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ABSTRACT

Additive manufacturing (AM) is a manufacturing paradigm revered by the United
States with inspired interest, as the Department of Defense (DOD) strategizes to revitalize
its industrial bases. AM is a vital component of the DOD strategic initiatives to implement
an agile supply and logistics framework. The Office of Naval Research, in collaboration
with the Naval Surface Warfare Center Indian Head Division, is conducting the Energetic
Materials Additive Manufacturing (EMAM) study. The catalysts for the study are the high
rate of anomalies and constraints of traditional manufacturing. The EMAM study objective
is to determine the efficacy of two AM methodologies, Direct Ink Write and Digital Light
Processing, in relation to the manufacturing of propellant. Painter suggests the long-term
goal is to field the AM product upon the successful completion of design verification
testing and qualification. EMAM research indicates that AM of propellant is a viable
alternative to traditional manufacturing. The Direct Ink Write methodology is a feasible
solution to address the Hercules Experimental Smokeless 5808 quality concerns, while
fostering sustainable practices. An evaluation of the EMAM project concluded that a cost—
benefit analysis, formalized processes, and protocols are necessary to establish a
formalized acquisition program. The investment of resources will enable future research

and development, technological advancement and warfighter readiness.
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EXECUTIVE SUMMARY

Continual research and development facilitate the advancement of additive
manufacturing (AM). The Office of Naval Research and the Naval Surface Warfare Center
(NSWC) Indian Head Division (IHD) Energetic Materials Additive Manufacturing
(EMAM) study supports strategic objectives to strengthen the manufacturing Industrial
base (MIB) and defense industrial base (DIB). Both the MIB and DIB are subsets of the
Organic Industrial Base (OIB), which is the focal point of the U.S. initiatives to support

self-sustainment.

The Hercules Experimental Smokeless (HES) 5808 and the adaptation of AM are
the focal points of the EMAM study. HES 5808 is a critical component of the M91 Impulse
Cartridge, which is utilized in the AV-8, F-5, F-16, and T-38 aircrew escape systems. The
catalysts for the study are the high rate of anomalies and constraints of traditional
manufacturing. The study objective is to determine the efficacy of the AM methodologies
Direct Ink Write and Digital Light Processing in relation to the manufacturing of
propellant. Moreover, the long-term goal is to field the AM product upon the successful
completion of design verification testing and qualification (Painter, 2022). The EMAM
study achievements are the material and formulation development, establishment of a
manufacturing facility, corrected design anomalies, and preparation to enter the
demonstration phase. The nontraditional manufacturing paradigm has the potential to
address the NSWC IHD MIB risks and production issues. The incorporation of AM as a

secondary source could mitigate future supply chain disruptions.

From a collective standpoint, the United States’ economic nationalism efforts and
OIB restorative initiatives are interdependent, as evidenced by the supply chain disruptions
during heightened crises. The current geopolitical events and COVID-19 pandemic
highlights the importance of self-sustainment (White House, 2021). The criticality of the
supply chain shortages is an indication of the just-in-time manufacturing and supply chain

strategy deficiencies.
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Consequently, supply chain resiliency is the focal point of the compulsory
Department of Defense strategic initiatives (White House, 2021). Nontraditional
manufacturing paradigms are a vital component of the OIB restorative plans. AM is a
viable paradigm that is evidenced by a notable characteristic, limitless flexibility (Eyers et
al., 2018). While the term limitless is synonymous with immeasurable, the effectiveness of
AM is measurable in terms of both proactive and reactive supply chain and logistics
proficiency (Naghshineh & Carvalho, 2020). The intrinsic AM trait is that limitless
flexibility cultivates business, environmental, and economic adaptability or sustainability.
In addition, the characteristic is attributable to capability gap solutions, project
management principles, and decision-making models. A culmination of agile, flexible, and
sustainable manufacturing paradigms, policies, processes, and principles foster a resilient

OIB.
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I. INTRODUCTION

This capstone applied project (CAP) has a multifaceted conceptual framework that
explores additive manufacturing (AM) from the Organic Industrial Base (OIB) and
Energetic Materials Additive Manufacturing (EMAM) perspectives. The CAP research
assesses the relationship of AM and the OIB to determine the benefits, constraints, and
impact to the restorative initiatives. Correspondingly, the EMAM perspective includes an
exploration of the AM methodologies in relation to the manufacturing of propellant. The
CAP provides an analysis of the key issues and risks associated with the defense Industrial
base (DIB) and manufacturing industrial base (MIB). Both the DIB and MIB are subsets
of the OIB, which are comprised of manufacturing and sustainment support facilities.
Moreover, this CAP provides an examination of the contributions of the Office of Naval
Research (ONR) and Naval Surface Warfare Center (NSWC) Indian Head Division (IHD)
in support of Department of Defense (DOD) strategic imperatives.

Considerations for nontraditional manufacturing paradigms are imperative to
restore the MIB and DIB (Office of the Secretary of Defense for Acquisition &
Sustainment [OSD A&S] Industrial Policy, 2021). Furthermore, global circumstances
underscore the relevance of AM technology (Mahmood et al., 2022). The advancement of
resilient and agile practices warrants disruptive technologies and innovation. The
distinctive AM attributes enable optimal reactive and proactive strategic planning

(Naghshineh & Carvalho, 2020).

A. PROBLEM STATEMENT

According to the Office of the Secretary of Defense for Acquisition & Sustainment
(OSD A&S) Industrial Policy research, the magnitude of the industrial capability gap is
evidenced by the country’s decline in global prominence with respect to international
markets (OSD A&S Industrial Policy, 2021). Consequentially, there is a newfound sense
of economic nationalism and the obligatory DOD initiatives to advance both the DIB and
MIB. As China gains global dominance, strategic initiatives to foster sustainability,

incentives to reshore manufacturing businesses, and strategic plans to restore the capability
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gap are imperative (OSD A&S Industrial Policy, 2021). The challenge of restoring the
industrial bases, in turn, is the catalyst for research and development (R&D) to advance the
direct digital manufacturing paradigms—referred to in colloquial terms as AM and three-

dimensional (3D) printing.

Per a Government Accountability Office (GAO) analysis, the key industrial base
risks are derived from the supply, manufacturing, economic, and acquisition policies and
education capability gaps (Russell, 2022), as described in Figure 1. Consequently, these
root causes have underlined the national security vulnerabilities (Russell, 2022). The GAO
enterprise-wide assessment validates the concerns regarding the diminishing OIB and
asserts that the diminishing DIB, MIB, and U.S. competitive advantage are interrelated.
While there are varying perspectives regarding the collective root cause, the GAO report
indicates globalization is a primary factor. Each of the industrial base risks are indicators

of a destabilized ecosystem, a subsidiary byproduct of globalization.
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DOD-Identified Industrial Base Risk Types and Root Causes.
Source: Russell (2022).

Foreign dependency is the foundation of the current supply chain and logistics

infrastructure. The strategy does not align with the lessons learned from the recent

heightened crises analysis. Self-sustainability is of the utmost importance, as proven by the

current geopolitical and COVID-19 crises. By the same token, a resilient U.S. supply chain

and logistics infrastructure are vital to restore the DIB and MIB. To the same degree, the

identification of a risk mitigation strategy is of the essence. Risk mitigations, such as agile

business and procurement practices, diversification of sources, and incentives to reconcile

V
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the domestic supplier and education disparities are imperative to restore the industrial bases

(National Defense Industrial Association [NDIA], 2023).

AM is a viable solution to support the risk mitigation of the supply chain and
manufacturing capability obstacles. While there are opposing viewpoints regarding the
most effective supply and logistics infrastructure, it is clear that the inclusion of

nontraditional manufacturing supports the diversification of sources.

The GAO has suggested that stockpiling is a tenable solution (Russell, 2022), but
this supply model precipitates issues, such as obsolescence. In contrast, the just-in-time
(JIT) model lessens the risk of obsolescence; however, the model’s ineffectiveness was
exposed during the COVID-19 pandemic and geopolitical conflicts. While AM is
supportive of a JIT supply model, the methodology has the potential to address high and
low demand volatility (Alogla et al., 2023). The methodology can also address supply chain
vulnerabilities through strategic positioning in that geographic and regional locations lower
the risk of supply disruptions. A strategic mechanism, such as AM, can supplement the

global supply chain in conjunction with a streamlined acquisition process.

In addition, supplementary AM practices lessen the capacity-constrained supplier
market risk. AM facilitates the OIB restoration by reshoring the manufacturing capabilities.
The continual R&D of AM promotes the expansion of materials and methodologies. A
positive consequence of AM is the identification of alternate materials. As a result, these
research efforts lessen the risk of diminishing sources and materials. AM projects require
fewer team members and less space and, therefore, less risk associated with human capital.
In terms of the erosion of the infrastructure, AM strengthens the industrial base by
reshoring cost-effective manufacturing solutions. AM addresses the product security risk

by reshoring the manufacturing facilities.

B. RESEARCH PURPOSE

The R&D of AM is an integral component of the DOD roadmap to restore the
industrial bases. This CAP provides an evaluation of the feasibility of AM to address
industrial base risks. The CAP objective is to determine the benefits and constraints from

a collective and NSWC IHD perspective with respect to supporting the DOD strategy.
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Furthermore, this chapter provides a succinct overview of the derivation of the sources,

analysis techniques, and data collection tools.

C. METHODOLOGY

This section provides an overview of the research proposition and explicates the
correlation to the research methodology approach, research design, and methodological
limitations, as illustrated in Figure 2. The methodology attributes are reflective of the
project objective—to cultivate the exploration of AM and the EMAM study relationship to
the DIB restoration strategies. This research utilizes a case study—based research

methodology to study the NSWC IHD EMAM project.

Research Objective and
Research Questions

Conceptual Framework

Methodology Chapter

Research Design

Methodological Limitations

Figure 2. Methodology Chapter Structure

D. RESEARCH AIM AND QUESTIONS

Per the DOD strategy, corrective measures are required to restore the DIB and MIB
capability gap. The current OIB infrastructure is reflective of the political, economic, and
technological influences. As the political, economic, and technological competencies
evolve, R&D is pertinent to address the DOD competitive disadvantage. The research

questions are derived from the project statement and objective:
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1. What is the value proposition that additive manufactured parts or systems

bring to delivering warfighter capability?

2. What are the benefits of utilizing AM to support the warfighter?

3. What acquisition strategies would apply to the AM initiative?

4. What are the barriers to implementation (BTI) for AM based on this case
study?

E. CONCEPTUAL FRAMEWORK

The NSWC IHD EMAM project and comprehensive conceptual framework is
indicative of the multifaceted research premise. Hence, the conceptual frameworks denote
the variables from the NSWC IHD project and collective viewpoints, as illustrated in

Figure 3 and Figure 4.

Moderator Variable Moderator Variable

Project Product
Requirements Requirements
| Independent Variable | I Dependent Variable I
A L 4
> Efficacy of Propellant
AM Methodol '
o8Y ’ ] l Manufacturing
I Moderator Variable I I Moderator Variable I I Moderator Variable I

Environmental Verification and
Factors Validation

} Material ’

Figure 3. Conceptual Framework: EMAM Study Viewpoint

Figure 4 is a visualization of the comprehensive or AM conceptual framework,

which illustrates the relationship between AM and the OIB initiatives.
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I Moderator Variable I I Moderator Variable I

Acquisition Logistics and Supply
Framework Framework
Independent Variable Dependent Variable
Organic Industrial Base
Additive Manufacturin
R ‘ ‘ ‘ Initiatives
Moderator Variable Moderator Variable I Moderator Variable
‘Technological
} Strategic Plan ’ ‘ ccimotogica ’ ‘ DoD Policy ’

Evolution

Figure 4. Conceptual Framework: AM Viewpoint

F. STUDY DESIGN

A description of the research design type and the correlative methodologies are

discussed in this section.

1. Purpose

An exploratory case study analysis is employed to support the qualitative research
methodology. This project explores the relationship of the AM methodologies, Direct Ink
Write (DIW) and Digital Light Processing (DLP), regarding the efficacy of propellant
manufacturing. In addition, the correlation of AM to the OIB initiatives is discussed

comprehensively.

2. Research Approach

Multiple facets are considered to identify a research approach:

1. The questions evaluate the benefits, constraints, and BT associated with
AM and the EMAM project.
2. The authors of this CAP are affiliated with the organization facilitating the

research, NSWC IHD. The primary factors for the research method

selection and analysis validation stem from the project objectives.

ACQUISITION RESEARCH PROGRAM
DEPARTMENT OF ACQUISITION, FINANCE AND MANPOWER
NAVAL POSTGRADUATE SCHOOL




3. The authors of this CAP deem the exploratory qualitative analysis
appropriate to evaluate the benefits and constraints of AM with respect to

the DOD and NSWC IHD strategic objectives.

3. General Details

This section provides an overview of the time horizon, units of analysis, and the

study settings applicable to this CAP.

o Time horizon: A cross-sectional approach is utilized because of the

EMAM study schedule and time constraints.

o Unit of analysis: The following assessment tools are employed to support
a systematic evaluation: BTI rating scale, manufacturing readiness levels

(MRLs), technology readiness levels (TRLs), evaluation, and feedback.

o Study setting: The research was conducted in multiple settings: NSWC
IHD AM laboratory, teleconferences and meetings, discussions, and the

CAD/PAD Technical Exchange Workshop.

a. Case Study Development

The analysis is derived from primary and secondary sources: NSWC IHD AM
laboratory documents, publications, and literature documents. The authors of this CAP
utilized the Naval Postgraduate School thesis template to compile the data and analysis.
Next, the authors evaluated the data and applied MRL and TRL ratings based on the
previously mentioned criteria. The MRL rating system is derived from the 2020
Manufacturing Readiness Level (MRL) Deskbook (Office of the Secretary of Defense
[OSD] Manufacturing Technology Program & Joint Service/Industry MRL Working
Group, 2020). The MRL rating criteria are captured in Table 1.

