirements for the demonstration mission.



Two sub-task are associated with this task:



1. Development of Ti-6Al-4V Paste



2. Development of an Aluminum Feedstock
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Figure 4.1: Usage Frequency of Materials on ISS



Figure 4.2: Usage Frequency of Metalic Materials on ISS



4.2 Technical Approach



This overarching task is a summary effort of two subtasks: Development of a TI-6Al-4V paste and the
development of an aluminum feedstock for FabLab. Materials for the initial FabLab demonstration will be
selected from commonly used materials in both the ISS MAPTIS database and the ISM Parts database.
Compatibility with the FabLab process, impact on resource requirements, and the TRL of the feedstock will be
considered. As development progresses, additional feedstocks may be assessed.



SubTask 1: Development of Ti-6Al-4V Paste



• The FabLab contractor selected Ti-6Al-4V paste during the initial contract phase due to the large
differential between sintering and melting temperatures, availability of COTS feedstock, and the frequency
of use in parts identified within the ISM Parts Database.



SubTask 2: Development of an Aluminum Feedstock



• The majority of components aboard the ISS are manufactured from aluminum alloys. It is likely that
both transit and surface habitats will contain a large number of aluminum alloys. Furthermore, aluminum
may be extracted from lunar regolith providing a sustainable supply chain for manufacturing on the lunar
surface.
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4.3 Assumptions



1. Feedstocks must be processed in the furnace module within resource requirements aboard ISS



• Power: 2000W



• Shielding gas: Nitrogen or self-contained



• Toxicology Rating: less than 2



• Materials must meet NASA-STD-6016 requirements for, at minimum, safety flammability, and toxic off
gassing



• Frangible materials must maintain containment throughout processing and use



4.4 Data Needed



1. FabLab printer capabilities



2. Furnace module capabilities and power curve



4.5 Risks and Opportunities



See subtasks for materials specific risks



1. Given the low TRL of feedstocks compatible with thermal debinding and current FabLab manifest date, it
is possible that a feedstock will not be available for the FabLab test demonstration that meets ISS resource
requirements.
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TASK SHEET 5



Development of Ti-6Al-4V Paste



� Return to Map



5.1 Overview



The objective of the Development of Ti-6Al-4V Paste task is to mature the feedstock for the initial FabLab
Demonstration. During initial development of the FabLab system contractors were required to develop a system
capable of producing components from at least one aerospace grade metal, such as Ti-6Al-4V, Aluminum Alloy
6061, and Inconel 718. Techshot, the prime contractor of the FabLab system, selected Ti-6Al-4V for the primary
development effort due to the availability of a Commercial Off the Shelf (COTS) feedstock and large range
between debinding and sintering temperatures. However, titanium alloys require a high sintering temperature
to consolidate material resulting in increased power requirements for the furnace module. The following will be
completed within this task:



1. Initial Characterization of the Ti-6Al-4V paste



2. Optimization of Sintering Profile



3. Characterization of optimized sintering profile



5.2 Technical Approach



Objective 1: Preliminary Characterization of the Ti-6Al-4V paste The goal of this objective and the associated
deliverables is to baseline expected properties for Ti-6Al-4V manufactured by the Techshot FabLab. During
initial characterization, the system and feedstock will be used to create several mechanical test specimens as well
as challenge build parts; however, the manufacturing unit during this phase will be in a prototype phase.



• The ISM Engineering team will deliver a materials characterization plan to the contractor outlining samples
to be produced.



• The contractor will provide both mechanical test specimens as well as challenge build parts for analysis.



• The ISM Engineering Team will perform independent testing of the samples including mechanical testing,
materials characterization, and structed light scanning.



• A final test report, data package, and components will be delivered to the ISM project
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Objective 2: Optimization of Sintering Profile



• The contractor will investigate sintering profiles that optimizes, at a minimum, material outcomes, resource
requirements (power draw and gas flow rate), and time at temperature.



• The contractor will perform a research study on drying times and techniques to minimize the time between
printing and sintering.



• The contractor will develop techniques to reduce chemical contamination during the debinding and sintering
process.



Objective 3: Optimization of Sintering Profile The goal of this objective and the associated deliverables is to
baseline expected properties for Ti-6Al-4V manufactured by a flight like system. During characterization, the
system and feedstock will be used to create several mechanical test specimens as well as challenge build parts.
All components will be manufactured by a flight like unit.



• The ISM Engineering team will deliver a materials characterization plan to the contractor outlining samples
to be produced.



• The contractor will provide both mechanical test specimens as well as challenge build parts for analysis.



• The ISM Engineering Team will perform independent testing of the samples including mechanical testing,
materials characterization, and structed light scanning.



• A final test report, data package, and components will be delivered to the ISM project



5.3 Deliverables



1. Preliminary Materials Characterization Plan



2. Preliminary Materials Characterization Data



3. Preliminary challenge build parts and mechanical test specimens



4. Report documenting an optimized sintering profile



5. Data Package detailing the results of the drying time research study



6. Baseline Materials Characterization Plan



7. Baseline Materials Characterization Data



8. Baseline challenge build parts and mechanical test specimens



5.4 Assumptions



1. Materials may not be processed in the same manner as an analogous material on the ground. For instance,
titanium is typically not utilized in a furnace cooled state. Due to safety constraints the material will
not be removed from the furnace until completely cooled. This will likely have significant impacts on the
materials properties due to excessive grain growth. Material properties will be assessed independent of
ground analogs.



2. The furnace module is assumed to be capable of reaching titanium sintering temperatures within EXPRESS
rack requirements.
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5.5 Data Needed



1. FabLab printer capabilities



2. Furnace module capabilities and power curve



5.6 Risks and Opportunities



1. Given the high sintering temperature of titanium alloys, it is possible that the furnace will not be able to
reach the optimal sintering temperature within the EXPRESS rack power requirements.
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TASK SHEET 6



Aluminum Feedstock Development



� Return to Map



6.1 Overview



The objective of the Aluminum task is to develop feedstocks for applications such as radiator panels, fuel tanks,
and structural components for outfitting. As a strong, light weight and thermally conductive material aluminum
is ideal for these applications. In Space Manufacturing (ISM) will utilize this technology is such area as outfitting
and sparing. To enable aluminum bound metal deposition printing, it is essential to develop a suitable material
that can be effectively printed through utilizing this technique. This requires extensive research and development
to identify the most suitable aluminum alloy powders, binders, and other components that will provide the
desired mechanical and thermal properties for the printed component. Baseline materials for the FabLab system
(Ti-6Al-4V) have poor thermal conductivity and are relatively dense; thus, to address this applications segment
light weight, thermally conductive materials must be developed. Additionally, to enable aluminum bound metal
deposition printing, it is important to develop effective post-processing methods to improve the final properties
of the printed components. This may involve heat treatment, mechanical finishing, surface coating, or other
processes to enhance the mechanical and thermal properties of the printed components and improve their
performance in the intended application.



Four objectives are included within this task:



1. Perform a trade study to select materials and binders



2. Optimize and characterize material properties in ground-based systems



3. Demonstrate printing of aluminum feedstock on orbit



4. Demonstrate postprocessing of printed parts on orbit



6.2 Technical Approach



Objective 1: Develop an aluminum-based alloy compatible with FabLab processing methods



• The ISM project will coordinate with NASA Materials and Process to conduct a trade study on potential
alloys and binders which meet the requirements of the FabLab system. The trade study will consider
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the sintering temperature of the alloy, availability of the powdered metal, binder compatibility, thermal
performance, and mechanical strength.



• The results of the trade study will be delivered to the project as a report.



Objective 2: Optimize and characterize material properties in ground-based systems



• NASA Materials and Processes will manufacturer the feedstock selected through the trade study and
determine the optimal loading percentage. Optimization will consider, at a minimum, storage, printability,
shrinkage during sintering, and feedstock-to-part ratio.



• Concurrent with the optimization of loading percentage, M&P will optimize processing parameters, such as
extrusion rate, hatch spacing, bed temperature, drying procedures, and sintering profiles. Optimization of
processing parameters will consider at a minimum, material properties, thermophysical properties, impact
on shrinkage during sintering, and density.



• Following optimization M&P will deliver a report detailing the optimization process and materials data to
the ISM project.



Objective 3: Demonstrate printing of an aluminum alloy on orbit



• Personnel from the ISM project, NASA M&P, and the payload developer will define a design of experiments
for the on-orbit testing. The materials test plan for flight and ground will be documented in a report and
delivered to the ISM project.



• The payload developer will be responsible for conducting the experimentation both on the payload and on
the EDQU ground unit. Samples will be returned to NASA.



• NASA M&P will be responsible for testing and characterization in accordance with the materials test plan.
Results will be documented in a report and delivered to the ISM project.



Objective 4: Demonstrate postprocessing of an aluminum part on orbit



• Personnel from the ISM project, NASA M&P, and the payload developer will define a design of experiments
for on-orbit post processing. The materials test plan for flight and ground will be documented in a report
and delivered to the ISM project.



