Additive Manufacturing in Space: Failing Upward

Not all 3D printed parts destined for space need to adhere to the standards of human space
flight. Yet all parts made for space programs require some type of qualification and
certification. NASA and The Barnes Global Advisors explore Q&C for these parts.

LAURA ELY, THE BARNES GLOBAL ADVISORS; PAUL GRADL & ALISON PARK, NASA

In the first article in this series, “A Framework for Qualifying Additively Manufactured
Parts,” Dr. Kevin Slattery and John E. Barnes defined and mapped the key steps for
Qualification, Certification (Q&C), and Production. In the following series, members of the
TBGA team partner with industry experts to discuss what is unique about AM and how that
impacts Q&C for their industry. In this article, TBGA’s Laura Ely collaborated with NASA’s
Alison Park and Paul Gradl to expose the opportunities and challenges AM presents for Q&C
of space systems.

Close your eyes and conjure your most poignant image of space travel. Boomers likely see
1969’s “one small step for man, one giant leap for mankind” moonwalk, while Gen Xers
might have a grade school flashback filled with heart-stopping visuals of the Challenger
breaking into pieces 73 seconds into flight.
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in this series, when it comes to qualification and certification, the process is the process...
is the process, regardless of the manufacturing approach. It is not new. However, those
images we conjured included successes and failures. So, that begs the question...

Is failure an option?

The ultimate test of a system’s risk criteria is to ask if failure is an option. At the most
extreme end of the space industry certification spectrum proudly sits systems for human
space flight. The certification authority has the grave weight of knowing lives are on the
line; there is very little margin for error and a high consequence of catastrophic failure.
When risk is high, the process of qualification and certification has a high burden of
proof. The bottom line: Can we trust this system to perform without doubt? For human
space flight, failure is, obviously, not an option. But we have seen quite a few notable
failures of space systems in recent times, both on the ground and in the air, so failure
must be an option in some cases. To understand the acceptance of risk, industries either
officially or unofficially have part/system classifications.

Classification, Risk and Trust

Do all space systems require certification to the full rigor of human space flight?
Absolutely not. It’s true across all industries, when the application risk is lower, achieving
the trust hurdle is easier.

In the case of AM, similar to traditionally manufactured parts, the individual part
requirements are also a key variable in the level of fidelity and pedigree required for
final system certification. Naturally, a minimally loaded bracket with negligible
consequence of failure will be much easier to certify than a rocket combustion chamber
that is operating in extreme environments and loads, has a higher consequence of failure,
and has inherent AM build and processing risks.

NASA’s Technical Standard 6030, released in 2021, as part of NASA’s Design and
Construction Technical Standards portfolio, provides the policy framework for the
development, production, and safe implementation of AM Space System hardware. The
Part Classification system introduced in 6030 is supposed to establish a consistent
methodology to define and communicate the risk associated with AM part designs. This
classification makes sense because classifications determine appropriate levels of process
control, qualification and inspection.

The 6030’s classification system has one goal: to enable a consistent evaluation of part risk
through defined metrics for consequence of failure, structural demand, and AM-
associated risks. This sets up nicely for one to communicate the story about the part to the
appropriate Tech Authorities and Program Management to establish the trust in the
system to perform. Risk assessment, both part and process, is an important step of this
communication process.


https://standards.nasa.gov/sites/default/files/standards/NASA/Baseline/0/2021-04-21_nasa-std-6030-approveddocx.pdf
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Risk assessment includes not only risk to human lives, but another key factor — financial
impacts. The typical launch costs X, a ground test fire for a rocket engine costs Y, so failure
of a system certainly has significant cost ramifications in addition to the failure of the
mission.

So, that begs the next question: Is AM special? Here enters the quintessential engineer’s
refrain: Well... it depends!

What Is Unique About Additive Manufacturing for Q&C?
Speed and accessibility are two factors that make AM unique from other manufacturing
processes.

e The Speed of AM. From its inception, AM has represented a way to make things fast.
Rapid prototyping allowed the creation of complex shapes to allow a team to better
understand the design and iterate upon it. As AM has progressed to the creation of
engineered products, a dissonance is occurring. Engineered systems require rigorous
certification; a process that is inherently slow and hard. How do we manage the
opportunity of a rapid Design-Fail-Fix cycle (or Design-Analyze-Build-Test) cycle while
also following an established qualification and certification process?

e The Accessibility of AM. 3D printing brings manufacturing to our schools, our
basements and to a wide variety of manufacturing environments. It also means
people who have previously not lived the tedium of certification of engineered
products are able to print parts. Buying a printer is easy, but successfully
manufacturing critical parts with pedigree and consistency is really hard. As Colin
Powell stated, “there are no secrets to success. It is the result of preparation, hard
work, and learning from failure.”