ACQUISITION RESEARCH PROGRAM
DEPARTMENT OF ACQUISITION, FINANCE AND MANPOWER
NAVAL POSTGRADUATE SCHOOL




Table 1. MRL Summaries. Source: OSD Manufacturing Technology
Program & Joint Service/Industry MRL Working Group (2020).

MRL | Description
1 Basic manufacturing implications identified
2 Manufacturing concepts identified
3 Manufacturing proof of concept developed
4 Capability to produce the technology prototype in a laboratory environment
5 Capability to produce prototype components in a production-relevant environment
3] Capability to produce a prototype system or subsystem in a production-relevant environment
Capability to produce systems, subsystems, or components in a production-representative
7 environment
8 Pilot line capability demonstrated; ready to begin LRIP
9 LRIP demonstrated; capability in-place to begin FRP
10 FRP demonstrated and lean production practices in-place

The TRL rating is derived from the Technology Readiness Assessment Guide
(Government Accountability Office [GAO], 2020). The TRL rating criteria are provided

in Figure 5.
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Basic principles observed

and reported

Lowest level of technology readiness. Scientific research begins to be

transkated into applied research and development. Examples might

include paper studies of a technology's basic properties.

Technology concept andfor

apphcation formulated.

Inwention begins. Once basic principles are observed, practical
applications can be invented. Applications are speculative and there
may be no proof or detailed anakysis to support the assumptions.

Examples are limited to analytic studies.

Analytical and experimental
critical function andfor
characteristic proof of

concept.

Active research and development is initiated. This incdhudes amalytical
studies and laboratory studies to physically valdate analytical
predictions of separate elements of the technology. Examples

include compaonents that are not yet integrated or representative.

Companent andfor
breadboard walidatson in

laboratory environment.

Basic technological components are integrated to establish that they
will work together. This is relatively “low fidelity” compared to the
eventual system. Examples include the integration of “ad hoc”

hardware in the laboratory.

Companent andfor
breadboard walidation in

refevant environment.

The Fidelity of breadboard technology increases significanthy. The
bazic technological components are integrated with reasonabhy
realistic supporting elements so it can be tested in a simulated

environment

Systemy/subsystem model or
prototype demanstration in

a relevant environment.

A& representative model or prototype system, which is well beyond
that of TRL 5, is tested in a relevant environment. Represents a major

stepg up in a technology's demonstrated readiness.

System prototype
demonstration in an

operational environment.

Prototype near, or at, planned operational system. Represents a
major step up from TRL &, requiring the demonstration of an actual
system prototype in an operational environment such s an aincoraft,

wehicle, or space.

Actual systemn completed
and qualified through test

and demaonstration.

Technology has been proven to work in its final form and under
expected conditions. In almast all cases, this TEL represents the end
af true system development. Examples include developmental test
and evaluations of the system in its intended weapon system to

determine if it meets design specifications.

Actual system has proven
throwgh successful mission

operations

The actual application of the technobogy in its final form and under
mission conditions, swch as those encountered in operational test
and evalsation. Examples include using the system under

operational mssion conditions.

Figure 5. TRL Ratings. Adapted from GAO (2020).

b. Barriers to Implementation Analysis Development

The BTI analysis is derived from primary and secondary sources: NSWC IHD AM
laboratory documents, publications, and literature. A BTI template was developed, which
outlines the factors, subfactors, areas of analysis, and manufacturing methodologies, as

illustrated in Figure 6.

T
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Factor Sub-factor Area of Analysis DIW | DLP Trd Evide nce
Hardware
Compatibility

Ability to support the
manufacturability of |Product manufactured
pro pellant within specifications
Software

AM Technology Factors Compatibility
Ability to support an
optimized design with |Analytic and Decision

considerations for Support tools
design, shape and streamlined the design
topology process

optimization

Figure 6. BTI Template

Figure 7 depicts the BTI rating scale. A rating scale of 1-5 enables consistent
measurement and standardization. The CAP authors indicated the areas of analysis for each

manufacturing methodology. The application of a rating and evidence substantiate the area

of analysis.
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Figure 7. BTI Scale
c Strengths, Weaknesses, Opportunities, and Threats Analysis

Development

The Strengths, Weaknesses, Opportunities, and Threats (SWOT) analysis is derived
from primary and secondary sources: NSWC IHD AM laboratory documents, publications,
and literature documents. The analysis is compiled in a SWOT analysis template, as

illustrated in Figure 8.
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Figure

Opportunities

8. SWOT Analysis Template

d. Sensitivity Analysis Development

The template illustrated in Figure 9 was developed to support the analysis. A weight

was assigned to each key performance indicator and rating method.

Threats

Options

Weight

Traditional

Direct Ink
Write
(DIW)
(AM)

Direct Light
Processing
(DLP)
(AM)

Replace RDX
in LOVA-
Style
Propellant
(Traditional)

Cost

Schedule

Performance

Risk

MRL

TRL

BTI

SWOT

Quality

Reliability

Maintainability

Availability

Operability

NN D= W W |||
| O

TOTAL

Figure 9.

Sensitivity Analysis Template
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G. BENEFITS AND LIMITATIONS

The authors of this CAP received only limited access to data due to the following

constraints:
o The Distribution A assignment is prohibitive, and the authors could only
access limited data.
° The EMAM materials qualification and DVT are incomplete; therefore,

the final recommendation is based on a narrowed perspective.

H. ORGANIZATION OF THE PROJECT

Chapter 1 provides an overview of the comprehensive and EMAM problem
statements, research purpose, methodology, aim, questions, conceptual framework, study

design, benefits, and limitations.
Chapter II is a discussion of the AM milestones and DOD AM applications.
Chapter III is an explanation of the OIB risks and correlative AM benefits.
Chapter IV is a review of the EMAM case study.

Chapter V is an examination of the EMAM case study through an evaluation of the

SWOT and BTTI analyses.

Chapter VI provides the EMAM case study decision criteria, summary, and

recommendations.
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II. BACKGROUND

The AM process is derived from layer-based principles (Mahmood et al., 2022).
According to Mahmood et al. (2022), the AM paradigm involves a set of transformational
technologies and processes. The AM technology expansion from rapid prototyping to
practical applications fosters innovation in both the commercial and DOD industries
(Mahmood et al., 2022). The progression of technology is signified not only by the
colloquial terminology, which corresponds not only to the end-use application or
manufacturing process, but also to the societal impact and implications. The AM
technology benefits are derived from the inherent trait—flexibility—which fosters
optimization and sustainability (Eyers et al., 2018). The simplification of the
manufacturing process supports design, material, project, environmental, and cost

optimization. The constraints of manufacturing are addressed as AM technology evolves.

A. AM MILESTONES

Figure 10 provides an overview of 3D printing history. A major AM milestone
occurred in 1984, with the invention of stereolithography, which is the technology used to
create a 3D object from a picture. As indicated in Figure 10, the medical industry created
organs utilizing 3D technology in the 1990s. Another significant milestone was the do-it-
yourself kits, which were released in the early 2000s. In 2011, the first 3D robotic aircraft
and printed car were released as a result of the 3D technology evolution. One of the most
memorable 3D innovations occurred in 2020, when the global COVID-19 pandemic
highlighted the importance of AM because of its ability to support supply chain issues. AM
is supportive of reactive and proactive supply chain Issues, such as the face shield and mask
shortages during the pandemic. According to Hanaphy’s 2022 article, X-Bow Systems
debuted solid propellant, which was manufactured using AM technology (Hanaphy, 2022).
The maturation of AM in the private sector has inspired adaptation in the DOD.
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1984
1992
1990s
1999
2002
2005
2000s
2006
2008
2009
2010s
2011
2012
2015
2016
2018
2020
2020s 2022

History of 3D Printi

The birth of 3D printing
Charles Hull, later the co-founder of 3D Systems, invents
stereolithography, a printing process that enables a tangible 3D object
to be created from digital data. The technology is used to create a 3D
model from a picture and allows users to test a design before investing
in a larger manufacturing program.

Engineered organs bring new ad to medicil

Building parts, layer by layer
The first SLA (stereolithographic apparatus) machine is
produced by 3D Systems. The machine’s process
involves a UV laser solidifying photopolymer, a liquid
with the viscosity and color of honey that makes three-

The first lab-grown organ is implanted in humans when young patients

parts, layer by layer. Although imperfect,
the machine proves that highly complex parts can be

undergo urinary bladder using a3-D hetic scaffold
coated with their own cells. The by scientists at
the Wake Forest Institute for Regenerative Medicine, opened the door
to ing other ies for engil organs, including printing
them. Because they are made with a patient’s own cells, there is little
to no risk of rejection.

Open-source collaboration with 3D printing
Dr. Adrian Bowyer at University of Bath founds RepRap, an open-source
initiative to build a 3D printer that can print most of its own
components. The vision of this project is to democratize manufacturing
by cheaply distributing RepRap units to individuals everywhere,
enabling them to create everyday products on their own.

DIY kits for 3D printers

A working 3D kidney
engineer a fi | kidney that is
able to filter blood and produce diluted urine in an
animal. The development led to research at the Wake
Forest Institute for Regenerative Medicine that aims to
“print” organs and tissues using 3D printing technology.

SLS leads to mass customization in manufacturing
The first SLS (selective laser sintering) machine becomes
viable. This type of machine uses a laser to fuse

into 3D products. This gh opens the
door to mass customization and on-demand
manufacturing of industrial parts, and later, prostheses.
That same year Objet, a 3D printing systems and
materials provider, creates a machine capable of
printing in multiple materials, including elastomers and

enter the marketplace Mak d an op
company for 3D printers, starts selling DIY kits that allow buyers to
make their own 3D printers and products.
From cells to blood vessels
Bioprinting innovator Organovo, relying on Dr. Gabor Forgacs’s
technology, uses a 3D bioprinter to print the first blood vessel.

World’s first 3D printed robotic aircraft
at the Uni ity of design and fly the world’s
first 3D-printed aircraft. This unmanned aircraft is built in seven days
for a budget of £5,000. 3D printing allows the plane to be built with
elliptical wings, a normally expensive feature that helps improve
and induced drag.

World’s first 3D printed car
Kor Ecologic unveils Urbee, a sleek, friendly p yp!
car with a complete 3D-printed body at the TEDxWinnipeg conference
in Canada. Designed to be fuel-efficient and inexpensive, Urbee gets
200 mpg highway and 100 mpg city. It is estimated to retail for $10,000
to $50,000if it becomes commercially viable.

3D printing in gold and silver
i.materialise becomes the first 3D printing service worldwide to offer

—0O 14k gold and sterling silver as materials — potentially opening a new

and less ing option for jewellery

(e,

Ultra-Fast 3D Printing

(O Carbon 3D issues their revolutionary ultra-fast CLIP 3D printing

machine.
3D printed bone

O-————0  DanielKelly's lab announces being able to 3D print bone.

3D printed house

O The first family moves into a 3D printed house.

The machine permits a single part to be made
with a variety of densities and material properties.

The first self-replicating printer
Following its launch in 2005, RepRap Project releases
Darwin, the first self replicating printer that is able to
print the majority of its own components, allowing users
who already have one to make more printers for their
friends.

DIY co-creation service launches
Shapeways launches a private beta for a new co-creation
service and community allowing artists, architects and
designers to make their 3D designs as physical objects
inexpensively

Major breakthrough for prosthetics

The first person walks on a 3D-printed prosthetic leg,
with all parts — knee, foot, socket, etc. — printed in the
same complex structure without any assembly. The
development guides the creation of Bespoke

i a if of prosthetic devices which
makes customized coverings that surround prosthetic
legs.

3D printed prosthetic jaw is implanted

Doctors and engineers in the Netherlands use a 3D printer made by

LayerWise to print a ized th p

ic lower

jaw, which is subsequently implanted into an 83-year-old woman
suffering from a chronic bone infection. This technology is currently

being explored to promote the growth of new bone tissue

AM comes to the rescue during COVID pandemic
Medical

O ) (Crisis und ed the rel of the AM technol
industry utilized to manufacture face shields, face masks, ventilators,
and hands-free door handles
X-Bow Systems debuts additive manufactured solid propellant
Bolt Rocket is powered by Ballesta 3D printed rocket engines, which
o—o 4

are fueled by propellant grains

Figure 10. Developments in AM. Adapted from CloudTweaks (2015),

Kamara and Faggiani (2021).

B. ADDITIVE MANUFACTURING APPLICATIONS

The widespread use of AM in the commercial industry is the catalyst for DOD

adoption. AM applications are employed throughout the joint service. This section provides

an overview of AM examples that strengthen the supply and logistics chain and incorporate

design efficiencies.
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1. Mine-Resistant Ambush-Protected Vehicle

The Mine-Resistant Ambush-Protected vehicle operations and sustain concerns
were addressed using AM. One example is the door design rendered the vehicle incapable
of supporting the mission in certain cases. The weight of the door was not compatible with
the hinge design. AM provided a viable design solution for the hinges, which reduced the
stress by half. Design optimization is an AM benefit, which is evidenced by the ability to

print the hinge as one piece versus seven (Spurgeon, 2019).

Another noteworthy AM solution occurred in 2017. The replacement of the fire
suppression caps was delayed because of the cumbersome acquisition process. The mission
readiness is compromised with these safety critical items. Without the devices —the
MRAP is unable to support mission. The AM technology mitigated the risk of a supply
chain disruption. The caps were produced utilizing AM until the replacement parts were

available (Suits, 2019).