• The payload developer will be responsible for conducting the experimentation both on the payload and on
the EDQU ground unit. Samples will be returned to NASA.



• NASA M&P will be responsible for testing and characterization in accordance with the materials test plan.
Results will be documented in a report and delivered to the ISM project.



6.3 Deliverables



1. Binder and Alloy Trade Study Report



2. Optimized Process Definition Report



3. Materials Test Plan for On-Orbit Testing



4. Flight and Ground Samples



5. Materials Characterization and Test Report
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6.4 Assumptions



1. Materials expertise will be available at the time of development with the NASA M&P organization.
If expertise is not found materials development functions will be transferred to either a contractor or
academic institution.



2. The availability of raw materials including aluminum powder and binders.



6.5 Data Needed



1. Aluminum binder trade study, including optimal loading percentage.



2. Results from initial demonstration test on the effect of microgravity on the sintering process.



3. Mechanical testing from EDQU and flight units.



4. Density testing from EDQU and flight units.
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TASK SHEET 7



Directed Energy Sintering



� Return to Map



7.1 Overview



The FabLab payload uses a Bound Metal Deposition (BMD) technique to produce metal parts. When applied
to the SmartPump tool head, this method involves metal powders which are suspended in a solvent and polymer
mixture, called a binder, to create a viscous liquid paste or ink. The ink is extruded through a Direct Ink Write
(DIW) process to create printed traces or layers of a bulk component. To convert the wet printed material into
a solid part with the desired properties, post-processing is necessary. This involves several steps: 1) drying the
part and removing the solvent, 2) debinding the part and removing the polymer and 3) sintering the part and
condensing the metal powders into a cohesive solid part. This process is traditionally completed thermally, and
FabLab will have a furnace module which can be used for this purpose.



The objective of the Direct Energy Sintering Task is to develop a laser post-processing method that is an
alternative to the standard thermal processing. Thermal processing is very energy intensive. In addition, the
part shape is bound by the dimensions of the oven or furnace that the part is processed in. One of the main
benefits to additive manufacturing is the ability to create parts with unique and complex geometries, and that is
constrained by the need to put a part inside of a furnace after printing. Finally, the printer module is separate
from the furnace module in the FabLab system, which means a part must be manually moved between the two
modules by an astronaut.



Direct energy sintering with a laser has the potential to be significantly less energy intensive than thermal
methods. It can be constrained by the same manufacturing volume as the print bed. FabLab will have a laser
attached to the print module gantry, so there would be no need to move a part for post-processing. However,
there are additional safety considerations with a laser based post-processing method, as opposed to thermal
sintering.



There are several laser-based methods that are already commonly used in additive manufacturing, including
Laser Powder Bed Fusion and Directed Energy Deposition. However, those methods start with a solid feedstock,
not the viscous liquid used in BMD/DIW. Adding the drying and debinding steps to post-processing increases
the complexity of this process. Initial work has shown that there can be significant issues with differences in the
coefficient of thermal expansion between wet and dry material as well as the printed material and the substrate.
This can cause cracking or poorly adhering layers if the laser treatment is not carefully controlled. Despite the
challenges, laser sintering has significant potential. DIW printed traces of silver and barium titanate have been
successfully laser sintered, and significant grain growth was observed with the barium titanate.



29











D
RA
FT



On Demand Manufacturing of Multi-Materials (ODMM)



Document Title: ODMM
Technology Maturation Pan



Document No: ISM-
DOC-XXXX



Draft v1



Release Date: Page: 30 of 76



To apply a directed energy post processing method to larger metal parts, such as those made from Ti64, this task
has 3 objectives:



1. Perform a trade study on laser sintering DIW printed metal parts



2. Optimize and characterize laser sintered metal parts on ground-based systems



3. Demonstrate laser post-processing of a DIW printed metal part on orbit



7.2 Technical Approach



Objective 1: Perform a trade study on laser sintering BMD printed metal parts.



• The ISM project will coordinate with NASA Materials and Process Lab to conduct a trade study on
laser sintering BMD printed metal parts. The trade study will consider materials development and
printability, the laser hardware (wavelength, pulse duration, intensity, and power), the atmosphere in the
laser enclosure, and laser parameters such as speed.



• Based on the necessary hardware identified, the study will consider if a retrofit with an upgraded laser
system is possible for FabLab.



• The results of the trade study will be delivered to the project as a report.



Objective 2: Optimize and characterize laser sintered metal parts on ground-based systems.



• The NASA Materials and Processes Lab will manufacturer laser sintered BMD/DIW printed metal parts.
Multiple laser passes of varying wavelengths, speeds, or intensity will be tested in order to move through all
of the post-processing steps.



• Two approaches will be taken to determine the best method to laser sinter parts printed with multiple
layers.



– Determine laser sintering parameters for layer-by-layer sintering. In this task, we will seek to dry and
sinter the first layer before printing the second layer and sintering it.



– Determine laser sintering parameters for bulk materials. In this task, we will seek to dry the first layer,
and then print and dry the second layer. We will then sinter the layers



• Sintered parts will be sectioned and characterized by SEM with EDS to determine material structure and
chemistry and evaluate sintering success.



• Following optimization M&P will deliver a report detailing the optimization process, the hardware used,
and materials data to the ISM project.



Objective 3: Demonstrate laser post-processing of a DIW printed metal part on orbit



• Personnel from the ISM project, NASA M&P, and the payload developer will define a design of experiments
for the on-orbit testing. The materials test plan for flight and ground will be documented in a report and
delivered to the ISM project.



• The payload developer will be responsible for conducting the experimentation both on the payload and on
the EDQU ground unit. Samples will be returned to NASA.



• NASA M&P will be responsible for testing and characterization in accordance with the materials test plan.
Results will be documented in a report and delivered to the ISM project.
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7.3 Deliverables



Provide the following, at minimum, to the ISM PM and CE offices:



1. Laser Sintering for DIW Printed Parts Trade Study Report



2. Optimized Process Definition Report



3. Materials Test Plan for On-Orbit Testing



4. Flight and Ground Samples



5. Materials Characterization and Test Report



Note: Reporting deliverables may be combined with other task reporting presentations and documentation.



7.4 Assumptions



1. Materials expertise will be available at the time of development with the NASA M&P organization.
If expertise is not found materials development functions will be transferred to either a contractor or
academic institution.
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TASK SHEET 8



Post Processing



� Return to Map



8.1 Overview



The objective of the Post Processing task is to develop the auxiliary capabilities for finishing a near net shape
part produced by the baseline FabLab design. While many components may be made using the Fablab system
directly, additional processes, such as cleaning, coating, and machining, must be applied to specific components.
These processes will allow in-space manufacturing systems to be more versatile. This overarching task sheets
covers the following subtasks:



1. Development of Coating Processes



2. Development of Cleaning Processes



3. Development of Bulk Machining Processes



8.2 Technical Approach



This overarching task is a summary effort of three subtasks: The overaching objective of this category of tasks is
to the techniques to process material following printing and consolidation. A significant focus is to



Sub Task 1: Development of Coating Processes



• Developing coating technologies enable in space manufactured components to be utilized in a wider variety
of applications. Terrestrial coating technologies typically rely on fluids, volatile organic compounds, or
hazardous materials. This task will aim to develop techniques that minimize crew interaction with hazards
and minimize consumables usage.



Sub Task 2: Development of Cleaning Processes



• Developing cleaning methods that are suitable for use in space is critical to enabling the recycling spares
in space and ensuring the sustainable use of resources. This subtask will develop cleaning technologies and
develop a demonstration of processes and hardware on orbit.



Sub Task 3:Development of Bulk Machining Processes
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• The objective of the Post Process Machining Task is to develop the capability to machine bulk features into
a printed part. This capability is particularly important for geometries that are difficult if not impossible
to print at a near net shape such as threads, long holes, and high angle overhangs. This task will culminate
the development of a conceptual design for a machining capability on orbit.
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TASK SHEET 9



Machining Process Development



� Return to Map



9.1 Overview



The objective of the Bulk Machining Task is to develop the capability to machine bulk features into a printed
part. This capability is particularly important for geometries that are difficult if not impossible to print at a near
net shape such as threads, long holes, and high angle overhangs. The current baseline capabilities within FabLab
are limited to finish machining with minimal material removal. The goal of the baseline design is to enable the
system to meet critical dimensions and interfaces rather than machine a bulk feature. Therefore, geometry is
limited in cases where support removal would be necessary. Similarly, Phase A identified holes with a large ratio
of length verses diameter to be particularly challenging for the system especially when boring perpendicular to
the build direction. True bulk machining capabilities would allow for these features to be repeatably produced.



Three objectives are associated with this task:



1. Perform a trade study on utilizing FabLab for bulk machining or development of a secondary payload.



2. Develop processing parameters for standard machining operations using dry machining techniques



3. Develop hardware for a demonstration on orbit or on the lunar surface



9.2 Technical Approach



Objective 1: Perform a trade study on utilizing FabLab for bulk machining or development of a secondary
payload.