AM is also very process sensitive, meaning significant work is required to establish the
repeatability and robustness required for qualification, thus driving increased scrutiny of
build-to-build material quality, feedstock, inspections, machining, cleaning and a myriad
of other processing steps. All this data requires review and confirmation (classical
definition of process control). This rapidly evolving, and diverse, technology also lacks
people with industrial experience and standards of performance.
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In the first article written by Dr. Kevin Slattery and John E. Barnes for this series, “A Framework for Qualifying Additively Manufactured Parts,” we
defined the overall framework as seen in Figure 1 and mapped the key steps for Qualification, Certification (Q&C) and Production. Source: A
Framework for Qualifying AM Parts

Q&C Key Questions

From a NASA perspective, the hard work of AM implementation is well represented by
NASA’s Q&C pyramid and this series of questions:

1. Is your process mature enough for production? Process maturity requires mature
engineering and production practices as a prerequisite, and includes the use of a
quality management system (QMS).

2. Do you know how to define your process and how to control your process? Definition
and control includes equipment, feedstock, fusion and thermal process, as well as
material data, design value and statistical process control.

3. Do you understand part production control requirements? These include part design,
assessment and analysis, preproduction articles and AM production controls.

4. Finally, do you know how to establish the equivalency holistically between blocks
using interrelated and causal material characteristics?

External Database &
Equivalence Baseline

v QMP Registration
@ Qualified AM Material Process:

Part Agnostic, Defined to be “well centered” in Process Box,
Influence Factors Defined & Characterized
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@ QMS/Mature Engineering & Production Practices

NASA'’s building blocks for qualification of parts. Image Credit: NASA

Requirements, Requirements, Requirements — What Is Unique About Space Systems?

NASA is moving from low Earth orbit operations to a deep space exploration paradigm,
and human exploration of space, especially deep space, requires extreme reliability.
Additively manufactured parts are already being used for NASA programs in critical
applications including transportation from Earth to destination; stations at destination;
lander from station to surface; spacecraft for science missions; and sample return from
Mars.

What is so unique about implementing AM hardware in space systems? The space
environment is a study in extremes — temperature, pressure, loading, corrosion, material
compatibility, etc. There is more to AM alloys than just bulk chemistry and tensile
strength. This requires material performance understanding of strength, ductility, fatigue,
heat resistance, cryogenic ductility, toughness, tearing resistance, fatigue crack growth,
stress rupture, hydrogen embrittlement, oxidizer compatibility, flammability,
intergranular cracking, general corrosion, stress corrosion cracking, etc.

Just like other traditionally made alloy systems, AM alloys are complex and require
precise metallurgical control to meet engineering expectations against a variety of failure
mechanisms. There are dozens if not hundreds of inputs into processing AM parts that
must be well understood, in addition to the process, structure, property and performance
relationship. Slight changes in parameters or feedstock could have huge implications into
the microstructure and ultimately part performance. Do you really know how sensitive
your process is?

An aspect often overlooked when considering the implementation of AM hardware in
space systems is the need for seamless integration of AM parts into a complex system.
Once again, this is not special for space; just like any other AM parts used in other sectors,
an AM space part cannot function by itself unless its properly integrated into the system.

What helps the players in the space sector is many decades of experience; the fact that
proper governing design and safety standards and requirements are clearly presented
and appropriately cited in the programs. These “Rule Books” are essential to provide the
necessary controls for the safe implementation of rapidly evolving technologies like AM.
This ensures that everyone is on the same page for the expectations of deliverable
products and performance standard.

An Example of Lessons Learned from a Rocket Chamber Failure
Qualification is often misunderstood as a late-stage aspect of the development process,



occurring long after the thousands of hours of design, analysis and testing have been
completed. We try to summarize the extensive work done at NASA into a few brief
paragraphs in order to justify our qualification criteria: stating that we have tested X and
are confident that we have addressed various observed failure modes. But what if we
approached qualification and certification proactively earlier in the process and more
systemically? What if we collected the right set of data along the way to allow for data-
driven decisions?

Recently, NASA discussed a developmental AM
rocket engine combustion chamber failure and
lessons learned from this occurrence. While the
project met initial goals to test an AM chamber in 51
starts, a second chamber built as part of the same
AM build failed on the ninth start at the location of
a witness line. So here’s a question: Should
engineers put some scrutiny and test potential build
interruption’s impacts on material quality as part of
the developmental learning process, or do wait until
an issue arises to reactively evaluate them?

Upon
investigation,
it was

determined
that the
separation of
the chamber

was due to

) Top: Long Life Additive Manufacturing
high Assembly (LLAMA) test for the LPBF
concentration chamber. Bottom: The moment of
failure. Photo Credits: NASA

of porosity in
the areas where build interruption lines are formed. The cause of detrimental flaws seen
in and around the build interruption line, which resulted in reduced mechanical
properties in the local area, may have been caused by degradation of laser optics and
other process escapes. This incident clearly demonstrates the sensitive nature of the
overall AM process. Do we only rely on the “one-and-done” calibration of the AM machine
to determine if it has drifted or consider what other process controls are in place? Or
even better, do we become proactive in identifying and mitigating these potential process
escapes by means of doing process failure mode and effects analysis (PFMEA) or similar
exercises?
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By thoroughly examining build interruption lines observed during the process
development phase, having a nice trail of feedstock information, performing relevant
environment material characterization and mechanical testing, the team could have
identified potential issues and areas of improvement in AM that will provide a good path
for qualification. Importantly, had the process escape definition been completed earlier,
which would include exercises such as mapping process parameter sensitivities to
understand how potential drifts can affect microstructure and properties, the users would
have learned more about the potential AM risks. These material evaluations and
characterization can be done concurrently with the part design-fail-fix cycle while
maturing the overall Technology Readiness Level (TRL).