2. Naval Air Systems Command

AM allows for the optimization of resources and addresses quality issues. AM
applications are currently in use by the Naval Air Systems Command (NAVAIR) Air
Vehicle Modification and Instrumentation group. The group printed several ancillary parts,
such as antenna covers and mechanical spacers to perform form and fit checks (Naval Air
Warfare Center Aircraft Division Public Affairs, 2014). In addition, the NAVAIR
Innovation lab utilized AM to develop a port cover for the AV-8B Harrier’s F402 engine.
The lead time for the part was more than 1 year. The part is now produced at a fraction of

the cost. The AM team was able to resolve the backlog within days (Cooper, 2022).

3. X-Bow Systems

X-Bow Systems developed a solid propellant rocket and propellant referred to as
the Bolt. The successful debut resulted in contracts from agencies, such as the Defense
Research Projects Agency and U.S. Air Force Research Lab. The design optimization of

the X-Bow rocket and propellant manufacturing allows for rapid iteration and
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customization to meet the mission parameters (Hanaphy, 2022). Innovations of this type

will potentially lessen the United States’ foreign dependency.

4. Amphibious Assault Ship LHD 5

USS Bataan (LHD 5) is the first Navy ship to install a permanent metal 3D printer
aboard (Blenkey, 2022). A 3D technology, Meltio3D and the Haas TM-1 computer are
proven to operate reliably while afloat. A 3D printer, which produces polymeric
components, was also installed. The manufacturing capability promotes self-sustainment

within the ship, SCR, and increases the ship’s operational availability.

These projects highlight the AM benefits and contributions to the OIB restorative
initiatives. Each supports SCR and self-sustainability through the incorporation of AM.
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III. LITERATURE REVIEW

Chapter III provides a discussion of the root causes of the OIB deficiencies, the
impact of AM to the logistics and SCR efforts, and the policies to support the incorporation
of disruptive technology to restore the OIB.

Sharma et al.’s (2021) research suggested that outsourcing seems to be an effective
solution; the current geopolitical issues and world health crisis expose the vulnerability of
a globalized trade policy and partnerships. As a result, the United States and other countries
are reevaluating their political and financial policies and the importance of self-
sustainment. These drivers have perpetuated an increase in the economic nationalism
ideology. The urgency to facilitate self-sustainability has necessitated a requirement for

R&D and manufacturing initiatives.

Systematic and cyclic factors accelerated the demise of the U.S. OIB (Interagency
Task Force, 2018). The manufacturing demands, coupled with the political, economic, and
technological revolution, forced the manufacturing industry to reevaluate its business
strategies. While these factors are not all-encompassing, each is detrimental and contributes
to the decline of industry. Business strategies were revised to incorporate trade-offs, such
as the outsourcing of manufacturing, which involved the relocation and closure of
manufacturing facilities, albeit these short-term solutions did not account for the long-term

ramifications to the national economic structure and security posture (Mehta, 2018).

According to Altman (2020), the inherent risk of globalization was not considered
in depth. In retrospect, little forethought was given to national security and socioeconomic
implications concerning the DOD objectives, manufacturing strategies, and import
policies. A culmination of the political landscape and COVID-19 pandemic, which have
heightened the country’s economic issues, have brought the consequences of globalization

to the forefront (Altman, 2020).

The deindustrialization of manufacturing was a critical milestone that led to import
dependency (Interagency Task Force, 2018). The U.S. MIB has experienced a gradual

decline for 5 decades. The most significant decline occurred in 2010, as depicted in Figure
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11. According to the Fiscal Year 2020 Industrial Capabilities: Report to Congress, the
manufacturing industry accounted for 40% of the gross domestic product (GDP) in the
1960s, which decreased to 12% as of 2020. This equates to over 5 million manufacturing

jobs from 2000 to 2015 (OSD A&S Industrial Policy, 2021).

Manufacturing Employment (Millions of Workers)

Figure 11. GDP Decline in Manufacturing. Source: OSD A&S Industrial
Policy (2021).

The ascension of globalization and neoliberalism is contemporaneous with the
decline in manufacturing (Interagency Task Force, 2018). The shift in government policies
to align with the emergence of electronic commerce, the information technology
revolution, and economic factors resulted in globalization. While globalization is more
cost-effective for corporations, shareholders, and consumers because of the lenient labor
and environmental regulations, these benefits have become a constraint to the U.S.
economy and national security. The residual effects of the unbalanced U.S. domestic versus
international manufacturing scale are present throughout the country to this day. The
resulting domino effect caused disruptive political, socioeconomic, and economic strain

throughout regions in the United States (Interagency Task Force, 2018).
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There are varying consequences of globalization, such as the increased risk of
cybersecurity attacks, weapons proliferation, and the potential for additional global health
crises. The widespread effect of globalization not only impacts the economy but also poses
anational security threat (Davis, 2003). In terms of manufacturing, globalization liberalizes
imports and exports. This free-trade approach with limited government intervention has
led to China’s global manufacturing dominance. The detrimental effect of these
neoliberalism-influenced and free-trade approach policies is evidenced by the current OIB
infrastructure. The collective short-term financial gain and savings for U.S. corporations,
shareholders, and consumers are minute in comparison to the long-term damage to the OIB
infrastructure. As a result, the United States is reassessing its dependence on other
countries. This new mindset of economic nationalism has prompted DOD and commercial
research initiatives to advance manufacturing in the United States (OSD A&S Industrial

Policy, 2021)

A. ORGANIC INDUSTRIAL BASE

The decline in the U.S. OIB correlates with the ascension of market globalization.
Furthermore, the recent global COVID-19 pandemic, coupled with political and economic
circumstances, highlights the deficiencies in the supply chain infrastructure (OSD A&S
Industrial Policy, 2021). The OIB subsets, the DIB and MIB, have experienced a significant
decline. While globalization is the primary catalyst for this conundrum, it is not all-
encompassing. Political, economic, and technological determinants facilitated
globalization in the United States, which has resulted in import dependency. These
catalysts are twofold: first, in terms of attributing to the defense and manufacturing
capability gap in the United States, and second, in respect to functioning as a basis for the

strategic initiatives to revive the industry.

The United States’ DIB is known for its ascendancy. Furthermore, the MIB is
attributable to the defense infrastructure. The 2021 OSD(A&S) Industrial Policy report
suggested that China continues to increase its annual military budget, as indicated in Figure
12. The U.S. defense strategy must focus on its post existence. China is a primary source

of critical resources, such as the raw materials and chemicals required to produce
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propellants, such as lanthanide. It is strategically imperative to implement measures to
safeguard national security, considering the current geopolitical climate (OSD A&S

Industrial Policy, 2021).

China's Defense Spending 1999-2018
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Figure 12. China’s Multiyear Financial Defense Strategy. Source: OSD A&S
Industrial Policy (2021).

Notwithstanding the increase in adversaries, U.S. complacency, coupled with
distractions of the Iraq and Afghanistan wars, impeded the implementation of a strategic
plan. Presently, the strategic imperatives to advance the DIB include a risk management
framework to restore industrial readiness. According to a White House (2022) report titled
Safeguarding Our National Security by Promoting Competition in the Defense Industrial
Base, the framework must emphasize competitiveness, oversight of mergers, small

business opportunities, and supply chain resilience.

The National Defense Industrial Association (2023) concluded that the current state
of the U.S. manufacturing industry is an indicator of its competitive disadvantage. U.S.

DIB competitiveness is stymied by bureaucratic processes and policies. Subsequently,
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there is a reduction of new entrants in the DIB, as shown in Figure 13. The shrinking

industrial base inhibits competition, diversity, and innovation (NDIA, 2023).

FEWER FIRMS ARE ENTERING THE U.S. DIB
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Figure 13. New Entrants in the DIB. Source: NDIA (2023).

The research, development, and employment of the AM capability is supportive of
the DIB restoration strategies. AM technology has the capability to ease the supply chain
burden, reduce production costs, foster innovation, streamline operations, and sustain
processes. The challenge of restoring the industrial bases, in turn, is the catalyst for R&D
to advance the direct digital manufacturing paradigm, referred to colloquially as AM and
3D printing. Technological and strategic mechanisms, such as Industry 4.0, Industrial
Internet of Things, U.S. national strategy, DOD AM Strategy, and Manufacturing USA are

supportive of U.S. strategic objectives.

According to analysis conducted by a Reagan Institute task force, there are
fundamental areas that must be addressed to revitalize the MIB. Training, incentives for
domestic manufacturers, and establishing an international oversight forum to support
national security policies would support the continuous improvement of U.S.
manufacturing competitiveness (Task Force on National Security and U.S. Manufacturing

Competitiveness, 2021). The AM paradigm is a key component in the resurgence of
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manufacturing in the United States, which is often referred to as the 4th Industrial
Revolution. Prospectively, the inherent characteristics of the manufacturing paradigm

could foster a resilient supply chain and logistics infrastructure.

B. LOGISTICS AND SUPPLY CHAIN

The Executive Order on America’s Supply Chains, issued by the White House on
February 24, 2021, is supportive of an agile supply chain infrastructure. A more resilient
supply chain will foster sustainability, strengthen national security, and cultivate economic
stability. For example, the Ukrainian war has underscored the importance of a responsive
supply chain. It is vital to have a manufacturing capability with the capacity to respond to
national security threats, obsolescence, sole source supply, and depletion issues (White

House, 2021).

The inefficiencies in the U.S. supply chain framework are a consequence of the
waning U.S. MIB. Consequently, weakened national security is an implication of import
dependency. Supply chain disruptions are an intractable problem within the DOD and
commercial industry, as evidenced during the COVID-19 pandemic and Ukrainian war.
The primary objective of the supply chain infrastructure is to enable resiliency in normal
operations and heightened crises. However, the current infrastructure is resource-
challenged and lacks agility. The current system is overly reliant on imports, which exposes
U.S. vulnerabilities and sustainability challenges. Furthermore, the current JIT

manufacturing model is incapable of supporting heightened crises.

According to Naghshineh and Carvalho (2020), AM supports the JIT model;
however, the differentiating factor is that technology has an innate ability to support both
proactive and reactive planning. AM is not bound by economies of scale; therefore, it is
supportive of the strategic prioritization of inventory levels, with the potential to reduce
the logistics footprint. The supply chain design and proactive and reactive capability
attributes of AM correspond to the DOD objectives to support a resilient supply chain. The
employment of integrated AM technology and processes fosters design flexibility,
promotes efficiency, and facilitates redundancy and cost-effectiveness to enable the DOD

competitive advantage and military readiness. Considering the current geopolitical climate,
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the responsiveness of the supply chain, also referred to as SCR, is a fundamental element
of the DIB initiatives. A dynamic SCR infrastructure would address the supply chain issues
by thwarting the parts obsolescence, sole source supply, depletion, and small batch
manufacturing concerns. Prospectively, it could decrease the total ownership costs of
systems. AM contributes to cost reductions by enabling a noncomplex and agile supply
chain infrastructure. A noncomplex infrastructure is achieved through logistics footprint

reduction and the simplification of product designs (Naghshineh & Carvalho, 2020).

C. DOD INSTRUCTION 5010.44: INTELLECTUAL PROPERTY
ACQUISITION AND LICENSING

According to the DOD Instruction 5010.44, the overall objective is to the balance
the interests of the U.S. government and industry regarding IP. The instruction also
emphasizes the importance of an effective IP strategy, which considers the project
requirements and triple constraints. Thus, ensuring the system will perform per the
specifications throughout its life cycle and encouraging technological advancements.

(Office of the Under Secretary of Defense for Acquisition and Sustainment, 2019).

D. DOD INSTRUCTION 4120.24: THE DEFENSE STANDARDIZATION
PROGRAM

DOD Instruction 4120.24 addresses materials standardization, including
information technology and facilities. These areas must be addressed throughout the
acquisition process (Department of Defense, 2018). This is especially important as the
DOD adopts disruptive technologies like AM. The innovative technology must follow the

same rigor and standards as it goes through the acquisition process.

The United States’ globalized ecosystem is a root cause of the OIB deficiencies. A
disruptive technology such as AM is supportive of a resilient logistics and supply chain
infrastructure. An ecosystem that is both proactive and reactive will further advance the
DOD SCR efforts. AM with considerations for standardization and IP concerns is a viable

solution to achieve SCR.
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IV. CASE STUDY

This case study will explore the EMAM project. An assessment of study highlights

the benefits and constraints of nontraditional manufacturing and AM.

A. SITUATION

The Cartridge Actuated Device/Propellant Actuated Device (CAD/PAD) Joint
Program Office (JPO) requested an EMAM project review to determine the path forward
and transition the technical baseline to the Program Management Agency (PMA) 007.

B. INTRODUCTION

On an early spring morning in 2016, Bob Urban, the program manager from
Manufacturing Technology Systems (MTS), and William Smith, the senior CAD/PAD
engineer from the NSWC IHD, were discussing the HES 5808 anomalies. Earlier that
morning, Urban and Smith informed CAD/PAD JPO Program Manager Trent Mahoney
and Deputy Program Manager Foster Harrison about the concern over the high rate of

anomalies.

With well over 125 years of manufacturing experience under its belt, NSWC IHD
was faced with a dilemma. For 50 of those years, the HES 5808 had been in use. For years,
the CAD/PAD program had struggled with HES 5808 propellant production issues related
to meeting delivery schedules and vendor and IP transitions. The organization
contemplated this issue regarding the HES 5808 product quality, the shrinking DOD
industrial base, and IP rights.