• Bulk machining will react additional loads into the locker, it is currently unknow if the rigidity of the
system will be capable of bulk machining. The trade study aims at understanding the “retrofitability” of
the system for use as a machining center.



• The trade study will evaluate at a minimum system rigidity, FOD control capabilities, part fixturing
capabilities, dry coolant (gas) capabilities, potential machining capabilities, and costs to other science
objectives.



• Trade study results will be documented and provided to the ISM project office.
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Objective 2: Develop processing parameters for standard machining operations using dry machining techniques



• Traditional coolant capabilities will be unsustainable for in space manufacturing applications due to the
large amount of “heavy” consumables. Additionally liquid coolants result in a safety and cleanliness hazard.
Therefore, dry machining techniques are performed for on orbit and lunar surface applications.



• Development of processing parameters will be a combination of testing and computational and thermal
modeling. Given the reduction in buoyancy effects on orbit, it is likely that the thermal performance of the
milling tools will change affecting tool life. The ISM project will partner with either in house capabilities or
academic institutions to model the machining process in microgravity.



• Testing results will be reported in monthly meetings and quarterly reports



Objective 3: Develop hardware concept for a demonstration on orbit or on the lunar surface



• Conceptual hardware will be developed for a on orbit or lunar surface demonstration utilizing the design
requirements elucidated by the trade study and modeling objectives.



• The concept design will be documented and delivered to the ISM project office.



9.3 Deliverables



1. Trade Study Report delivered to the ISM project office



2. Testing Reports and Modeling Data & Quarterly Reports



3. Conceptual design report



9.4 Assumptions



1. FabLab will be available for potential toolhead modification



2. Modeling capabilities will focus on a single alloy for the initial demonstration



9.5 Data Needed



1. Print Module Design and FEA Analysis
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TASK SHEET 10



Brazing



� Return to Map



10.1 Overview



The objective of the Brazing task is to develop techniques to form brazed joints using the FabLab furnace
module. While the FabLab system allows greater design and manufacturing flexibility than traditional machining,
not all component geometries can be successfully manufactured within the system. Large crosssectional areas
which inhibit debinding and overhangs pose a particular challenge. As the complexity of components increase,
it can be beneficial to print, sinter, and finish mill portions of the components separately followed by a joining
operation. Brazing was identified within the preliminary design phase as a potential solution. A paste or foil
brazing compound can be applied to the parts following the sintering and finishing phase. The furnace module
is then used to complete the brazing processes. While this process does allow for more complex components
to be produced. The final part size is constrained by the size of the hot-zone within the furnace module. This
particularly limits the utility of brazing in a transit habitat or orbital platform environment; however, surface
operations may have more power and volume available may better be able to utilize a brazing process. Three
objectives are associated with this task:



1. Identify a compatible brazing compound which both meets safety requirements and forms an adequate bond
with material produced in the FabLab system.



2. Optimize brazing thermal profile within the furnace module



3. Develop a concept of operations for brazing components on orbit



10.2 Technical Approach



Objective 1: Identify a compatible brazing compound which both meets safety requirements and forms an
adequate bond with material produced in the FabLab system.



• The contractor will procure and test multiple brazing compounds with paste or film and identify the
optimal solution. Constraints such as ease of application, mechanical properties, and required brazing
temperature will be considered.



• Testing results will be reported in monthly meetings and quarterly reports
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Objective 2: Optimize brazing thermal profile within the furnace module



• The contractor will determine optimal settings and thermal profile for sintering the selected compound.
Optimization will include at minimum, tensile strength, shear strength, and resource requirements.



• Testing results will be reported in monthly meetings and quarterly reports



Objective 3: Develop a concept of operations for brazing components on orbit



• The contractor in coordination with NASA ISM, Hfit and Safety representatives will develop a concept of
operations for demonstration aboard the ISS.



• The concept of operations will be defined within the CDR data package.



• The concept of operations will describe an adequate means of holding the parts within the furnace module
to be brazed in position during the brazing process.



10.3 Deliverables



1. Testing results on sintering compounds in cluded in monthly meeting notes



2. Quarterly rest reports on optimization of the brazing procedure



3. Concept of operations report for brazing activities



Note: Reporting deliverables may be combined with other task reporting presentations and documentation.



10.4 Assumptions



1. Application of the brazing compound will be a manual process performed by the crew.



2. The selected brazing compound must meet all material requirements for use aboard the ISS.



3. Brazing will be demonstrated as part of the initial demonstration mission.



4. A protocol to monitor the brazing process and detect defects that may arise has been previously developed
under NDE tasking.



10.5 Data Needed



1. Furnace module capabilities



10.6 Tasked Enabled



1. Flight Test Demonstration
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10.7 Risks & Opportunities



1. Given that safety requirements on orbit are likely to preclude the use of traditional abrasive cleaning
approaches and the abnormal grain structure of FabLab material, there is a possibility that the brazed joint
will exhibit poor mechanical strength.



2. Given that brazing is a sensitive process and microgravity effects are unknown, it is possible that samples
produced during the demonstration exhibit poor mechanical properties.



3. Given the high temperature of the hot zone and limited materials compatibility, it is possible that
positioning mechanisms will add unacceptable part complexity.
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TASK SHEET 11



High Energy Density Welding



� Return to Map



11.1 Overview



The purpose of this task is to develop welding processes, such as laser and electron beam welding, in high-fidelity
environments representative Low Earth Orbit (LEO) and the Lunar surface. Developing welding processes
for applications in space will require similar process qualification steps as used in terrestrial settings. These
may include tests to ascertain the mechanical properties and microstructure of the welds. The influences
of microgravity, vacuum, and thermal fluctuations and their multiplicative effects must be considered when
developing welding processes for in-space use. The development of welding for LEO and Lunar applications
will enable manufacturing and repair in space for small scale and outfitting applications. It will also allow for
in-space fabrication of structures much larger than those that can fit within a payload faring. An example
may be to build a manufacturing/servicing dock in LEO to enable the repair and/or outfitting of a space
structures for sustainable human presence in space. Another example may be to join additive manufactured or
extruded truss structures into habitats or power towers on the Lunar surface. Ultimately, welding is an enabling
technology which is used in essentially every terrestrial manufacturing application. Its development for the LEO
environment and Lunar surfaces will be directly extensible to Martian applications and to translate our terrestrial
manufacturing capabilities to the space environment, it will certainly be required.



Gaps Addressed:



1. MANU-646/MANU-855 from HEOMD (405 Gap 3063) ISAM-welding in space, recycling, and reuse



2. STMD-OSAM-009, Fabrication and repair of on-orbit and lunar surface hardware, components and
structures using advanced manufacturing processes



3. HEOMD 3426, Manufacturing approaches to support habitat outfitting



4. HEOMD 3061, Inability to fabricate spare parts, replacement units, specialty tools in situ (on-demand
manufacturing)



11.2 Technical Approach



• Design and retrofit a robot arm to hold a welding torch (e.g. the Meltio laser weld head).
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• Place the robot arm and welding torch assembly into a thermal vacuum chamber to run tests in
environments representative of LEO, and the Lunar surface (tie in with Parker Shake’s robot arm TE;
EM32 will lead this effort).



• Perform welding experiments on a parabolic flight (EM32 lead; EM22, EM42, and EM31 for testing
support). This task aligns directly with an ongoing Ohio State/MSFC collaboration to retrofit a vacuum
chamber with a laser welder for parabolic flight laser welding experiments (the vacuum chamber used has
previously flown on parabolic flights to demonstrate electron beam additive manufacturing).



• Develop weld processes to join aluminum 2219, aluminum 6061, stainless 304, stainless 316, and titanium
64 in high fidelity environments approximating the conditions of the LEO environment and Lunar surface.
Titanium 64 development directly aligns with FABLAB needs due to its extensive use in astronaut life
support systems.



• Develop a digital twin for the robotic system (a UTEP CAN with EM32 is focusing on building a digital
twin for weld joint fit-up; a UTEP Space Act Agreement is in place for MSFC to support UTEP with
manufacturing expertise as they develop their digital twin and robotics technology for ISAM applications).
High fidelity welding experiments will apply best efforts to obtain extensive weld feedback data to support
ICME and digital twin development.



11.3 Deliverables



1. Weld metallography, NDE, and tensile data.



2. A report outlining the technical details of the project, the lessons learned, and future work plans.



3. A physical welded structure (e.g. a subscale power tower structure) made up of two or more truss members
(to include weld experiments focused on joining additive manufactured or extruded materials).



4. Weld feedback and parameter data (to include necessary sensor feedback data to support ICME and digital
twin development).



5. A welding digital twin capable of simulating a weld process using specific weld input parameters and
predicting desired weld properties.



11.4 Assumptions



It is assumed that funding and labor will be available to complete the scope. It is assumed that a thermal
vacuum chamber will be available and operational to run weld trials.