We can obtain mechanical test coupons and microstructure verification samples with
every development build establishing build to build variation or feedstock variations.
These datasets serve as a basis for establishing criteria for decision making throughout
the development process and providing a smooth path for qualification. By collecting the
important and relevant process information early on, as the development matures, and
learning from analyses and tests, we can improve the efficiency and effectiveness of the
AM process, ensuring the successful qualification of parts and processes. It is crucial to
address potential issues proactively and continuously refine our understanding of the
process to ensure its reliability and safety of our crews. Like everything in AM, though,
this requires early planning.

Pogo: Dampening Oscillations and Concerns About AM in Space

NASA has successes with AM hardware qualification in human spaceflight. The part is
the Pogo Suppressor in the Space Launch System (SLS) RS-25 liquid propellent rocket
engine. The Pogo has a crucial function to dampen propellant oscillations caused by the
liquid oxygen flowing into the engine from the vehicle, which can ultimately cause
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unwanted stresses on the spacecraft. The collaborative team at NASA and Aerojet
Rocketdyne began the effort to implement AM technologies to replace the complex
heritage manufacturing configuration.

The program objectives were clear from the beginning; reduce the overall cost and
schedule and minimize specialized processes, but still meet the target performance
goals. The Pogo assembly was classified as a Class A2 per NASA-STD-6030 Classification
Table, Figure 2.

Extensive laser powder bed fusion process development and material characterization
was carried out to satisfy the AM process requirements. Simultaneously, component
development was conducted in accordance with the Technology and Component
Readiness Level Plan. The material and part qualification process encompassed several
activities, such as assessing robust surface finishing techniques, conducting relevant
material characterization under operational conditions, and proactively considering the
implementation of various non-destructive evaluation (NDE) methods for detecting
surface and volumetric flaws, as well as establishing effective part cleaning procedures.
These efforts culminated in a successful AM Production Readiness Review. The final
assembly was integrated into a full-scale hot-fire test engine and completed a successful
test campaign with 20 starts and 9,056 seconds of accumulated hot-fire time.

The road to qualification and eventual flight certification was not an easy one. However,
at the end of the day, we were able to put the appropriate story together of the
prerequisite development, pre-production, and production framework which resulted in
establishing the trust in the Pogo system to perform as intended.

"
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Don’t Suffer in Silence

The aforementioned Pogo AM hardware was in the context of a formal NASA spaceflight
program with clear set of requirements. However, NASA has a lot of capabilities to
provide to the aerospace and AM communities, regardless of existence of formal NASA
contracts or grants. NASA’s role in AM adoption can include technical excellence and
expertise; new technology development; being the expert user; AM hardware
qualification and flight rationale; and collaboration and consultation.

In other words, NASA believes in the concept of the phrase “A rising tide lifts all boats.”
That is to say that when there is overall improvement or progress in the successful and
robust implementation of AM hardware, everyone involved will benefit. This widespread
benefit requires transparency and collaborations in sharing data and best practices
across the industry. Effectively communicating the risks associated with AM parts and
designs can be challenging, even when employing a well-established and consistent
methodology for risk assessment. However, it is very doable if we do it in the right way at
the right time, and provide these lessons learned across the industry.

Setting up the proper part classification system and defining the qualification framework
is important. Following through on the agreed-upon plan is crucial. Communicating with
the stakeholders and setting the expectation as early as possible are needed. Learning
from mistakes early in the design-fail-fix cycle and characterizing microstructure, heat
treatments and properties is necessary. This entails more than simply providing a set of
requirements to prime contractors or suppliers; it necessitates collaboration across the
entire supply chain and every aspect of the AM process. Achieving this level of
collaboration requires complete transparency and the establishment of trust at every
step.

Failures and Opportunities

AM is certainly changing the space industry and providing new opportunities to travel to
low Earth orbit and explore our universe. New design opportunities not previously
possible for new high-performance metal alloys, lightweighting, managing thermal,
structural and dynamic loads are being enabled by AM.

As exciting as this sounds, it also holds a high level of risk, and failure is not an option.
Methodical planning and technical execution are of paramount importance, but trust and
transparency across every step of the AM process will enable successful missions. NASA
has developed NASA-STD-6030 as a framework to provide consistency in assessing AM
parts. It provides a starting point in setting up some ground rules for a challenging
environment, while capitalizing on the decades of experience NASA has in putting things
into space.

Along the path to a successful flight, there may be failures and opportunities to better



refine both the part design and better understand the AM process. Just like AM,
qualification and certification is iterative. As an industry, we get to learn from each
success, as well as each failure! As we will see in the next installments in this series, every
industry has unique aspects and experiences; however, the process is the same — the
process is the process is the process!
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