C. BACKGROUND

The EMAM R&D study evaluates the efficacy of the AM methodologies, DIW and
DLP, in relation to the manufacturing of propellant. The catalysts for the study are the high
rate of defects and constraints of traditional manufacturing. The HES 5808 is a critical
component of the M91 Impulse Cartridge, which is utilized in the AV-8, F-5, F-16, and T-

38 aircrew escape systems. The project sponsors include the following:

ACQUISITION RESEARCH PROGRAM
DEPARTMENT OF ACQUISITION, FINANCE AND MANPOWER
NAVAL POSTGRADUATE SCHOOL

27



1. Navy Manufacturing Technology, Manufacturing Technology Program
Office/ONR

2. Naval Sea Systems Command 05T
3. CAD/PAD JPO

The HES 5808 is a high temperature—resistant and ammonium perchlorate—based
composite propellant utilized in the aircrew escape system. The high temperature resistance
is a safety requirement, as it ensures the propellant can remain stable in emergency
situations. It is utilized in the M91, M93, and M73 cartridges and the F-18 canopy remover.
The motor performance is determined by the HES-5808 propellant grain shape and size.
The propellant grains are cast-molded, with the viscosity of hard rubber or plastic. The
propellant is manufactured separately and loaded into a cartridge, also referred to as
cartridge-loaded or freestanding grains, as illustrated in Figure 14. The existing HES 5808
is the only formulation qualified for use in the CAD/PAD M91, M93, and M73 cartridges

and the F-18 canopy remover.
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Figure 14. HES 5808 Cartridge-Loaded Grain. Source: Aerospace Notes
(n.d.), Naval Air Systems Command (2023).

1. Key Performance Parameters

Based on Weapon Specification DTL-WS-35770, the key performance parameters
are the formulation, weight tolerances, ingredient lot, and form and dimensions, as

indicated in Table 2.
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Table 2. HES 5808 Key Performance Parameters. Source: Naval Surface
Warfare Center Indian Head Division (NSWC THD, 2015).

# KPP Threshold/Objective

Formulation Ingredient weight percentages shall be 78—-86%
Ammonium Perchlorate, 10-16% Cellulose Acetate,
and 3—5% Methyl Phthalyl Ethyl Glycolate

2 Weight Tolerances Minimum accuracy of + .05% within the formulation
weight ranges

3 Ingredient Lot Cross blending of ingredients from different lots is not
permitted
4 Form and Dimensions | Grains’ geometry shall be right circular cylinder with

open cylindrical perforation(s) parallel to the
longitudinal axis of the grain and evenly spaced across
the circular face of the grain. The grain surface shall be
smooth.

a. Work Breakdown Structure

Solid propellants are made up of three basic ingredients: oxidizer, fuel, and binder,
as illustrated in Figure 15, HES 5808 Work Breakdown Structure. Chemical composition
and geometry are key considerations when developing energetic material. In the event of
an emergency, the HES 5808, EM, or stored energy triggers a series of events to eject the

aircrew members from the aircraft.

An oxidizer is a substance that promotes combustion (Ashish et al., 2019). The
binder serves as a bonding agent for the fuel, which is oxidized in the combustion event
(Chaturvedi, & Dave, 2019). The fuel is the catalyst that works in conjunction with the
oxidizer and binder to produce consistent burn (Chaturvedi & Dave, 2019). The key
attributes are burn rate, oxygen balance, density, and heat of formation, which are defined

as follows:

1. Burn rate is a measurement of the rate of combustion (Chaturvedi &

Dave, 2019).
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Figure 15.

T

Oxygen balance is the measurement of oxygen in a compound. There is

direct correlation between the concentration of oxidation and propulsion

(Ashish et al., 2019).

Density 1s a measure of explosive potential by volume (Ashish et al.,

2019).

Heat of formation is a measurement of the total energy and temperature

released during combustion (Chaturvedi & Dave, 2019).

HES

Oxidizer

[

Burn Rate and
Oxygen Balance
|
Density and
Heat of Formation
|
Maximum Gas
Volume
|
Humidity and
Safe to Handle
|
Availability and
Compatablity
1

Low Cost and
Shelf Life

)

Fuel

Capability
Controlled Ignition

Rapid Propogation
of Reaction

Burn Rate

Compatibility

Binder

Shelf Life

Compatibility
|

Low Viscosity
|

Burn Rate

HES 5808 Work Breakdown Structure. Adapted from Ashish et al.

(2019), Chaturvedi and Dave (2019).
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2. History

Throughout the years, the ownership of the HES 5808 propellant formulation and
the associated IP rights transitioned several times due to company acquisitions, as
illustrated in Figure 16. The limited number of HES 5808 consumers is not economically
feasible from the vendor’s perspective. The government was Alliant Techsystems’ only
HES 5808 customer at one point. In 2004, the company determined it could no longer
manufacture the propellant based on the original terms. Therefore, Alliant Techsystems
granted NSWC IHD the government exclusive IP rights to manufacture HES 5808. NSWC
IHD successfully assumed the role of manufacturer. Eventually, Alliant Techsystems sold
the formulation and IP rights to MTS. NSWC IHD discontinued the manufacturing and
awarded a sole source contract to MTS in 2021 (T. Bryant, email to author, April 3, 2023).
The uncertainty regarding the IP rights was resolved in 2023, when the IP rights were
granted to NSWC IHD due to the organization’s significant contribution to the HES 5808
formulation. NSWC IHD intends to resume the manufacturing of HES 5808 (B. Kerlin,
email to author, August 21, 2023).

HES 5808 Manufacturing Industrial Base

ALLIANT MANUFACTURING
TECHSYSTEMS TECHNOLOGY SYSTEMS

« HES 5808 IP Rights Owner. « MTS Systems acquired the HES
* Granted NSWC IHD IP rights for government 5808 IP rights.

only contracts in 2004. = NSWC IHD awarded a sole source
= Company sold in 2015. contract to MTS in 2021.

HERCULES NSWC IHD
INCORPORATED + Manufactured the HES 5808 from 2004 to

« HES 5808 IP Rights Owner. A0z

+ Purchased by Alliant Techsystems « IP rights confirmed in 2023. Organization is
in 1994, implementing a strategy to resume

« Caompany dissolved in 2008. production.

Figure 16. HES 5808 Industrial Base Timeline. Adapted from T. Bryant
(email to author, April 3, 22023).
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The CAD/PAD JPO and NSWC IHD conducted an assessment that resulted in

several research efforts:

1. AM research: The ONR and NSWC THD conducted the advanced
manufacturing R&D of the HES 5808 propellant, which is referred to as
the EMAM project.

2. Traditional manufacturing research with HES 5808: MTS and NSWC IHD

researched the traditional manufacturing of the HES 5808 formulation.

3. Traditional manufacturing research with new formulation: NSWC IHD
conducted an R&D study referred to as the Proof of Principle Study to
Replace RDX in LOVA-Style Propellant Formulations (Allen & Bichay,
2017). The objective of the study was to identify a feasible HES 5808

alternative to support the traditional manufacturing process.

D. TRADITIONAL MANUFACTURING

The HES 5808 propellant is a specialized formulation that must be produced in a
controlled environment. The constraints of traditional manufacturing result in waste and
quality inconsistencies. The manufacturing capability gap results in production issues
related to meeting the delivery schedules and IP concerns because of vendor transitions.
There is a high rejection rate when HES 5808 is produced via the traditional manufacturing
method due to physical anomalies such as cracking, curved grains, small pits, and dilated/
collapsed perforations, as illustrated in Figure 17. The primary issue is the internal cracking
inside the grain between the perforations, which can lead to performance degradation and

waste. The inconsistency in quality directly correlates to performance.
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Figure 17. Traditional Manufacturing Anomalies.
Source: Parker and Knott (2018).

1. Traditional Manufacturing Process

The traditional manufacturing method primarily involves three steps:

1. Mix the ingredients with solvent to form a malleable dough.
2. Extrude the dough into gun-type propellant grains.
3. Dry the grains to remove the excess solvent and moisture.

2. HES 5808 Traditional Manufacturing Research

MTS and NSWC IHD conducted research and testing. The test results were briefed
to the stakeholders in 2018.

Closed vessel testing involves burning a controlled amount of propellant based on
a set of predetermined specifications in a vessel. The HES 5808 closed vessel testing
demonstrates quality and consistency issues within the same production lot via the
traditional manufacturing process. As illustrated in Figure 18, the outliers are an indication
of the inconsistencies of the traditional manufacturing process. Ideally, the sample results

should be closer or tighter in formation.
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HES 5808.32 Lot - Vivacity @70°F HES 5808.32 Lot - Pt @7T0°F

Figure 18. Closed Vessel Testing. Source: Parker and Knott (2018).

The HES 5808 geometry varies depending on the end use/cartridge application. The
cracking and rough surface issues are more prevalent in the larger geometries (Parker &
Knott, 2018). The HES 5808 traditional manufacturing research focused on the propellant
formulation, mixing parameters, solvent system, and blocking. The research team analyzed
the solids fill percentage and the plasticizer/polymer ratio of the propellant formulation.
An assessment of the mixing parameters with a focus on the order of ingredients and
ingredient preparation was completed. Next, the research team analyzed the solvent system
with a focus on the solvents used, ratio, and loading. The team determined that three of the
propellant ingredients can be adjusted as explained in Table 3. The ratio of ammonium

perchlorate and methyl phthalyl ethyl glycolate (MPEG) was investigated in the study.
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Table 3.  HES 5808 Primary Ingredients. Source: Parker and Knott (2018).

Ingredients Weight Percent
Ammonium Perchlorate T8 - 86
Cellulose Acetate 10- 16
Methyl Phthalyl Ethyl Glycolate 3-5
Tatal 10020
Graphite 0.40 Max

a. Quality

The formula modifications yielded the results in Table 4.

Table 4. Formulation Type and Results. Source: Parker and Knott (2018).

Formulation Ratio Results
High Solids Fill High Plasticizer/ Improved Internal, Poor
Polymer Ratio External Quality
High Solids Fill Lower Plasticizer/ | Poor Internal, Improved
Polymer Ratio External Quality
Low Solids Fill Lower Plasticizer/ | Improved Internal and
Polymer Ratio External Quality

Modifications to the formulations to high solids fill, high plasticizer/polymer ratio
improved the internal issues, but the external quality did not improve. The internal cracking
is illustrated in Figure 19. Three of the 30 grains have internal cracking, which is indicated

by the circles.
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Figure 19. High Solids Fill With High Plasticizer Results. Source: Parker and
Knott (2018).

Modifications to the formulations with high solids fills and lower plasticizer/
polymer ratio improved the external issues, but the internal quality did not improve. As
illustrated in Figure 20, 27 of the 30 grains had internal cracking. In this case, the circled

grains do not have cracks.

Figure 20. High Solids Fills With Low Plasticizer Results. Source: Parker and
Knott (2018).

Modifications to the formulations with low solid fills and lower plasticizer/polymer
ratio improved both the external and internal quality. The external and internal

improvements are depicted in Figure 21.
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Lot IH18BHESSE-046 Side View, Uneut

Figure 21. Low Solids Fills With Low Plasticizer Results. Source: Parker and
Knott (2018).

The R&D of multiple iterations of the formulation was conducted throughout the
years. Acetone and ethanol were used to manufacture the HES 5808 propellant in the past.
However, there is an increased risk when handling and processing due to the volatility of
the solvent. Other iterations of the formula were researched to identify a less volatile
solvent: ethyl lactate, butyl acetate, and the combination of both, an Ethyl LactateButyl
Acetate. Recently, the solvent is a combination of ethanol, acetone, and Ethyl LactateButyl

Acetate solvent with varying ratios and loadings.

Per the MTS and NSWC IHD research findings, the mix preparation and order in
which the ingredients are added have significant impact on the overall quality. The research
concluded that combining the ammonium perchlorate, MPEG, and process solvents
requires a 16-hour wicking period. The solvent system and plasticizer, MPEG are key
ingredients, which solubilizes the cellulose acetate. There is a notable improvement in the
strength of the propellant strands during extrusion, when using this method. In addition, a

less volatile solvent is required.

The effective mixing and propellant-to-solvent equilibrium are crucial elements.
The propellant dough must be consistent, and the dough must be mixed, and the material

must be loaded in the blocking press within the predetermined time.
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MTS and NSWC IHD manufactured the prospective mixtures in May 2018. The
objective was to further analyze the solids-to-binder ratio, proposed ingredient preparation

method, ratio of solvents, blocking preparation, and drying process.

b. Cost

The average cost per unit is $10.00.

c. Supply Chain

NSWC IHD was the only manufacturer of the M91 cartridge as of 2004. A contract
was awarded to a second source M91 manufacturer, ACME. The M91 manufacturer is
responsible for loading the cartridge with the HES 5808 solid propellant as illustrated in
Figure 22. MTS and NSWC IHD are both qualified HES 5808 manufacturers. MTS is the

primary manufacturer. NSWC IHD is developing a strategy to resume production.

TRADITIONAL
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Figure 22. Supply and Logistics Framework. Adapted from Thomas and
Gilbert (2014).
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d. Intellectual Property Challenges

After lengthy assessment, NSWC IHD obtained the HES 5808 IP rights as result of
the organization’s significant contributions. IP rights concerns are common throughout the

DOD and apply to both traditional and AM.

3. Proof of Principle Study to Replace RDX in LOVA-Style Propellant
Formulations

The Proof of Principle study to replace the RDX in LOVA-style propellant
formulations focused on the development of a HES 5808 perchlorate-free propellant
alternative. Ammonium perchlorate is an oxidizer that is commonly used in solid
composite rocket/missile propellants. The HES 5808 product is comprised of up to 86% by
weight of this oxidizer. The objective was to produce a similar propellant in terms of the
burn rate and granulation to ensure the ballistic performance was not compromised. The
formulation could potentially replace the HES 5808 in the CAD systems. Allen’s and
Bichay’s research explains the alternative propellant is comprised of the following
ingredients:

Cyclotetramethylene tetranitramine (HMX)
Nano-sized aluminum fuel

Strontium nitrate oxidizer
Small quantities of mixing and processing aids (Allen & Bichay (2017)

The ingredients utilized in the conventional formulations are the basis for the
selection of energetic ingredients and propellants. Two formulations were developed and
analyzed: nano-aluminum and oxidizer and micron-sized aluminum and oxidizer. The

research results are explained in Table 5.