11.5 Data Needed



1. The robot arm being procured through Parker Shake’s TE proposal will need to be on-site.



2. Prior laser weld parameter and test data from OSU CAN.



3. The digital twin from the UTEP CAN and UTEP Space Act Agreement.



40 TASK SHEET 11. HIGH ENERGY DENSITY WELDING











D
RA
FT



On Demand Manufacturing of Multi-Materials (ODMM)



Document Title: ODMM
Technology Maturation Pan



Document No: ISM-
DOC-XXXX



Draft v1



Release Date: Page: 41 of 76



11.6 Risks



Very few welding experiments have been performed in a microgravity environment or multiple simulated space
environments simultaneously. This poses a risk from a weld development perspective. As physical weld data is
obtained and incorporated into a digital twin, process development may become more straightforward.



Labor shortages among skilled materials scientists at MSFC are real and many individuals have significant
workloads, so labor-related delays are considered a risk.
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TASK SHEET 12



Post-Demonstration ISS Development (FabLab Hardware)



� Return to Map



12.1 Overview



The Post Demonstration ISS Development (FabLab Hardware) task is a summary task of several subtasks which
aim to further develop the FabLab payload into a system capable of producing flight hardware which meets
the requirements of NASA standards for high priority application areas. This task can be dissected into four
primary areas: 1) Process Characterization 2) Standardization 3) Materials Research and Feedstock Development
4) Demonstration of Payload Infusion. Utilization of the FabLab hardware after the initial demonstration
provides further data on the operation of ISM systems in a real-world environment and informs the development
of subsequent processes intended for the lunar and Martian surfaces as well as transit habitats The FabLab
hardware will be used as a pathfinder system to develop the approaches for standardization and use of additive
manufacturing systems in space and inform future revision of the NASA standard. The following subtasks may
be found in this summary task:



Four sub-task are associated with this task:



1. Process Characterization



2. Standardization



3. Materials Development



4. Payload Demonstration: Incorporation into Payload Maintinence Plan



12.2 Technical Approach



This overarching task is a summary effort of four subtask. The overarching goal is to mature the FabLab
hardware to a point where it can be utilized by designers and infused into a baseline design. Additional tasking
to support science missions aboard ISS is also noted.



Subtask 1:Process Characterization
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• The objective of the Process Characterization task is to develop the information that designers will need to
utilize the FabLab system while meeting the intent governing requirements. Additional information on this
subtask may be found in TASK NUMBER.



Subtask 2: Standardization



• The objective of the Standardization task is to develop an approach to meet the intent of NASA Additive
Manufacturing standards NASA-STD-6030 and NASA-STD-6033. Additional information on this subtask
may be found in TASK NUMBER.



Subtask 3: Materials Development



• The objective of the Materials Development subtask is to develop the feedstocks necessary to address
priority applications for in space manufacturing. Materials development is classified as both research and
application driven materials. Additional information on this subtask may be found in TASK NUMBER.



Subtask 4:Payload Demonstration: Incorporation into Payload Maintinence Plan



• The objective of this subtask is to demonstrate the use of in space manufacturing systems in an
infusion scenario with a LEO destination or lunar destination payload. Components produced for this
demonstration will meet the intent of NASA standards for spaceflight hardware. Additional information on
this subtask may be found in TASK NUMBER.



12.3 Assumptions



1. Progression into post demonstration utilization activities assumes that payload operation and performance
is within acceptable margins during the initial demonstration mission.



12.4 Data Needed



1. Results from initial demonstration test on the effect of microgravity on the sintering process.



12.3. ASSUMPTIONS 43











D
RA
FT



On Demand Manufacturing of Multi-Materials (ODMM)



Document Title: ODMM
Technology Maturation Pan



Document No: ISM-
DOC-XXXX



Draft v1



Release Date: Page: 44 of 76



TASK SHEET 13



Process Characterization



� Return to Map



13.1 Overview



The objective of the Process Characterization task is to develop the information that designers will need to
utilize the FabLab system while meeting the intent governing requirements. One of the largest barrier to
the initial usage of in space manufacturing technologies is the need to meet governing requirements such as
NASA-STD-6016 and NASA-STD-6030. However, these documents represent best practice and protect systems
from known causes of failure and any system intended for use in NASA missions must meet the intent of these
requirements. This overarching task sheet is a summary of two subtasks:



1. Development of Material Design Values



2. Characterization of Feature & Design Considerations (User’s Guide)



13.2 Technical Approach



The two subtasks within the process characterization task inform designers of what material properties they can
design to and the system limitations, such as feature resolution, repeatability, and minimum overhang angle.
Process characterization will inform how standards are applied to ISM parts and elucidate any changes that may
be necessary to the standard for use with parts made in space. For this reason, the Process Characterization and
Standardization: AM Control Plan and Facilities Plan tasks should be performed concurrently.



SubTask 1: Development of Material Design Values



• The objective of the Materials Design Values task is to characterize the material and process so that
designers can utilize the fabrication system within a baseline design. The primary deliverable from this
Task is an MUA detailing S basis allowables



SubTask 2: Characterization of Feature & Design Considerations (User’s Guide)



• The objective of the Characterization of Feature & Design Considerations task is to characterize the
fabrication system’s capabilities so that a designer can implement manufacturing within a baseline design.
The primary deliverable from this task is a report that designers may use as a user’s guide for the facility
which provides system capabilities
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13.3 Assumptions



1. The system to be characterized has sufficient repeatability to develop statistically significant design values
and feature resolution.



2. The ISM system is not required to meet a strict interpretation of MMPDS of A and B basis allowables.
Due to the cost of testing materials manufactured in space it is unlikely that enough samples will be
available to develop A or B basis allowables using the methodologies outlined in MMPDS.



3. Standardization tasks are performed concurrently with the characterization process. To develop design
values, the process must be “locked” according to NASAS-STD-6030 and NASA-STD-6033.



13.4 Data Needed



1. Final Report from FabLab initial demonstration
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TASK SHEET 14



Materials Design Values



� Return to Map



14.1 Overview



The objective of the Materials Design Values task is to characterize the material and process so that designers
can utilize the fabrication system within a baseline design. Currently, all components intended for use in the
system either through nominal operations or repair must meet materials and processes requirements laid out by
NASA-STD-6016 specifically MPR 33 which states that A, B, or S bases statistical values are required for design
an analysis of hardware for all applications where structural analysis is required. The following will be completed
within this task:



1. Develop the test plan necessary to developing A, B, and S Basis Design values for material manufactured in
space in accordance with the methodology prescribed by MMPDS



2. Establish at a minimum S bases design values in accordance with the developed test plan



14.2 Technical Approach



Objective 1: Develop the test plan necessary to developing A, B, and S Basis Design values for material
manufactured in space in accordance with the methodology prescribed by MMPDS



• Establish a NASA working group consisting of additive manufacturing, materials control, fracture control,
and In Space Manufacturing SMEs



• Working group analyzes data developed during the flight demonstration and develops a preliminary test
plan for establishing A, B, and S basis design values



• Working group documents the test plans through a memorandum to the project



Objective 2: Establish at a minimum S basis design values in accordance with the developed test plan



• Project establishes a contract with the FabLab Payload Developer to execute the test plan defined by the
working group established in objective 1.



• As samples are returned for characterization, data is further analyzed by the working group to refine the
test plan to ensure statistical criteria will be met
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• Once analysis shows a statistical bases is met, an MUA will be developed to document and approve the S
basis statistics for the material



14.3 Deliverables



1. Preliminary test plans for A and B basis characterization documented in a memorandum to the project



2. Finalized test plan for S basis characterization documented in a memorandum to the project



3. Materials characterization data in accordance with the S basis design values test plan



4. MUA for S basis material properties



14.4 Assumptions



1. All samples are manufactured in microgravity and testing on the ground.



2. The payload developer is responsible for executing the manufacture of flight samples and providing any in
process monitoring data collected during manufacturing



3. Data from the flight demonstration indicates that the process is in control and producing viable material
with minimal variation



14.5 Data Needed



1. Flight demonstration characterization results



14.6 Tasked Enabled



1. Standardization: AM Control Plan and Facilities Plan



2. Payload Demonstration: Incorporation into baselined Payload Maintinence Plan



14.7 Risks & Opportunities



1. Given the relative immaturity of the manufacturing metal parts in space and the unknown effects of
microgravity, it is possible that materials properties show a high degree of variability.



• Higher variability results in a high number of samples needed to ascertain the statistical significance
required by the MMPDS design allowable development process.



2. Given the unknown long-term effects of microgravity on the system, there is a probability that system drift
could adversely impact mechanical properties and the characterization process.
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TASK SHEET 15



Characterization of Feature & Design Considerations



(User’s Guide)



� Return to Map



15.1 Overview



The objective of the Characterization of Feature & Design Considerations task is to characterize the fabrication
system’s capabilities so that a designer can implement manufacturing within a baseline design. All manufacturing
systems must be characterized for capabilities such as minimum feature sizes, repeatability, and surface finish.
Design for additive manufacturing requires at a minimum a preliminary characterization of system capabilities.
The following will be completed within this task:



1. Characterization of system capabilities



2. Publish a user’s guide for designing for the FabLab system



15.2 Technical Approach



Objective 1: Characterization of system capabilities Develop the test plan necessary to characterize the system
for accuracy and repeatability



• Establish a NASA working group consisting of additive manufacturing, designers, NDE, and In Space
Manufacturing SMEs



• Working group analyzes data on potential uses of ISM systems to determine salient features to assess and
reviews data from the flight demonstration to determine initial system capabilities.



• Working group develops a test artifact suite and test plan to characterize the salient features during, at
minimum, the following phases:



– Green Part (particularly in relation to polymers printing)



– As-Built Metal Component (sintered, not milled)



– Finished Metal Component (sintered and milled)



• Working group documents the test plans through a memorandum to the project
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Objective 2: Publish a user’s guide for designing for the FabLab system



• Project establishes a contract with the FabLab Payload Developer to execute the test plan defined by the
working group established in objective 1.



• As samples are returned for characterization, data is further analyzed by the working group to refine the
test plan to ensure statistical criteria will be met



• Once data is finalized, the ISM project will coordinate with designers on establishing a User’s guide for the
FabLab facility detailing system constraints and design properties.



15.3 Deliverables



1. Finalized test plan for process characterization documented in a memorandum to the project



2. Process characterization data in accordance with the test plan



3. User’s Guide detailing pertinent design considerations for manufacturing with the fabrication system.



15.4 Assumptions



1. All samples are manufactured in microgravity and testing on the ground.



2. The payload developer is responsible for executing the manufacture of flight samples and providing any in
process monitoring data collected during manufacturing



3. Data from the flight demonstration indicates that the process is in control and producing viable material
with minimal variation



15.5 Data Needed



1. Flight demonstration characterization results



15.6 Risks and Opportunities



1. Given the relative immaturity of the manufacturing metal parts in space and the unknown effects of
microgravity, it is possible that process characteristics show a high degree of variability.



2. Higher variability results in a high number of samples needed to ascertain a statistical significance



3. Given the unknown long-term effects of microgravity on the system, there is a probability that system drift
could adversely impact process properties and the characterization process.
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TASK SHEET 16



Standardization of AM for In-Space Manufacturing



Applications



� Return to Map



16.1 Overview



The objective of the Standardization task is to develop an approach to meet the intent of NASA Additive
Manufacturing standards NASA-STD-6030 and NASA-STD-6033. To meet design requirements, payloads
utilizing additive manufacturing must comply with NASA-STD-6030, which defines additive manufacturing
(AM) requirements used in the design, fabrication, and testing of space program flight hardware for NASA, and
NASA-STD-6033 which responds to section 4.5 of NASA-STD 6030 detailing the requirements for facilities and
equipment used to create AM components for flight hardware. Two primary documents are required to meet
these standards: 1) an Additive Manufacturing Control Plan (AMCP) and 2) and an Equipment and Facility
Control Plan (EFCP). The overarching goal of this task is to develop these and the associated child documents
for the FabLab system. The primary objectives are:



1. Develop an Equipment and Facilities Control Plan tailored for the FabLab payload.



2. Develop an Additive Manufacturing Control Plan (AMCP) tailored for the FabLab payload.



16.2 Technical Approach



Objective 1: Develop an Equipment and Facilities Control Plan tailored for the FabLab payload



• The ISM project in coordination with the responsible NASA M&P organization will determine and
document a tailoring matrix for NASA-STD-6033.



• The ISM project in coordination with the responsible NASA M&P organization and payload developer will
develop an Equipment and Facilities Control Plan that will document the payloads approach to feedstock
handling procedures, data management & security, installation controls, operational controls, and operator
certifications.



• The payload developer will develop a personnel Training Plan.



Objective 2: Develop an Additive Manufacturing Control Plan (AMCP) tailored for the FabLab payload.
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• A working group with a membership consisting of at minimum the ISM project, the responsible NASA
M&P organization, and the payload developer will be formed to develop an Additive Manufacturing
Control Plan for the FabLab payload which will tailor NASA-STD-6030. Tailoring will focus on Class C
part production; however, the working group will provide an approach to produce Class B parts in space.



• Utilizing testing from Appendix 14 andAppendix 15 the working group will document feedstock
specifications, the AM Processes, and Post-AM Processes to develop a Qualified Metallurgical Process
(QMP) for the payload. Documentation of the QMP will be provided the to project as a technical report.



• The working group will develop an AMCP for the production of parts from the FabLab facility.



16.3 Deliverables



1. Approved EFCP



2. Approved AMCP



3. Class B Part Production Approach (Report)



4. Training Plan



5. Feedstock Specification



6. AM Process Documentation



7. Post-AM Process Documentation



8. Qualified Metallurgical Process Documentation



16.4 Assumptions



1. NASA standards can be tailored to meet the needs of in space manufacturing applications where resources
and access to characterization equipment is limited.



2. Initial tailoring will focus on the production of Class C parts. A gap analysis will be developed for Class B
parts.



16.5 Data Needed



1. Design allowables reports



16.6 Risks and Opportunities



1. NASA standards are developed with the assumption that a full laboratory can support continual materials
characterization and inspection. No such capabilities exist on orbit. In Space Manufacturing technologies
are likely to rely on in process monitoring techniques; however, the FabLab process utilizes a bulk sintering
phase that makes in-process monitoring prohibitive at an essential portion of the process. Given the lack of
testing and inspection resources on orbit, it is possible that a tailored approach which meets the intent of
NASA-STD-6030 in its current form cannot be found using existing resources.
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TASK SHEET 17



Materials Development



� Return to Map



17.1 Overview



The Materials Development task is a summary task of several subtasks which aim to develop a variety of
feedstocks to address the needs of high priority applications. Any in space manufacturing capability must be
able to produce a variety of materials, including metals alloy, polymers, and ceramics. Materials development
is classified as both research and application driven materials. Application driven materials are aimed at
high priority applications such as thermal management, power distribution, and ECLSS which were identified
within market analysis completed by Booz Alen Hamilton. Research materials will also be evaluated to provide
increased utilization of the payload and elucidate enabling technologies for space applications and development of
LEO economy. Subtasks within this task are:



1. Development of Thermal Materials



2. Development of Structural Materials



3. Development of Research Materials



17.2 Technical Approach



Subtask 1: Development of Thermal Materials



• The objective of the Thermal Materials task is to develop feedstocks for applications where thermal
performance is the primary concern. A market analysis by Booz Allen Hamilton noted that a primary
application area for In Space Manufacturing would be in thermal management devices, such as heat
exchangers, radiators, and cryo-fluid management.



Subtask 2: Development of Structural Materials



• The objective of the Development of Structural Materials task is to mature feedstocks for typical aerospace
alloys which may be present in mission payloads. Initial feedstock development will be concentrated on
CRES alloys to complement Ti-6Al-4V and aluminum feedstocks developed for the initial demonstration.



Subtask 3: Development of Research Materials
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• The objective of the Development of Research Materials subtask is to develop the feedstocks for materials
research. Feedstocks developed under this subtask will be aimed at unique capabilities that are enabled by
processing in microgravity.
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TASK SHEET 18



Thermal Materials Feedstock Development



� Return to Map



18.1 Overview



The objective of the Thermal Materials task is to develop feedstocks for applications where thermal performance
is the primary concern. A market analysis by Booz Allen Hamilton noted that a primary application area for In
Space Manufacturing would be in thermal management devices, such as heat exchangers, radiators, and cryo-fluid
management. Baseline materials for the FabLab system (Ti-6Al-4V) have poor thermal conductivity; thus,
to address this applications segment both insulating and conducting materials must be developed. Typically,
thermal applications use aluminum or copper-based alloys. Aluminum feedstocks will be developed as a
structural material in Appendix 6 Copper alloys are widely utilized in space applications; however, the primary
alloys utilized, C17200 and C17300, include beryllium which poses unacceptable safety hazards when machined in
a habitable volume. Two subtasks are included within this task:



1. Develop a thermally conductive copper-based alloy compatible with FabLab processing methods



2. Develop a thermally insulating ceramic feedstock for the FabLab system



18.2 Technical Approach



This overarching task is a summary effort of two subtasks: The overaching objective of this category of tasks is to
develop materials for applications where thermal performance is a priority.



Sub Task 1: Develop a thermally conductive copper-based alloy compatible with FabLab processing methods



• A thermally conductive copper alloy will be developed for use in the FabLab system. A trade study will be
conducted to identify the target alloy and binder composition. NASA Materials and Processes personnel
will optimize processing parameters and feedstock composition prior to on orbit testing.