Table 5.  LOVA-Style Formulations and Results. Adapted from Allen and
Bichay (2017).

Formula Results
Nano-aluminum and oxidizer | Increased the burn rate
Micron-sized aluminum and | Little effect on the burn rate
oxidizer
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a. Quality

Both nano-aluminum and micron-sized aluminum and oxidizer formulations met
the readiness criteria for demonstration testing based on the performance. The burn rate

and simulated ballistic performance of the replacement propellant were within ranges
similar to HES 5808.
b. Cost

The cost information is not available.
c Supply Chain

The MO91 cartridge supply chain would parallel the traditional manufacturing with
HES 5808. Upon successful testing, NSWC IHD would be the only qualified manufacturer
of the LOVA-style formulation. The supply chain structure would be similar to the
traditional manufacturing with HES 5808 as depicted in Figure 23.
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Figure 23. Supply and Logistics Framework. Adapted from Thomas and
Gilbert (2014).

d. 1P Challenges

NSWC IHD is the IP rights owner, and there are no IP rights concerns.
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4. Risk Assessment

MRL and TRL ratings were applied as indicated in Table 6.

Table 6.  Traditional Manufacturing MRL and TRL Ratings.

Traditional Manufacturing Traditional Manufacturing
With HES 5808 With LOVA Style

MRL
TRL

E. ADDITIVE MANUFACTURING

In early 2017, the ONR funded $1,727,000 to conduct the research and feasibility
analysis of AM in energetics, specifically the HES 5808 (Painter, 2022). A NSWC IHD
six-member team, which was comprised of a project leader, chemical engineers,
mechanical engineers, and chemists, was established (Perry, 2022). The HES 5808 was
selected because of its simplistic formulation and inherent traits, such as low sensitivity to
friction, impact, and static discharge. The AM methodologies, DIW and DLP, were

selected as potential candidates.

1. Energetic Materials Additive Manufacturing Project Feasibility
Analysis

The team conducted a feasibility analysis to determine if the HES 5808 was a viable
candidate for AM manufacturing. The decision support criteria utilized to assess the project

suitability is depicted in Figure 24.

1. Quotation support involves the evaluation of the AM hardware,

methodology, and materials.

2. Capital investment support considers the cost, compatibility, and product
specifications when assessing the AM hardware, methodology, and

materials options.

3. Process planning support involves the project planning and resource

allocation.
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4. Decision theory assesses the options and trade-offs based on the priorities

established by the stakeholders.

EMAM Feasibility Analysis Criteria 9/6 )

Given a part, which machine and material . wy Elements
@ and material should | use to build? " 4
0 Options - the items from which the decision-maker is selecting.

Expectations - of possible outcomes for each option.

& Preferences-how the decision-maker values each outcome.

2 Capital Investment Support
Given a design and industrial profile, what is
the best machine that | can buy to fulfill my
requirements?

Selection- the indication of preference, based on multiple
attributes, for once among several alternatives.

Compromise - the improvement of an alternative through
modification.
3 Process Planning Suppport

Coupled and Hierarchical - decisions that are linked together,

Given a part and a machine, how do | set it such as selection-selection, compromise-compromise, or
up te work in the most efficient manner selection-compromise.

alongside my other operations and existing

tasks?

Figure 24. EMAM Project Assessment Criteria. Adapted from Gibson et al.
(2021).

2. Additive Manufacturing Methodology Selection

The EMAM team’s assessment of the DIW and DLP AM methodologies is based
on the criteria shown in Figure 25. This criterion is the basis for the 3D printer technology
and methodology selections. The objective of the technology assessment is to identify a
3D printer and methodology that is compatible with the project requirements. Both the 3D
printer and methodology must be capable of achieving the desired dimension accuracy and

surface finish (Niaki & Nonino, 2018).

T
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The geometry criteria, maximum dimension, and part complexity are evaluated to
determine the compatibility with the 3D printer and methodology. The level of geometric
complexity is a determining factor (Niaki & Nonino, 2018).

The performance criteria are hypothesized based on the previous research of the

methodology.

An economic assessment was completed based on the criteria, running cost, post-
processing cost, material cost, and equipment cost. The evaluation ensures the 3D printer
and methodology will accomplish the project requirements within the cost constraints and

total ownership costs.

The productivity criteria, scan speed, overhead time, and post-processing time are

used to assess manufacturing time.
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AM METHODOLOGY ANALYSIS PROCESS

The most suitable
Level 1
eve Criteria AM methodology

h Fo -. ™ { ¥ Y
\
Technology J Geometry J [ Performance J |l Economy J l Productivity !

B ThEm | |

Level 2 Criteria [

Dimension Maximum Burn Rate LD Scan speed
Accuracy Dimension Post-Processing
Level 3 gup_criteria s Overhead Time
Surface Part Complexity Heat of Formation Material Cost
roughness (Burn Rate Post-Pr
Measurement) Equipment Cost Time
Level 4 Alternatives
Digital Direct
Light Ink
Processing Write

Figure 25.  AM Methodology Selection Process. Adapted from Niaki and Nonino (2018).
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3. Materials Analysis and Selection

The EMAM team assessed the HES 5808 product requirements and determined that
a polymeric form of material is most suitable. The state of fusion, material feedstock,
material distribution, basic AM principles, and process categories or methodologies are
assessed based on the product specifications. The highlighted information in Figure 26
pertains to the DIW and DLP methodologies. Next, further analysis of the material

assessment is reinforced in the methodology selection.

AM Processing Principle for Polymer

- s e s . - qr—

. -
SF SR S s

==

Figure 26. Polymeric Principles of AM. Adapted from Gibson et al. (2021).
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4. Hardware Selection

The team conducted further analysis to select hardware to support the DIW and
DLP AM methodologies. Factors such as the geometric complexity, part size, surface
finish, tolerances, anticipated part life, strength, and stiffness were considered to determine
the AM hardware (Gibson et al., 2021). A comparison of the AM hardware build times and
cost projections was conducted to ensure the project requirements and schedule would be

met (Gibson et al., 2021).

5. Software Selection

The team identified the software supplied by the AM hardware manufacturer to
determine if commercial off-the-shelf software is required. The AM software that is

commonly utilized includes the following:

I. Stereolithography (STL) editor and repair: AM editing software allows the
user to repair errors and design edits to prepare the part for the AM build

process (Gibson et. al., 2021).

2. Slicer and scan generator: Slicer software is built into the AM printer.
External commercial slicer software is also available with dynamic
features, such as extruder prioritizing and adaptive layer height (Gibson et

al., 2021).

3. Process simulation: Process simulation analyzes deficiencies or potential
problems with the design. It is a decision support feature that helps
identify a build strategy (Gibson et al., 2021).

4. Support generation: Support generation identifies where supports are

positioned based on the geometry of the product (Gibson et al., 2021).

5. Topology optimization: Topology optimization is an iterative process that
enables material optimization. Structural optimization and multi-physics

are types of topology optimization (Gibson et al., 2021).

6. Machine scheduling: Machine scheduling utilizes build time information

to maximize scheduling and time utilization (Gibson et al., 2021).
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7. AM process: AM utilizes layer-based manufacturing principles to
construct 3D prototypes and end-use items. As indicated in Figure 27, the
3D product is developed from the 3D computer-aided design model. The
3D CAD model is converted to an STL file. A tessellation of triangles is
generated, which represents the product boundaries (Gibson et al., 2021).
The 3D printer reads the STL file as two-dimensional slices. The product
specifications or build parameters are populated manually. The parameters
pertain to the material energy, dimensions, and time requirements. Thus,
the 3D printer builds each layer as a two-dimensional slice based on the
3D build parameters. The final steps involve the support removal, if

utilized, and finishing processes. The AM process is outlined in Figure 26.

Physical Object Virtual Object
Reverse Engineening «  Specifications
30 Scanming :

-

b4

Exhange Format Conversion STL

v

AM Specific Software

il Part Orientation
Scaffolding

Slicing and Computation
+ Knowledge

Experience

Intermediate Model
- Knowledge
Experience

v
Finished Model

Figure 27. Additive Manufacturing Process. Adapted from Niaki and Nonino
(2018).
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1. Computer-aided design model: The external geometry of the product is

defined in the software representation (Gibson et al., 2021).

2. Exchange format conversion: The AM software converts the computer-
aided design data to the predominantly used file type, STL. The 3D printer
translates the data into layers or slices of information, which are referred
to as software slices (Niaki & Nonino, 2018). The dimensions derived
from the computer-aided design model are used to calculate the software

slices.

3. Skills optimization: Topology optimization is the focal point. The
objective is to analyze geometry to determine the most efficient design,
which optimizes the strength, weight reduction, and geometry and

minimizes material waste (Niaki & Nonino, 2018).

4. AM-specific software: AM software functionality includes relaying
instructions to the 3D printer, performing structural analysis and process
simulations, and serving as a data management repository (Gibson et al.,

2021).

5. Configuration: The STL file is transferred to the AM machine to evaluate
the position, size, and orientation of the part (Gibson et al., 2021). File
manipulation may be required to obtain the product requirements (Gibson
et al., 2021). The setup of the AM machine, including the build

parameters, is completed (Gibson et al., 2021).

6. AM: The build process is automated and requires minimal supervision to
confirm the power, software, material levels, and issues (Gibson et al.,

2021). The part must be removed from the AM platform with care.

7. Post-processing: The step involves the cleaning up, priming, painting, and
removal of support structures, if applicable. The objective is to achieve the
desired surface and texture, which may require heat treatment or final

surface treatments (Gibson et al., 2021).
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6. Quality Control Process

The team established a quality control process, as depicted in Figure 28. The steps
outlined verify the integrity of the product. There are redundancies in place to ensure the
product meets the quality standards outlined in the product specifications. The quality is
monitored throughout the AM production life cycle. The production process is reinitiated
if a concerning quality is identified at any time during the production process (Salmi,
2022). The team assessed the internal and external factors, which impact the part quality,

as outlined in Figure 28 (Dietrich et al., 2019).

Machine
(quality)

{ People
\_ [training level)
- g

Gas Flow Electro Magnetic Interference

Part Selection

: . Laser(s) Pressure
Part Orientation ) Uninterrupted Power
are of Machine Prep R et b
Support Structure oot Humidity
Design Data Flle Management lempetatiie
Choice of Post Processing Build Platform

Build Plate Fastening

Gas Purity AM Part
art

Laser Scanner Parameters "'.‘_‘ Quality

Melt Pool

Powder

Scan Strategy
White Light Imaging

Heat Treatment
Computer Tomography

Solidified Melt CMM Probe

Software for Dimensional
i e b

Dimensional Accuracy Validation
e

Method
(contral)

Part Quality Analysis Criteria

Figure 28. Part Quality Analysis Criteria. Adapted from Dietrich et al. (2019).
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7. Direct Ink Write

DIW is a form of material extrusion. A controlled selective deposition of material

is distributed in a controlled pattern based on the build parameters.

a. Formulation

The team developed an AM-compatible HES 5808 formulation. Identical
composition, ingredients, and processing solvents were utilized to support the AM

processing (Perry, 2022).

b. Hardware Selection and Development
The EMAM redesigned the Fisnar FO000N printer (Perry, 2022).

1. The Fisnar FO900ON is a commercial-off-the-shelf gantry robot originally
intended for in-line industrial automation for large paste dispensing of

materials such as solder, lubricants, epoxy, and so on.

2. The machine’s controller box was completely replaced with open-source
AM hardware to allow for more precise tool pathing, adjustable dispense
rate, in situ analysis, and the use of additional software, such as Duet3D/

RepRap.

3. The extrusion head was completely redesigned to be powered by a DC
motor to handle materials with heavy solid loadings, such as energetic

materials.

c Software

The Fisnar F9000N utilizes Duet3D/RepRap, which is the configuration software
for the printer. A custom data intake form is also used to conduct the data collection, which
relays data directly into the Postgres database. Postgres is a software tool to track 3D build

information.
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d. Quality Controls

An enclosure was designed to address the temperature and humidity in the printing

environment, as illustrated in Figure 29.

Air distribution
> hose

Pressure

relief vent - : - Vortex cooler
[l ey : . thermostat

Figure 29. EMAM Enclosure. Source: Perry (2022).

e. Materials

The material is usually patterned through a nozzle, whose movement is controlled

by software and parameters. The AM energetic feedstock process for the DIW is as follows:

1. Energetic feedstock is manufactured in a Resonant Acoustic Mixer with
the considerations for the key parameters, mix homogeneity, solvent
loadings, and packing of HES 5808 in the syringe without bubbles (Perry,
2022).
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2. Energetic feedstock is loaded in syringes that were adapted to interface

with the AM gantry as depicted in Figure 30 (Perry, 2022).

3. A pneumatic press pushes the energetic material out of the syringe and
into an auger, which in turn can extrude the material through nozzles of

0.41, 0.25, and 0.20 mm in diameter.

Photo credit: NSWC IHD, Systems Engineering Department

Figure 30. Solvent Loading. Source: Perry (2022).

f Curing

Precision is a key advantage of AM, which significantly improves the reliability
and consistency of the HES 5808 propellant grain. The AM product results in
improvements to the ballistic output and product quality. AM is often utilized as a
supplement to traditional manufacturing. In this case, the addition of printers and extrusion
heads would increase the probability of the long-term potential. However, additional

research is required to reduce the ultraviolet (UV) curing drying cycles.
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g Post-Processing

The team inserted needles to clean up the holes when required. Support drains and

angles were also utilized, as shown in Figure 31.

_—

Use of supports and drainage angles.

Figure 31. Post-Processing. Source: Minehan (2022).