Sub Task 2: Develop a thermally insulating ceramic feedstock for the FabLab system



• A thermally insulating ceramic feedstock will be developed for use in the FabLab system. All feedstocks
developed under this task will produce components capable of meeting ISS frangibility requirements or
supplemental containment methods will be developed.
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• Ceramic materials may be fragile and will require special post-processing, such as glazing to achieve desired
properties.
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TASK SHEET 19



Copper Feedstock Development



� Return to Map



19.1 Overview



The objective of the Copper Feedstock Development task is to develop feedstocks for applications where thermal
performance is the primary concern. Copper alloys are commonly used in space applications due to their high
electrical and thermal conductivity, strength, and corrosion resistance. Furthermore, a market analysis by
Booz Allen Hamilton noted that a primary application area for In Space Manufacturing would be in thermal
management devices, such as heat exchangers, radiators, and cryo-fluid management. Baseline materials for the
FabLab system (Ti-6Al-4V) have poor thermal conductivity; thus, to address this applications segment both
insulating and conducting materials must be developed. Copper alloys are widely utilized in space applications;
however, the primary alloys utilized, C17200 and C17300, include beryllium which poses unacceptable safety
hazards when machined in a habitable volume. Aluminum bronzes will be included within the trade study to
address potential safety concerns.



Three objectives are included within this task:



1. Develop a copper-based alloy compatible with FabLab processing methods



2. Optimize and characterize material properties in ground-based systems



3. Demonstrate printing and post-processing of a copper alloy on orbit
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Figure 19.1: Usage of Copper Alloys on ISS



19.2 Technical Approach



Objective 1: Develop a copper-based alloy compatible with FabLab processing methods



• The ISM project will coordinate with NASA Materials and Process to conduct a trade study on potential
alloys and binders which meet the requirements of the FabLab system. The trade study will consider
the sintering temperature of the alloy, availability of the powdered metal, binder compatibility, thermal
performance and mechanical strength.



• The results of the trade study will be delivered to the project as a report.



Objective 2: Optimize and characterize material properties in ground-based systems



• NASA Materials and Processes will manufacturer the feedstock selected through the trade study and
determine the optimal loading percentage. Optimization will consider, at a minimum, storage, printability,
shrinkage during sintering, and feedstock-to-part ratio.



• Concurrent with the optimization of loading percentage, M&P will optimize processing parameters, such as
extrusion rate, hatch spacing, bed temperature, drying procedures, and sintering profiles. Optimization of
processing parameters will consider at a minimum, material properties, thermophysical properties, impact
on shrinkage during sintering, and density.



• Following optimization M&P will deliver a report detailing the optimization process and materials data to
the ISM project.



Objective 3: Demonstrate printing and post-processing of a copper alloy on orbit



• Personnel from the ISM project, NASA M&P, and the payload developer will define a design of experiments
for the on-orbit testing. The materials test plan for flight and ground will be documented in a report and
delivered to the ISM project.



• The payload developer will be responsible for conducting the experimentation both on the payload and on
the EDQU ground unit. Samples will be returned to NASA.



• NASA M&P will be responsible for testing and characterization in accordance with the materials test plan.
Results will be documented in a report and delivered to the ISM project.
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19.3 Deliverables



1. Binder and Alloy Trade Study Report



2. Optimized Process Definition Report



3. Materials Test Plan for On-Orbit Testing



4. Flight and Ground Samples



5. Materials Characterization and Test Report



19.4 Assumptions



1. Materials expertise will be available at the time of development with the NASA M&P organization.
If expertise is not found materials development functions will be transferred to either a contractor or
academic institution.



19.5 Data Needed



1. Results from initial demonstration test on the effect of microgravity on the sintering process.
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TASK SHEET 20



Ceramic Feedstock Development



� Return to Map



20.1 Overview



The objective of the Ceramics task is to develop feedstocks for applications such as wear-resistance,
electromagnetic interference (EMI), and thermal control systems. Ceramic materials can be used as insulation
to regulate temperatures in spacecraft components, used for EMI shielding to protect electronic equipment
from interference, and are a good choice for wear-resistant components. The properties of ceramics make them
uniquely suited for space applications and in some applications are superior to metals. They have high durability
and abrasion resistance, are excellent thermal insulators and resistant to corrosion. In Space Manufacturing
(ISM) would benefit from the manufacture of refractory components for high temperature applications, wear
resistant printer nozzles, electronics shielding, and many others. Redwire’s Ceramics Manufacturing Module
(CMM) has demonstrated small scale additive manufacturing of ceramics through the SLA printing process,
while this process produces high fidelity parts the process is often too slow for significant production. Conversely,
bound ceramic printing can produce parts much quicker when high throughput is needed. ISM will have to
develop ceramic printing through sintering, possibly using the FabLab furnace for sintering.



Four objectives are included within this task:



1. Perform a trade study to select materials and binders



2. Optimize and characterize material properties in ground-based systems



3. Demonstrate printing of ceramics on orbit



4. Demonstrate postprocessing of ceramics on orbit



20.2 Technical Approach



Objective 1: Develop a ceramic compatible with FabLab sintering and processing methods



• The ISM project will coordinate with NASA Materials and Process to conduct a trade study on potential
ceramics and binders that meet the toxicity and print requirements



• The trade study will consider the sintering temperature of the ceramic feedstock, availability of powdered
material, binder compatibility, thermal performance, and mechanical properties.
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• The results of the trade study will be delivered to the project as a report.



Objective 2: Optimize and characterize material properties in ground-based systems



• NASA Materials and Processes will manufacturer the feedstock selected through the trade study and
determine the optimal loading percentage. Optimization will consider, at a minimum, storage, printability,
shrinkage during sintering, and feedstock-to-part ratio.



• Concurrent with the optimization of loading percentage, M&P will optimize processing parameters, such as
extrusion rate, hatch spacing, bed temperature, drying procedures, and sintering profiles. Optimization of
processing parameters will consider at a minimum, material properties, thermophysical properties, impact
on shrinkage during sintering, and density.



• Following optimization M&P will deliver a report detailing the optimization process and materials data to
the ISM project.



Objective 3: Demonstrate printing of a ceramic challenge part on orbit



• Personnel from the ISM project, NASA M&P, and the payload developer will define the design of
experiments for on-orbit testing. The materials test plan for flight and ground will be documented in a
report and delivered to the ISM project.



• The payload developer will be responsible for conducting the experimentation both on the payload and on
the EDQU ground unit. Samples will be returned to NASA.



• NASA M&P will be responsible for testing and characterization in accordance with the materials test plan.
Results will be documented in a report and delivered to the ISM project.



Objective 4: Demonstrate postprocessing of a ceramic part on orbit



• Personnel from the ISM project, NASA M&P, and the payload developer will define a design of experiments
for on-orbit post processing. The materials test plan for flight and ground will be documented in a report
and delivered to the ISM project.



• The payload developer will be responsible for conducting the experimentation both on the payload and on
the EDQU ground unit. Samples will be returned to NASA.



• NASA M&P will be responsible for testing and characterization in accordance with the materials test plan.
Results will be documented in a report and delivered to the ISM project.



20.3 Deliverables



1. Binder Trade Study Report



2. Optimized Process Definition Report



3. Materials Test Plan for On-Orbit Testing



4. Flight and Ground Samples



5. Materials Characterization and Test Report
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20.4 Assumptions



1. Materials expertise will be available at the time of development with the NASA M&P organization.
If expertise is not found materials development functions will be transferred to either a contractor or
academic institution.



2. Raw materials will be available including ceramic powder and binders.



20.4. ASSUMPTIONS 61











D
RA
FT



On Demand Manufacturing of Multi-Materials (ODMM)



Document Title: ODMM
Technology Maturation Pan



Document No: ISM-
DOC-XXXX



Draft v1



Release Date: Page: 62 of 76



TASK SHEET 21



Structural Materials Development



� Return to Map



21.1 Overview



The objective of the Structural Materials task is to develop feedstocks for applications where mechanical
performance and materials compatibility are the primary concerns. Sparing for payloads and habitats is a
priority application for in space manufacturing systems. Baseline materials for the FabLab system (Ti-6Al-4V)
are also classified as structural materials; however, to be able to adequate spare complex payloads a wide variety
of feedstocks must be available. A materials analysis of the MAPTIS system indicates that many payloads’
components could be spared using a combination of aluminum, titanium, and CRES alloys. As titanium and
aluminum will be addressed in other tasks, CRES alloy development will be the primary objective of this
category. As additional applications are identifying additional objectives may be added. One subtask is currently
included within this task:



1. Develop a CRES alloy feedstock compatible with the FabLab payload



Figure 21.1: Usage Frequency of Metalic Materials on ISS
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21.2 Technical Approach



Subtask 1: Develop a CRES alloy feedstock compatible with the FabLab payload



• A CRES alloy will be developed as a feedstock for the FabLab system. A trade study to determine the
optimum alloy and binder will be conducted. Optimization of the printing and sintering process will be
conducted followed by a a demonstration in microgravity.
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TASK SHEET 22



CRES Alloy Feedstock Development



� Return to Map



22.1 Overview



The objective of the Structural Materials task is to develop feedstocks for applications where mechanical
performance and materials compatibility are the primary concerns. Sparing for payloads and habitats is a
priority application for in space manufacturing systems. An analysis of existing payloads aboard ISS indicate
that CRES alloys are the second most frequently used classifications of materials behind aluminum which
will be developed in Appendix 6. Baseline materials for the FabLab system (Ti-6Al-4V) are also classified as
structural materials; however, to be able to adequate spare complex payloads a wide variety of feedstocks must
be available. The primary CRES alloys used in space flight applications are CRES A-286, CRES 18-8, CRES
304 and CRES316.One subtask is currently included within this task. As additional applications are identifies
additional objectives may be added.