8. HES 5808 Development Life Cycle

Figure 32 illustrates the progression or timeline of improvements achieved during

the study. Smaller dimensions were achieved, as illustrated, at the end of the timeline.
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Figure 32. HES 5808 AM Development Life Cycle. Source: Perry (2022).

0. Digital Light Processing

DLP utilizes a light source or DLP projector to cure the layers of photopolymer
(Niaki & Nonino, 2018)). The resin properties are cured from liquid to solid after each
layer is deposited (Minehan, 2022).

a. Formulation

The UV curable feedstock is under investigation for viability as a material to fill
the criteria of product needs. Based on the research findings, the DLP methodology is
compatible with acrylic resins as explained in Figure 33. Acrylic is a viable material

candidate because of its physical properties, such as its density.
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Sample preparation trials for Cellulose based HES 5808 formulation

mechanical properties modification.
* Led to acrylate materials * Ingredients to allow uv gelation.

selection criteria.

Cellulosic w/ UV curative Plasticized Cellulosic gel

TMA Samples: Cut, molded,  or 3D Printed dogbone preparation w/ UV curative
Photo credit: NSWC IHD, Deot R Photo cradit: NSWC IHD, Deot R

Figure 33. DLP Materials Research. Source: Minehan (2022).

b. Hardware Selection and Development

The B9Creations printer and modified projector simultaneously cures a full x-
section layer of UV-sensitive resin (Minehan, 2022).

c. Software

DLP utilized software similar to DIW. The specific software information is not
available.

d. Quality Controls

The team utilized the EMAM enclosure to regulate the printing environment.

e. Materials

The materials are under investigation.

JA Curing

DLP uses UV light to cure polymeric feedstock.

g Post-Processing

A process similar to DIW is required.
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(1) Cost Analysis

The cost information is not available. A projected decrease is expected because of
the waste reduction and other efficiencies. As with most AM projects, the AM machine
accounts for the highest percentage of the total costs as illustrated in Figure 34 (Kamara &
Faggiani, 2021). The current average cost per unit for the HES 5808 is $10.00. Generally,

the part cost increases based on the complexity.

ADDITIVE MANUFACTURING PRODUCTION COST ESTIMATION

Post-Processing
10%

Materials
24%

Initial Machine
56%

. Post-Processing

Figure 34. Additive Manufacturing Costs. Adapted from Kamara and
Faggiani (2021).

(2) Supply Chain
The M91 cartridge supply chain would parallel the traditional manufacturing with

HES 5808. Upon successful testing, NSWC IHD would be the only qualified AM

manufacturer. The supply chain structure would be like the traditional manufacturing with

HES 5808 as illustrated in Figure 35.
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Figure 35. EMAM Supply and Logistics Framework. Adapted from Thomas
and Gilbert (2014).

3) IP Challenges

It was determined that NSWC IHD has IP rights to the HES 5808 formulation.

(4) Risk Assessment

The MRL and TRL assignments indicated in Table 7 are based on the development
phase.

Table 7. MRL and TRL Risk Assessment

Direct Ink Write Digital Light Processin
MRL
TRL

F. PROJECT REVIEW PREPARATION

The EMAM team conducted an internal meeting to prepare for the project review.
The CAD/PAD JPO distributed a list of agenda items: BTI, SWOT analysis, project

schedule, and project constraints.
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1. Barriers to Implementation

The BTI analysis, as illustrated in Table 8 is an exploratory cross-sectional
evaluation of the DIW, DLP, and traditional manufacturing methodologies. A qualitative
assessment of the technological, economic, business, and acquisition factors assist in
identifying the R&D and implementation challenges. Predetermined factors are identified
by the CAP authors: AM Technology, Formulation and Materials, Verification and
Validation, Environmental, = Economic, Operational, Acquisition/Procurement,
Configuration Management, Supply and Logistics, and Business Strategy. The EMAM
team applied rating assignments of 1-5, which highlights the facilitators versus barriers for

each manufacturing method. The rating of 1 is a facilitator, while the rating of 5 is a barrier.

1: Exceeds Objectives
2: Meets Objectives

3: Below Objectives

4: Far Below Objectives

5: Under Development

a. Hardware and Software Compatibility

The DIW AM hardware, Fisnar FOOOON, is compatible with the HES 5808
formulation. Although the DLP AM hardware, B9Creations, has the potential to
manufacture a high-resolution product, the formulation concerns are unresolved. The DIW

hardware required no deviation from the HES 5808 formulation.

Both the DIW and DLP analytic and decision support software tool have the
potential to support the product specification requirements. The DIW software
compatibility is a key factor in research advancements. These tools supported the topology
and design optimization, which facilitated less waste and a reduction in anomalies. The

DLP tools were less compatible and prohibited the development process.
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b. Feasibility and Compatibility of Formulation and Materials

Per the BTI scores applied, the DIW and DLP methodologies are both feasible and
compatible manufacturing solutions. The ability to meet the HES 5808 formulation
specifications is evaluated using the feasibility criteria. The HES 5808 formulation did not
require a modification to support the DIW manufacturing process. A formulation
modification is required to support the DLP manufacturing process. The ability to perform
the manufacturing process without deviating from the HES 5808 formulation indicates

DIW is a more feasible solution.

The compatibility criteria assess the formulation and materials in conjunction with
the AM technology. In terms of compatibility, both the DIW and DLP are compatible.
However, additional research is required to identify material that is compatible with the

DLP methodology. DIW can extrude the materials with viscosity considerations.

c. Reproducibility, Repeatability, and Reliability

The assessment of the key performance indicators—reproducibility, repeatability,
and reliability—is derived from the quality assurance, testing, safety, and analysis criteria.
Quality assurance is evaluated in terms of the ability to replicate the product dimensions,
density, and composition. DIW, DLP, and traditional manufacturing can achieve the

quality assurance requirements.

Testing to determine the viability of each manufacturing type is required to assess
the cost-effectiveness in comparison to the project triple constraints. Viability testing was

conducted for both DIW and traditional manufacturing. The testing is incomplete for DLP.

The safety assessment asserts that DIW, DLP, and traditional manufacturing follow
the safety protocols. Additional safety measures, such as the encapsulation of fumes, are
achievable with AM. The safety requirements are attainable for each methodology, but the

AM enclosure limits the exposure of fumes.

The analysis is completed in a simulated environment when assessing the DIW,
DLP, and traditional manufacturing. In situ analysis can be utilized throughout the AM

manufacturing process to identify design and topology anomalies and corrective actions.
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Postproduction simulated conditions, such as closed vessel testing, apply to both AM and

traditional manufacturing.

The likelihood of the product’s performance is ascertained through the evaluation
of the key performance indicators: reproducibility, repeatability, and reliability. These
indicators are measurements that are derived from the quality assurance, testing, safety,
and analysis requirements and results. DIW is more likely to address the reproducibility,

repeatability, and reliability concerns based on the BTI ratings.

d. Environmental Sustainability

AM fosters sustainable environmental practices by reducing energy consumption.
A reduction in energy consumption is achieved through manufacturing processing time
improvements, less fuel resource use, less floor space, less building maintenance, and

drying time reductions. Each of these benefits equates to less energy consumption.

e Economic Sustainability and Viability

The AM methodology can achieve the quality and performance objectives with
considerations for cost-effectiveness and practicality. AM is more cost-effective in
comparison to traditional manufacturing. Benefits such as floor space and processing time
reductions are catalysts for the cost reductions. In addition, the economies of scale are not

a significant economical factor due to the inherent flexibility of AM.

f Operational

The AM methodology can support the manufacturing operations effectively.
Factors such as economies of scale and human system integration will have minimal impact
to productivity and operability. While the development of operation procedures, training,
and workforce development are mitigating factors, minimal impact is expected based on

the level of tasking.

g Acquisition and Procurement Adaptability

The comprehensive benefits of AM are supportive of streamlined acquisition and

procurement Processces.
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h. Configuration Management, Supply Chain, and Logistics

Upon the successful testing of the AM HES 5808 product, NSWC IHD will be the
only qualified HES 5808 AM manufacturer. The acquisition and procurement would
remain like traditional manufacturing. However, there is potential to streamline the process
should NSWC IHD assume the role of manufacturing the M91 cartridge as well as the HES
5808.

The analysis findings of the technological, economic, business, and acquisition

factors are provided in Table 8.
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Table 8.

Barriers to Implementation

Factor Subfactor Area of Analysis Evidence Notes

Hardware Compatibility Product manufactured within Ease of application to the product Based only on the research

Ability to support the manufacturability of physical and chemical properties specification requirements dictated this performed, the DIW AM

propellant assessment. The DLP can provide higher methodology best supported the
resolution of the product. manufacturing of propellent.

Software Compatibility Analytic and decision support tools Ease of application to the product Some same, and different software

AM Technology L t . o .

specification requirements. types were utilized as appropriate to

Ability to support an optimized design with
considerations for design, shape, and topology
optimization

streamlined the design process

the two methodologies.

Data in correlation to specifications
were analyzed.

Feasibility
Ability to formulate with no or minor
modifications

AM formulation developed within the
specifications

The DIW operates using the same
formulation as the traditional manufacture,
whereas the DLP methodology required a
formulation modification.

Formulation and

The DIW compatibility was assessment
based on the ability to extrude with
considerations for viscosity.

DLP requires further research to identify a
compatible material.

Studied variations in viscosity
during research to settle on
convenient printing features such as
material flow control.

Materials Compatibility AM formulation is compatible with
Ability to support the manufacturability in the AM technology.
relation to the AM technology and methodology.
Reproducibility, Repeatability, and Reliability | Quality Assurance

Verification and
Validation

Ability to deliver a comparable or higher quality
product based on the performance and safety
requirements

Ability to meet or exceed the quality
assurance parameters

Product material specifications such as
dimensions, density, and composition are
used as quality assurance parameters.

Testing
Ability to meet the testing parameters

DLP was not researched to the point of
viability testing.

Safety
Ability to meet or exceed the safety
parameters

‘While traditional manufacture meets safety
protocol, AM allows for better
environmental control and encapsulation of
fumes.

Analysis

Ability to monitor and assess the
quality and performance throughout
the AM manufacturing

Performance in simulated conditions is
ultimately used to monitor or analyze the
quality and performance
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Table 8 (cont.)

Barriers to Implementation

Factor Subfactor Area of Analysis DIW DLP Trd Evidence Notes
Sustainability Reduction in materials waste Opverall, a reduction is seen in processing time,
Ability to reduce the resource consumption Reduction in energy consumption which directly reduces energy output and also
Reduction in hazardous waste reduces fossil fuel resource use.
Using less floor space, AM will require less
Environmental 4 building ‘maintenance, hence less energy
consumption.
Less hazardous waste was used by using a
modified solvent selection.
Product drying time will be greatly reduced,
hence even less energy use.
Sustainability Cost Versus Benefit AM is more cost-effective.
Viability Increased cost outweighs the constraints AM can be completed over much less floor
Ability to achieve the quality and Equivalent cost and increased benefits space.
. performance objectives in relation to the cost- | Lower cost and increased benefits AM processes can be completed in much less
Economic . L 4 i 8
effectiveness and practicality time (with less cleanup).
Economies of Scale
Ability to achieve cost-effectiveness as a
low volume scale product
Productivity Processes While AM Training/Workforce Development | Predict that a 3 ranking for
Operability Development of operations procedures requirement is higher, the educational traditional manufacturing will
Ability to support operations effectively in Safety and handling requirement will not exceed the work at migrate to a 4.
terms of the projected economies of scale hand.
Operational with considerations for human system Training/Workforce Development 3
integration Development of training programs and
procedures
Hiring, training, and retention of AM
engineers and other support personnel
Adaptability Processes Less processing time for AM will provide a Predict that a 3 ranking for
Acquisition/ Ability to employ strategic agreements in | Development of contracting strategy 3 distinct advantage. traditional manufacturing will
Procurement relation to cost-effectiveness; competitive | procedures migrate to a 4.
advantage
Traceability Processes
Configuration Releasability Development of streamlined processes
Management, Resiliency to support warfighter requirements 2 2 2
Supply Chain, and Sustainability
Logistics Ability to support a streamlined process
supportive of the AM technology
Feasibility Strategic Objectives A more precise manufacturing process The ranking chosen is overall.
Sustainability Development of strategy that is produces a more consistent product. AM Precision of manufacturing on
Supportive of sponsor’s requirements, economically feasible and supports facilitates the delivery of higher quality different areas affects the
economic objectives, and operational product improvement product to the customer. product in different ways.
Business Strategy effectiveness 2 3 To say, “AM facilitates the
delivery of higher quality
product to the customer,” is a
comparison to traditional
manufacturing.
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2. Strengths, Weaknesses, Opportunities, and Threats Analysis

An analysis of the EMAM competitive advantage is depicted in Figure 36. An
evaluation of the internal and external strengths, weaknesses, opportunities, and threats
(SWOT) was conducted. SWOT analysis is an effective strategic tool that can be used to
evaluate business strategies. The SWOT assessment of strategic areas aids in the

identification of business opportunities, efficiencies, and potential threats.

a. Strengths

Strengths refer to “the internal elements of an organization that facilitate reaching
its goals, while weaknesses are those internal elements that interfere with organizational
success.” (Aldehayyat & Anchor, 2008; Fleisher & Bensoussan, 2003; Lee & Lin, 2008;
Shrestha et al., 2004). Contrary to most explosive manufacturing technology methods, the
HES 5808 does not utilize rare earth elements. Environmental sustainability is another
strength of the AM project. The manufacturing type results in less energy consumption,
which translates to a reduction in volatile organic compounds and less waste. In addition,

software optimization fosters design, shape, and topology optimization.

b. Weaknesses

The availability of industry-wide standards and practices will evolve as AM is
widely adopted. Standards are under development by organizations, such as the
International Organization for Standardization and American Society for Testing and
Materials. The lack of a standardized protocol, scale-up procedures, and benchmark
characterization tests are weaknesses that affect not only the EMAM project but AM
projects in general. An analysis of the HES 5808 supply and logistics framework indicates
that the HES 5808 is a critical component of the aircrew escape system and must be
manufactured in a controlled environment. The organizational culture was deemed a
weakness in this assessment. AM is widely accepted in the commercial industry but is a

novel practice in the DOD due to the change-resistant culture.
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c Opportunities

Opportunities pertain to the external prospects to promote growth and obtain
objectives. Analysis is often utilized to address capability gaps and initiate new activities.
The AM manufacturing process can promote a sustainable product and green initiatives

and offers incentive to support workforce development and retention.

d. Threats

Although AM technology is expanding in the DOD, it is considered novel
depending on the product type, such as propellant. Managing the expectations of the
stakeholders while meeting the AM project requirements is a primary concern. Often,
technological advancements outpace the organizational culture, which may lead to the

valley of death, which pertains to the potential lack of support and funding from the
stakeholders.

The EMAM team briefed the SWOT analysis outlined in Figure 36. A SWOT

analysis is a formal way to analyze the strength, weakness, opportunities, and threats of an

organization.

SWOT ANALYSIS

Economic Sustainability Lack of Standardization Product Sustainabil Adaptation of New Technology
* Resource efficiency promotes lower *AM technology requires development of

=Advanced manufacturing supports a more
sustainable propellant.

operational costs. protocol and scale-up procedures.

+Managing expectations of the stakeholders.

+Streamlined manufacturing process +AM process requires development of +Expanding the stakeholders AM knowledge
supportive of the project tripl i ization tests for Competitive Advantage base.

*Economies of scale/cost effective low propellants. «Leader of the AM manufacturing of HES +Managing obstacles that occur during the
volume production. 5808 propellant with improved quality. early phases of the project.

te: F +Overcoming the Valley of Death.

Environmental Sustainability »Controlled environment for critical Fielding of AM Product

*Lessenergy consumption reduces the ‘component. = Ability to field upon successful testing and

Volatile Organic Compound (VOC). «qualification.

+Design efficiency equates to less waste. Organizational Culture

*Change resistant culture. Environmental Sustainability

Innovation and Competitiveness *Support green initiatives.

*Precise Designs allows for customization.
+Software optimization fosters design, shape Workforce Development

and topology optimization. = Innovative technology is an incentive for

hiring and retention.

Incsitu Analysis

*+Analytic and Decision Support tools enable
quality improvement.

*Improvementin quality equates to improved
performance and safety.

Organizational Core Activity

*NSWC IHD over 125 years of manufacturing
experience.

Rare Earth Elements
*HES 5808 does not utilize rare earth
elements.

Figure 36. EMAM SWOT Analysis
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While AM is a viable solution because of the innate flexibility, which equates to
design and topology optimization, traditional manufacturing is a core activity of NSWC
IHD, as evidenced by the 125 years of experience. The organization also has the capability

to transfer this knowledge in support of the EMAM project.

The benefits and constraints of traditional manufacturing and AM vary depending
on the project objective, manufacturing methodology, and project constraints. However,
AM benefits typically pertain to economic sustainability, environmental sustainability,
innovation, and competitiveness. The technological advantages, such as in situ analysis,

foster design optimization.

AM utilizes less resources, which translates to economic sustainability. Lower
operational costs are achieved through less power consumption and human resources,
while the start-up expenses account for the largest percentage of the total ownership cost.
The flexibility of AM allows for proactive and reactive planning, which makes the

economies of scale less relevant.

The EMAM project has the potential to streamline the HES 5808 manufacturing.
The inherent AM attribute, flexibility, correlates to a more agile AM project. The project
triple constraints are positively impacted, which is attained through the design and
manufacturing flexibility. Design efficiency and customization are supportive of product

improvements with minimal impact to the schedule.

The AM of propellant is novel to the DOD. The lack of standardization, protocols,
benchmark characterization tests, and scale-up procedures are obstacles for the EMAM
project. Additional R&D and testing will support the development of standard practices.
The novelty of the manufacturing type will also impact the decision-making authority’s
perspective. The perceived risk associated with the AM of propellant and change-resistance
culture will significantly impact the decision to establish a formal program. The inability
to reduce the logistics footprint is also considered a weakness and a decision-making

variable.

AM presents opportunities, such as product sustainability, competitive advantage,

fielding of AM products, environmental sustainability, and workforce development. The
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in situ analysis allows for mid-cycle design modifications and supports flexibility, agility,
and sustainability. The result is improved product quality, and the organization will have a
competitive advantage as the only AM-qualified HES 5808 manufacturer. The
technological breakthrough is supportive of workforce development initiatives, which

supports hiring and retention.

Per the SWOT analysis, the overall DIW manufacturing benefits outweigh the cost
increase incurred during the initial startup. The improvements in quality equate to product

sustainability, cost sustainability, and efficiency.

3. EMAM Project and Acquisition Milestones

The EMAM team developed an acquisition schedule with the understanding that
NSWC IHD will be the sole source AM manufacturer. The major acquisition milestones
are highlighted in Figure 37. Energetic material qualification is a key milestone. The
material qualification proceeds the cartridge evaluation process. The design reviews will

occur if the cartridge evaluation process is successful.

EMAM RESEARCH, DEVELOPMENT, AND ACQUISITION MILESTONES
FY17 FY18 FY19-FY23 FY24-FY25 FY26-FY28 FY25-FY28

TECHNOLOGY

T

TECHNOLOGY
INVESTMENT

e Adversarial Threats
« Capability Needs
« Customer

Requirements

« Resources

FEASABILITY,
ANALYSIS, AND
VALIDATION

« Analysis of

Alternatives

« Capability Gap

Assessment

« Affordabilty Analysis
* Project Requirements

Assessment

e Product

Requirements
Assessment

DEVELOP

* Materials/Formulation
* HES 5808

Developemental Lots

DEMONSTRATE

* Materials

Qualification

« Design Verification

Test

« Closed Vessel Testing
o Preliminary Design

Review

« Critical Design Review

Figure 37. EMAM Milestones
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4. Dilemma

The CAD/PAD JPO must determine the best path forward that addresses the
quality, IP, and MIB concerns. There is an established acquisition program for traditional
manufacturing. While the flexibility of AM supports the optimization of the design and
manufacturing process, the testing and qualification to support a formal acquisition is
incomplete. The JPO must determine the trade-offs and devise a strategy to address the

change-resistant culture.
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V. CASE STUDY ANALYSIS

The EMAM case study addresses the inflexibility of the HES 5808 traditional
manufacturing. The traditional method results in product imperfections and waste. The
innate flexibility of the AM methodology and projects not only addresses the waste and
imperfections but has the potential to address the IP, logistics, and supply chain concerns.
The limited number of consumers is a root cause of the logistics and supply chain issues in
the past. It was not economically feasible for Alliant Techsystems to manufacture the
product or conduct the R&D to resolve the quality issues. These issues are attributed to the
financial constraints and change resistant culture. As a result, NSWC IHD assumed the role
of manufacturing the HES 5808 product. Currently, NSWC is a qualified second source

vendor.

The HES 5808 traditional manufacturing research explored the formulations and
ratios, and assessed the internal and external quality. The low solids fill formulation
resulted in improved internal and external quality, while the high solids fill formulation
only improved internally or externally; improvements were not achieved both internally

and externally.

The secondary traditional R&D effort, Proof of Principle Study to Replace RDX in
LOVA-Style Propellant Formulations, investigates an HES 5808 alternative. An increased
burn rate was achieved with the nano-aluminum formulation, while there was little effect
on the burn rate with the micron-sized aluminum and oxidizer formulation. Both nano-
aluminum and micron-sized aluminum and oxidizer formulations met the readiness criteria
for demonstration testing based on the performance. The burn rate and simulated ballistic

performance of the replacement propellant were within ranges similar to HES 5808.

The limited number of qualified vendors and consumer base are concerns. Per the
case study research, the government is the primary HES 5808 consumer. Alliant
Techsystems was unable to sustain the financial burden, which forced the company to

suspend the HES 5808 manufacturing. In a case such as this, a cost-plus incentive contract
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is a potentially viable option. This contract type will fund the manufacturing and the R&D

to address the quality concerns.

The EMAM study focuses on the AM of the HES 5808 propellant. An analysis of
the DIW and DLP methodologies was conducted. A DIW-compatible HES 5808
formulation with identical composition, ingredients, and processing solvents was
developed. The DIW product results in less waste and anomalies. A compatible
formulation was not identified for the secondary AM methodology, DLP. The materials

are under investigation.

The Program Management Institute’s (PMI’s) project triple constraints apply to
AM projects, as indicated by the case study research. As illustrated in Figure 38, a
secondary layer of project constraints is applicable to the EMAM project. The primary
constraints outlined by the PMI are time, scope, and cost (Baratta, 2006). The secondary
layer assesses the project agility, sustainability, and flexibility (Niaki & Nonino, 2018).
Flexibility is the most recognizable attribute of AM. The inherent flexibility of advanced
manufacturing, specifically AM, is the driver for its widespread use in the commercial

industry and upsurge in the DOD.

Scope

Sustainability A Agility

Flexibility

Figure 38. AM Project Constraints. Adapted from Baratta (2006), Niaki and
Nonino (2018).
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Flexibility refers to the ability to enable change with consideration for both the
internal and external impacts (Eyers et al., 2018). The research tools, BTI and SWOT
analysis, help in the assessment of the flexibility of the AM methodologies, DIW and DLP.
In addition, the internal and external benefits and the constraints of the EMAM project

were analyzed.

Both the internal and external AM project impacts are derived from the AM
methodology and the 3D printer utilized. The external aspect addresses the collective
benefits of AM, such as design, schedule, and cost flexibility. These collective benefits are
evidenced by the ability to manufacture on demand, produce complex parts, and maintain
design flexibility. The secondary project constraints are flexibility, sustainability, and

agility and are evaluated throughout the project life cycle.

In terms of flexibility, the design, cost, and schedule latitude has rendered the
economies of scale irrelevant. Sustainability pertains to product consistency, cost stability,
environmental factors, and business models. Furthermore, agility refers to the ability to
increase or decrease production as needed, which correlates to supply chain and logistics
resiliency. The internal impacts, or level of flexibility, are determined by the following
variables: material, software capability, AM methodology, 3D printer, and the internal
processes employed. Furthermore, the internal variables are considerations to achieve the
performance objectives. The level of flexibility is predetermined during the project
identification and planning phases. The internal variables are elucidated through the
assessment of the project objectives and triple constraints throughout the project life cycle.
Therefore, the level of flexibility is directly related to the selection of the AM design and

manufacturing type.

The evolution of AM technology is a determinant when assessing the viability of
the EMAM project. The progression of AM technology or printer capability impacts the
project scope and limitations. A thorough analysis of the AM technology was conducted

to support the continual DIW and DLP AM development.

As with traditional manufacturing, the AM project risk is lessened through quality

assurance methods. Quality assurance measures the efficacy of the internal variables to
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validate the precision or quality. The measurements are derived from analysis, testing, and
validation, which are interpreted as repeatability, reproducibility, independent quality, and
non-guarantee-able quality. The components’ repeatability and reproducibility are often
used interchangeably. Per the American Society for Testing and Materials E117, the
differentiating factor is repeatability, which does not account for the variances in the
operators, environmental conditions, locations, and equipment. Both components are
relevant to the AM design and byproducts of the internal variables, which determine the

level of flexibility.

AM technology has evolved, reducing the risk associated with independent quality.
Although the improvements of the AM platforms did not eliminate the opportunity for
human error, the probability is reduced significantly. The platforms reduced the number of
parameters available to the operator, thereby reducing the risk of human error. The
incorporation of software optimization in the platform also lessens the risk. Environmental
conditions, such as temperature and humidity, also influence the independent quality. In
the case of the EMAM project, this risk is mitigated by 3D printing within an enclosure to

regulate temperature settings.

The EMAM research indicates that AM is a viable candidate to support propellant
manufacturing. The innate flexibility results in design efficiency, which results in fewer
anomalies. It also addresses environmental sustainability through less energy consumption,

which reduces volatile organic compounds.

A. DECISION MATRIX

A rating scale of 14, with 1 being best and 4 being worst, was utilized. The HES
5808 traditional manufacturing process is established; therefore, there is less risk
associated. In addition, the acquisition program, including the contracts with vendors, is
well-established. There are, however, quality issues with the traditional manufacturing
process. The AM startup costs and novelty of propellant manufacturing are both deterrents,
which equate to a higher risk level. Traditional manufacturing is the best option based on

the criteria, which is provided in Table 9.
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Table 9. HES 5808 Propellant Decision Matrix
Direct Ink Direct Light Replace RDX in LOVA-
Write (DIW | Processing (DLP Style Propellant
AM) AM) (Traditional)

Cost 1 3 4 2
Schedule 1 2 4
Performance 2 1 4
Risk
MRL 1 3 3 3
TRL 1 3 3 3
BTI 3 1 2 4
SWOT 2 1 3 4
Quality 2 1 3 4
Reliability 2 1 3 4
Maintainability | 1 2 4 3
Availability 1.5 1.5 3 4
Operability | 2 4 3
TOTAL 19.5 24.5 41 45

Rating scale is 1-4, with 1 being best and 4 being worst.

B. SENSITIVITY ANALYSIS

The key performance indicators and rating methods outlined in Table 10 were

utilized to complete the sensitivity analysis.

Table 10.

Key Performance Indicators and Ratings Definitions

Criteria
e  For each criteria a value is given, with 1 being best in
that criteria and 4 being worst.
e If two options are tied in ranking, take the average for
the score. For example, if Options 1 and 2 are best in a
criterion, each receives a 1.5 score.