Three objectives are included within this task:



1. Develop a CRES-based alloy compatible with FabLab processing methods



2. Optimize and characterize material properties in ground-based systems



3. Demonstrate printing and post-processing of a CRES alloy on orbit
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Figure 22.1: Usage of CRES Alloys on ISS



22.2 Technical Approach



Objective 1: Develop a copper-based alloy compatible with FabLab processing methods



• The ISM project will coordinate with NASA Materials and Process to conduct a trade study on potential
alloys and binders which meet the requirements of the Bound Metal Deposition Tequniques. The trade
study will consider the sintering temperature of the alloy, availability of the powdered metal, binder
compatibility, materials compatibility with high priority applications, weldability, and mechanical strength.



• The results of the trade study will be delivered to the project as a report.



Objective 2: Optimize and characterize material properties in ground-based systems



• NASA Materials and Processes will manufacturer the feedstock selected through the trade study and
determine the optimal loading percentage. Optimization will consider, at a minimum, storage, printability,
shrinkage during sintering, and feedstock-to-part ratio.



• Concurrent with the optimization of loading percentage, M&P will optimize processing parameters, such
as extrusion rate, line spacing, bed temperature, drying procedures, and sintering profiles. Optimization of
processing parameters will consider at a minimum, material properties, thermophysical properties, impact
on shrinkage during sintering, and density.



• Following optimization M&P will deliver a report detailing the optimization process and materials data to
the ISM project.



Objective 3: Demonstrate printing and post-processing of a CRES alloy on orbit



• Personnel from the ISM project, NASA M&P, and the payload developer will define a design of experiments
for the on-orbit testing. The materials test plan for flight and ground will be documented in a report and
delivered to the ISM project.



• The payload developer will be responsible for conducting the experimentation both on the payload and on
the EDQU ground unit. Samples will be returned to NASA.
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• NASA M&P will be responsible for testing and characterization in accordance with the materials test plan.
Results will be documented in a report and delivered to the ISM project.



22.3 Deliverables



1. Binder and Alloy Trade Study Report



2. Optimized Process Definition Report



3. Materials Test Plan for On-Orbit Testing



4. Flight and Ground Samples



5. Materials Characterization and Test Report



22.4 Assumptions



1. Materials expertise will be available at the time of development with the NASA M&P organization.
If expertise is not found materials development functions will be transferred to either a contractor or
academic institution.



2. The trade study will assess historical materials usage to identify the applicability of alloys. It is assumed
that future payloads will use materials similar to those in historical applications as similar frequencies.



3. Testing and inspection capabilities will be avliable at the time of use.



22.5 Data Needed



1. Results from initial demonstration test on the effect of microgravity on the sintering process.
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TASK SHEET 23



Research Materials



� Return to Map



23.1 Overview



The Research Materials Development task is a summary task of two subtasks which aim to perform materials
research experiments using the printer and furnace modules. The furnace module is ideal for many types of
experiments where a large hotzone is needed. While the furnace is not capable of maintaining a gradient with
high precision, many different types of manufacturing processes rely on standard isothermal furnace operations.
Two areas of interest for research using the furnace module are the processing of silicon for semiconductors and
recycling of metals. Areas of focus for the printer module include the develop custom materials for recycling
and reuse of polymer feedstocks and the deposition of semiconductor circuits. Subtasks within this task are: 1.
Electronics and Semiconductor Research 2. Recyclable Materials Research



1. Electronics and Semiconductor Research



2. Recyclable Materials Research



23.2 Technical Approach



Subtask 1: Electronics and Semiconductor Research



• The objective of the Semiconductor Materials Research task is to develop the processes and hardware
necessary to produce semiconductors in space. All stages of semiconductor manufacturing will be addressed
through the ODME project including wafer manufacturing, circuit population, and encapsulation. While
these tasks are housed within the ODME project and Technical Maturation Plan. The hardware is shared
between the projects. Further details of this task will be expounded upon in the ODME TMP.



Subtask 2: Recyclable Materials Research



• The ODMM project has support Recycling and Reuse efforts since the cancelation of the RnR GCD
project. Until a recycling a reuse effort can be maintained as a standalone project, it will be a sub-project
of ODMM which provides seedling funds for high reward efforts. The primary goal of the recyclable
materials research is to develop materials that are purpose built for recycling which meet NASA standards
for use in a habitable volume (toxicity, flammability, etc.). The printer module will be used to test these
recyclable feedstock for printing in in-space applications.
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TASK SHEET 24



Payload Demonstration: Incorporation into Payload



Maintenance Plan



� Return to Map



24.1 Overview



After the ISM FabLab has completed its technology demonstration phase, the system will be fully characterized
through multiple tasks. The primary objective of this task is to fabricate and evaluate the repair and replacement
of a selection of candidate parts. Evaluation addresses form, fit, and function by the application of various
material tests and analyses identified in section 24.2.



This task is a pathfinder for the use of parts produced in space such as applying the standards work that was
performed in previous tasks and performing inspection on the parts before service. It provides the first baselined
implementation of ISM, resulting in a decrease in risk to future projects.



24.2 Technical Approach



Multiple tasks within this TMP lead to this task. Of note is the task on standards (Appendix 16) that will be
closely followed for the implementation of the following steps.



Repeat these steps for multiple parts on ISS and future spacecraft.



• Identify/Coordinate with designers on a high risk-tolerance program to select parts which could be
produced on orbit, including developing requirements supporting design, verification, etc.



• Provide ground testing of part production and quality according to the standards developed in the
standards task sheet.



• Demonstrate printing of parts on the for the payload at the point of use.



24.3 Deliverables



Provide the following, at minimum, to the ISM PM and CE offices:
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1. Data base of components that are replaceable/repairable by FabLab.



2. Characteristics of each replacement part, including dimensional accuracy and tolerancing, physical
properties, mechanical properties, thermal properties.



3. Parts production plan. (see NASA-STD-6030)
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TASK SHEET 25



Friction Stir Deposition for In-Space Manufacturing



� Return to Map



25.1 Overview



Solid-state manufacturing processes are advanced manufacturing processes that use severe plastic deformation
to join/print materials while staying below their melting temperature. This causes a reduction in
thermodynamically driven phase changes and eliminates solidification driven alloy segregation. The severe
plastic deformation enables the processes to achieve a refined equiaxed grain structure and mechanical properties
closer to that of the original feedstock or base material. Lack of melting also allows the processes to use
“unweldable” alloy’s such as aluminum lithium and magnesium. The sensitivity of the processes to gravitational
and low-pressure effects is essentially negligible because the material being processed remains in a plasticized, or
“solid-state”, condition. This solid-state condition is also expected to drastically reduce the processes thermal
sensitivities when compared to a fusion-based process. The negligible effects of gravity on the processes would
allow them to be developed terrestrially on earth while replicating all of the relevant parameters for orbital,
lunar, and Martian environments. This would not only allow for process development to be done on earth
ahead of time, but it would also allow for non-conformance resolution to be performed on earth. Friction
Stir Deposition (FSD) is an example of a solid-state additive manufacturing process which is well suited for
in-space manufacturing in all environments (e.g. Low Earth Orbit (LEO), and on the Lunar, and Martian
surfaces). Developing FSD processes for in-space applications will enable large scale autonomous manufacturing
of structures such as habitats, storage tanks, and power structure trusses.



Gaps Addressed:



1. MANU-646/MANU-855 from HEOMD (405 Gap 3063) ISAM-welding in space, recycling, and reuse



2. STMD-OSAM-009, Fabrication and repair of on-orbit and lunar surface hardware, components and
structures using advanced manufacturing processes



3. HEOMD 3426, Manufacturing approaches to support habitat outfitting



4. HEOMD 3061, Inability to fabricate spare parts, replacement units, specialty tools in situ (on-demand
manufacturing)
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25.2 Technical Approach



Objective 1: Partner with industry friction stir welding machine manufacturers to integrate FSD processes into
their equipment so commercial off-the-shelf systems are readily available for companies and government entities
seeking to sustain a presence in space (this task is already underway through a proposed cooperative agreement
between PAR and MSFC/EM32). This task is required to enable production level print volumes and industrial
adoption of NASA invented FSD processes.



Objective 2: Further advance FSD processes by improving design and power efficiency with Lunar and Martian
surface applications in mind (this task will complement recent work funded through an MSFC TIP which
allowed for the development of two MSFC patented/owned FSD processes). This task is complemented by
an ongoing cooperative agreement between MSFC/EM42 and MELD to develop the MELD FSD process for
in-space manufacturing. This optimization will also enable FSD processes to work more efficiently in terrestrial
applications. This objective may run parallel to objective 1, however, serial tasking is prefered due to knowledge
gained in objective 1.



Objective 3: Procure/fabricate an end effector and friction stir tool based on the design produced in Objective 2.



Objective 4: Integrate the tool from Objective 3 with a thermal vacuum chamber environment.



Objective 5: Develop FSD processes in a thermal vacuum environment to assess the ability to develop robust
parameter windows capable of withstanding ambient temperature fluctuations (this task will be led by EM32
with the support of EM42, EM22, EM31, an industrial partner, and a university partner).



Objective 6: Assess the thermal sensitivity of FSD processes through high and low temperature FSD tests.



Objective 7: Develop dust mitigation strategies for moving components on FSD systems. This task will benefit
from information gathered through Objective 5.



Objective 8: Develop alloys which are designed for additive manufacturing so resultant deposition properties may
be further improved (this is complemented by ongoing alloy development efforts between Fortius, Elementum 3D,
and MSFC, with additional work planned with university partners). This objective enables higher performance
components without the need for post-build heat treatment.



25.3 Deliverables



1. An FSD operational prototype designed for in-space use (to consider aspects of the space environment such
as thermal fluctuations, radiation, and reduced gravity). Stakeholder: MSFC ISM Portfolio, Habitats, Fuel
Storage



2. FSD process parameters for relevant aluminum alloys such as Aluminum 2219, 2195, 2050, and newly
developed aluminum alloys for additive manufacturing. Stakeholder: MSFC ISM Portfolio, SLS (Stages and
EUS)



3. Lessons learned from high fidelity space environment testing of FSD in a thermal vacuum chamber (while
vacuum effects on solid-state processes should be negligible, it’s important to consider alloying element
vaporization which may occur in hard vacuum environments). Stakeholder: MSFC ISM Portfolio, Habitats,
Fuel Storage, M&P Lab



4. Test data to include metallography, mechanical properties, and machine feedback data. Stakeholder: MSFC
ISM Portfolio, M&P Lab



5. A final report on the high-level results of this study. Stakeholder: MSFC ISM Portfolio, M&P Lab
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6. Digital twin of the terrestrial FSD system for later use in non-terrestrial applications. Stakeholder: MSFC
ISM Portfolio, M&P Lab



25.4 Assumptions



1. A thermal vacuum chamber will be available for testing at MSFC.



2. EM support orgs will have the available bandwidth to support the testing required for process development.



3. Friction stir weld equipment at MSFC will be available for temporary use in FSD experiments.



4. The CAN with PAR will be funded and push NASA one step closer to commercializing in-house invented
FSD processes.



5. The FSD process will have some form of shielding to minimize external temperature fluctuations, radiation
exposure, and any other excessive impacts from the application environment.



6. Basic robotic machining, polishing, and video inspection technologies exist and are well-suited for in-space
applications.



25.5 Data Needed



1. The data obtained through a recently completed TIP will need to be utilized (this data is already on-hand
in EM32).



2. High longevity tools developed through prior CAN efforts.



25.6 Risks



1. Given that FSD tools are subject to high loading for long durations, it is possible that identifying resilient
tool materials will lead to cost overruns. Tool longevity will need to be assessed and risk mitigation
strategies will need to be developed for autonomous tool changeout in the event of tool breakage.
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TASK SHEET 26



Computed Tomography Volumetric Additive Manufacturing



� Return to Map



26.1 Overview



Develop a volumetric additive manufacturing technology microgravity verification platform based on computed
tomography (CT). As a currently low Technology Readiness Level (TRL) technology, the primary objectives
presented target the understanding of the technological potential more so than the development of a polished
technology and associated design values.



Early work, notably the Computed Axial Lithography (CAL) platform developed primarily by a team at
Berkeley, has established early promising results using an assortment of photopolymer resin systems exposed with
a maximum part diameter of 30mm using commercial off-the-shelf (COTS) projection equipment.



The inherent flexibility of the system leans on the easy substitution of resin systems. The resin systems already
tested in microgravity have included:



• Poly(ethylene glycol) diacrylate 700m (PEGDA700), mixed with 6mM of Irgacure 369 (2-Benzyl-2-
(dimethylamino)-1-[4-(morpholinyl) phenyl)]-1-butanone) photoinitiator



• Urethane Dimethacrylate (UDMA) – 9000 cps and 6mM Irgacure 369.UDMA



• 50% UDMA- 9000 cps with 50% EBECRYL 8411 with 6mM Irgacure 369



• EBECRYL 242N with 6mM Irgacure 369



• 5% GelMA with 6mM Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP)



This variety included resins chosen for commonality, resins chosen to showcase how microgravity enables the use
of dense built parts, high viscosity resins to resist part shifting during printing, elastic material (¿150% elongation
at break) and a hydrogel material used in the 3D printing of structures that serve as a scaffold for cell culture in
biomaterials research. Resins used only in ground-based testing include a silica glass precursor that resulted in a
sintered product with 50 micron minimum feature sizes and 6 nanometer surface roughness.



Future work already planned include a scale-up of the technology from the 30mm printed diameter limit up to
six inches – a 5x improvement in diameter. Future planned work targeted at microgravity applications includes
development of a system appropriate for the liquid resin recovery and alcohol rinse currently necessary to
complete a fabrication cycle.
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26.2 Technical Approach



Objective 1: Create engineering platforms that translate terrestrial volumetric CT manufacturing advances into
functioning reduced gravity applications



• Establish the containment needed to work with resin systems with flammability or health limitations



• Develop a fluid management system to reclaim uncured resins and wash/cure the part surface as necessary



• Design for flexibility to leverage the variety of applications possible in the system with as much resin-
agnostic processing as possible, including the ability to avoid cross-contamination



• Take advantage of maximum practical scale while maintaining the ability to use narrower reaction chambers
for more challenging resins



• Allow for replaceable imaging hardware for both serviceability and changeout in case of resin system with
different wavelength response



The terrestrial race for useful volumetric AM using CT and photopolymers will propel the technology faster than
these technologies can be tested and adapted for AM. Starting early to get a system together to perform the
fundamental processing steps common within the practice can help keep up.



Objective 2: Develop resin systems with chemistries tailored to current In-Space Manufacturing ISM needs,
making best use of microgravity to expand the resin system viscosity, printed density and printing speed options.
Develop these systems for ease of processing specific to reduced gravity and space environments with respect to
toxic hazard levels, flammability and degradation in alternate oxygen pressures, or other considerations not dealt
with in terrestrial technology development.



This type of work will remain unique to space environments and will see less development in the private
commercial markets. It should be able to follow and work within the hardware developed for adaptation of
terrestrial technology. This aspect may be suited to research institutions initially, which can be provided
opportunities to model and predict chemistries and use NASA support for test and validation on suborbital and
orbital platforms they would otherwise lack access to.



Objective 3: Respond to “pull” developments answering specific engineering challenges posed by part
designers – custom o-ring materials, optics, microfluidics, filter media, challenging overwrap, incorporation
of radioluminescence, high voltage conformal isolation, etc. with targeted development projects. Develop to
maturity when practical. Again, many of these efforts should be easier to get moving provided they are preceded
by some basic configurable equipment already on an orbital platform – similar to new filament for a basic plastics
printer.



26.3 Deliverables



Notional devliverable types are provided:



1. Hardware – printer and wash/cure station delivered to the ISM project.



• Projection system capable of changeout



• Adapts to multiple reaction chamber diameters up to state of the art



• Resin recovery and storage



• Stored resin test capability – proof of material reactivity



• Robotic operation to majority of operations under multiple layers of containment
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2. Resin Systems also delivered to the ISM project – multiple with optimizations for broad application set
such as:



• Mechanical part



• Overwrapped grip



• Bioprinting scaffolds



• Optics



• Elastomers



• Microfluidics (may require sintering capability)



• Maximum resolution



3. Progress reports delivered to the ISM project.



• User’s manual, instructions and service information (electronically) delivered to the ISM project.



26.4 Assumptions



1. The majority of the development work for resin characterization can be performed on the ground. A single
flight can print and process several resins for characterization on the ground.



2. A common microgravity platform will accommodate a wide variety of volumetric AM resin and exposure
configurations.



3. Successful resins and the useful items they are shown to predictably produce will drive the development of a
more mature production capability designed around more practical concerns than the research capabilities.



26.5 Risks and Opportunities



Opportunity: The fundamental capabilities of resolution, repeatability and scale for this process have not been
pushed to their limits. The technology may flourish in any of a wide variety of applications, from optics to
elastomers to bioreactor substrates to ceramics to structural.



Additionally, based on early feedback the results of processing these materials in microgravity and reduced
gravity regimes in parabolic flights appear similar or superior to equivalent processing on Earth. Most of the
resin development work can be completed on earth with only verification and validation in microgravity.
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