Definition

Cost A project triple constraint that measures the project budget.

Schedule A project triple constraint that measures the milestones and
project timeline.

Performance A key performance indicator that measures the product
performance with respect to the specifications.

Risk A measurement that indicates the probability and likelihood of

an event or consequence.

Manufacturing Readiness Level

A measurement of the manufacturing and quality risk level
throughout the development.
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Criteria
e  For each criteria a value is given, with 1 being best in
that criteria and 4 being worst.
e If two options are tied in ranking, take the average for
the score. For example, if Options 1 and 2 are best in a
criterion, each receives a 1.5 score.

Definition

Technology Readiness Level

A measurement of the technology maturity.

Barriers to Implementation

An assessment of the obstacles that may prohibit the
completion of a task or project.

Strengths, Weaknesses, Opportunities, and Threats

An assessment of the competitiveness to support strategic
planning.

Quality A key performance indicator that assesses the product or
system based on the requirements and specifications.

Reliability A key performance indicator that measures functionality based
on requirements and specifications.

Maintainability A key performance indicator that measures the ability to
support/service a product/item based on the requirements and
specifications.

Availability A key performance indicator that measures the system failures
and ease of the materials procurement.

Operability A key performance indicator that measures the system

functionality in an operational environment.

An assessment of the key performance indicators—BTI, TRL, MRL, and risk

ratings—concludes that DIW is a viable solution. Each of the variables were weighted to

account for the project priorities. Disruptive technology, such as AM, supports the strategic

prioritization of inventory levels. AM is a supplementary manufacturing methodology,
which is supportive of the NSWC IHD SCR initiatives. Furthermore, the EMAM study is
the predecessor for future AM initiatives at NSWC IHD. While self-sustainability is an

objective for the nation, it is equally important to NSWC IHD. The R&D and establishing

a formalized acquisition program will further support the technological core competencies,

as one of the Navy’s only arsenals. The assessment results are provided in Table 11.
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Table 11.

HES 5808 Sensitivity Analysis

Options Weight | Traditional Direct Light | Replace RDX
Processing in LOVA-
(DLP AM) Style
Propellant
(Traditional)
Cost 5 1(5) 315 4 (20) 2 (10)
Schedule 5 1(5) 2 (10) 3 (15) 4 (20)
Performance 5 2 (10) 1(5) 3(15) 4 (20)
Risk 5 1(5) 35 3 (15) 3 (15)
MRL 5 1(5) 315 3 (15) 395
TRL 5 1(5) 315 3 (15) 3 (15)
BTI 30 3 (90) 1(30) 2 (60) 4 (120)
SWOT 15 2 (30) 1(15) 3 (45) 4 (60)
Quality 5 2 (10) 1(5) 3 (15) 4 (20)
Reliability 5 2 (10) 1(5) 3(5) 4 (20)
Maintainability 5 1(5 2(10) 4 (20) 3(15)
Availability 5 1.5(7.5) 1.5(7.5) 3 (15) 4 (20)
Operability 5 1(5 2 (10) 4 (20) 3(15)
TOTAL 192.5 157.5 285 365
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VI. SUMMARY

A key determinant of the conclusion was the HES 5808 compatibility with the AM
methodology, DIW, with little or no deviation to the formulation. The evolution of the AM
process resulted in quality improvements. As Perry (2022) affirmed, there were fewer
anomalies with the HES 5808 solid propellant manufactured using the DIW methods. The
method was demonstrated in a lab environment. Presumably, the AM method and
processes established will ensure the results are reproducible in a test and operational

environment.

The case study research indicates that AM is supportive of the DIB restoration and
warfighter’s mission readiness. The viability of the DIW methods is evidenced by the
quality improvements and potential supply chain efficiencies. There is a high risk of supply
disruptions because of the limited HES 5808 manufacturers. The incorporation of a
supplementary manufacturing method lessens the risk of supply disruption. A strategic
mechanism, such as AM, can support both proactive and reactive manufacturing strategies.
The formalization of the DIW acquisition program will support the DOD and NSWC IHD

strategic initiatives by promoting SCR.

A. CONCLUSIONS

The inefficiencies in the U.S. supply chain framework are a consequence of the
waning U.S. MIB. Consequently, a weakened national security is an implication of import
dependency. Supply chain disruptions are an intractable problem within the DOD and
commercial industry, as evidenced during the COVID-19 pandemic and Ukrainian war.
The primary objective of the supply change infrastructure is to enable resiliency in normal
operations and heightened crises. However, the current infrastructure is resource-
challenged and lacks agility. The current system is overly reliant on imports, which exposes
the United States to vulnerabilities and sustainability challenges. Furthermore, the current
JIT manufacturing model is incapable of supporting heightened crises. The employment of
the DIW AM technology and processes fosters design flexibility, promotes efficiency, and

facilitates redundancy and cost-effectiveness to enable the DOD competitive advantage
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and military readiness (Naghshineh & Carvalho, 2020). Furthermore, the disruptive
technology translates to SCR, which strengthens the DIB. AM is not bound by the
economies of scale; therefore, it is supportive of the strategic prioritization of inventory
levels, with the potential to reduce the logistics footprint. A strategic mechanism such as
AM can supplement the global supply chain in conjunction with a streamlined acquisition
process. In terms of the DIW method, the case study research indicates that a similar supply
and logistics infrastructure will continue. The AM process could perform as the HES 5808

primary or secondary source.

However, the success of the DIW method is not without barriers. Constraints, such
as the lack of AM standardization, impact the ability to repeat and reproduce the product.
An additional key barrier is the inability to reduce the logistics footprint. A controlled
manufacturing environment is required to produce critical components of the aircrew
escape system. In addition, AM is widely accepted in the commercial industry but is a

novel practice in the DOD due to the change-resistant culture.

B. RECOMMENDATIONS

The case study research indicates that DIW is a viable solution as indicated in Table
11, but a cost-benefit analysis is recommended to confirm the economic benefits or
constraints. The initial capital investment incurred will not outweigh the long-term
potential cost savings. The cost-benefit analysis results will also support the DIW
acquisition program planning. The recommendation is to continue with traditional
manufacturing until the DIW completes the demonstration and meets the requirements for
initial production. Upon the successful completion of the DVT and material qualification,

the CAD/PAD JPO should proceed with a formalized acquisition program.

ACQUISITION RESEARCH PROGRAM
DEPARTMENT OF ACQUISITION, FINANCE AND MANPOWER
NAVAL POSTGRADUATE SCHOOL

78



LIST OF REFERENCES

Aerospace Notes. (n.d.). Propellant grain design considerations. Retrieved November
13, 2023, from https://aerospacenotes.com/propellant-grain-design-
considerations/

Aldehayyat, J. S., & Anchor, J. R. (2008). Strategic planning tools and techniques in
Jordan: Awareness and use. Strategic Change, 17(7-8), 281-293.

Allen, T., & Bichay, M. (2017, March 30). Proof of principle study to replace RDX in
LOVA-style propellant formulations intended for use as a percholate-free
replacement grain in cartridge actuated devices. Strategic Environmental
Research and Development Program & Environmental Security Technology
Certification Program. https://serdp-estcp.org/projects/details/eOcebb4c-33be-
4ea9-bb09-02c2bce94432

Alogla, A. A., Alzahrani, A., & Alghamdi, A. (2023). The role of additive manufacturing
in reducing demand volatility in aerospace: A conceptual framework. Aerospace,
10(4), 381. https://doi.org/10.3390/aerospace10040381

Altman, S. A. (2020, May 20). Will Covid-19 have a lasting impact on globalization?
Harvard Business Review. https://hbr.org/2020/05/will-covid-19-have-a-lasting-
impact-on-globalization

Ashish, J., Swaroop, G., & Balasubramanian, K. (2019). Effect of ammonium
percholorate particle size on flow, ballistic, and mechanical properties of
composite propellant. In Q.-L. Yan, G.-Q. He, P.-J. Liu, & M. Gozin (Eds.),
Nanomaterials in Rocket Propulsion Systems (pp. 299-362). Elsevier.
https://www.sciencedirect.com/science/article/abs/pii/
B9780128139080000083?via%3Dihub

Baratta, A. (2006). The triple constraint: a triple illusion [Paper presentation]. PMI
Global Congress 2006, Seattle, WA, United States. https://www.pmi.org/learning/
library/triple-constraint-erroneous-useless-value-8024

Blenkey, N. (2022, November 8). Navy installs a metal 3D printer in LHD 5. Marine
Log. https://www.marinelog.com/news/navy-installs-a-metal-3d-printer-in-lhd-5/

Chaturvedi, S., & Dave, P. N. (2019). Solid propellants: AP/HTPB composite
propellants. Arabian Journal of Chemistry, 12(8), 2061-2068. https://doi.org/
10.1016/j.arabjc.2014.12.033

CloudTweaks, (2015). The history of 3D printing—From kidneys to cars.
https://cloudtweaks.com/2015/03/3d-printing-history-organs/

ACQUISITION RESEARCH PROGRAM 79
DEPARTMENT OF ACQUISITION, FINANCE AND MANPOWER
NAVAL POSTGRADUATE SCHOOL



https://www.sciencedirect.com/science/article/abs/pii/B9780128139080000083?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/B9780128139080000083?via%3Dihub
https://doi.org/10.1016/j.arabjc.2014.12.033
https://doi.org/10.1016/j.arabjc.2014.12.033

Cooper, N. (2022, March 28). 3D printing to develop useable items. ExecutiveGov.
https://executivegov.com/2022/03/navair-innovation-lab-uses-upgraded-3d-
printing-equipment-to-develop-usable-item/

Davis, L. E. (2003). Globalization’s security implications (Report No. [P-245-RC).
RAND. https://www.rand.org/pubs/issue_papers/[P245.html Dietrich. (2019).

Department of Defense. (2018). Defense Standardization Program (DSP) procedures
(DOD Manual 4120.24). https://www.esd.whs.mil/Portals/54/Documents/DD/
issuances/dodi/412024p.pdf

Dietrich, D. M., Kenworthy, M., & Cudney, E. A. (2019). Additive manufacturing
change management. CRC Press Taylor & Francis Group.

Eyers, D. R, Potter, A. T., Gosling, J., & Naim, M. M. (2018). The flexibility of
industrial additive manufacturing systems. International Journal of Operations &
Production Management, 38(12), 2313-2343. https://doi.org/10.1108/IJOPM-04-
2016-0200

Falconi, K. (2023, January). Additive manufacturing can revolutionize industry. National
Defense Magazine. https://www.nationaldefensemagazine.org/articles/2023/1/6/
additive-manufacturing-can-revolutionize-industry

Fleisher, C. S., & Bensoussan, B. E. (2003). Strategic and competitive analysis: Methods
and techniques for analyzing business competition. Prentice Hall.

Gibson, 1., Rosen, D., Stucker, B., & Khoransani, M. (2021). Additive manufacturing
technologies. Springer Nature Switzerland AG. https://doi.org/10.1007/978-3-
030-56127-7

Government Accountability Office. (2020). Technology readiness assessment guide
(GAO-20-48G). https://www.gao.gov/products/gao-20-48g

Hanaphy, P. (2022, August). X-Bow tests bolt rocket powered by additive manufactured
solid propellant for the first time. 3D Printing Industry.
https://3dprintingindustry.com/news/x-bow-tests-bolt-rocket-powered-by-
additive-manufactured-solid-propellant-for-the-first-time-213266/

Interagency Task Force. (2018). Assessing and strengthening the manufacturing and
defense industrial base and supply chain resiliency of the United States.
https://s3.amazonaws.com/static.militarytimes.com/assets/eo-13806-report-
final.pdf

Kamara, S., & Faggiani, K. S. (2021). Fundamentals of additive manufacturing for the
practitioner. John Wiley & Sons.

ACQUISITION RESEARCH PROGRAM
DEPARTMENT OF ACQUISITION, FINANCE AND MANPOWER
NAVAL POSTGRADUATE SCHOOL

80


https://doi.org/10.1108/IJOPM-04-2016-0200
https://doi.org/10.1108/IJOPM-04-2016-0200
https://www.gao.gov/products/gao-20-48g
https://s3.amazonaws.com/static.militarytimes.com/assets/eo-13806-report-final.pdf
https://s3.amazonaws.com/static.militarytimes.com/assets/eo-13806-report-final.pdf

Lee, K. L., & Lin, S. C. (2008). A fuzzy quantified SWOT procedure for environmental
evaluation of an international distribution center. Information Sciences, 178, 531—
549.

Mahmood, A., Akram, T., Chen, H., & Chen, S. (2022). On the evolution of additive
manufacturing (3D/4D printing) technologies: Materials, applications, and
challenges. Polymers, 14(21), 1-31. https://doi.org/10.3390/polym14214698

Mehta, A. (2018, October 5). White House warns of “domestic extinction” of suppliers in
industrial base report—and DOD is ready to help with cash. Defense News.
https://www.defensenews.com/pentagon/2018/10/04/white-house-warns-of-
domestic-extinction-of-suppliers-in-industrial-base-report-and-dod-is-ready-to-
help-with-cash/

Minehan, D. (2022, July 14). EMAM DLP efforts for printed capabilities [Presentation].
CAD/PAD Technical Exchange Workshop, Indian Head, MD, United States.
https://www.navsea.navy.mil/Portals/103/Documents/NSWC Indian Head/
PartnershipEvents/TEW/Presentations/3-Minehan-EMAM-DLP-
Efforts.pdf?ver=C5wu9iVvp3hxTyNUQ jDXg%3d%3d

Naghshineh, B., & Carvalho, H. (2020). The impact of additive manufacturing on supply
chain resilience. In L. M. Camarinha-Matos, N. Farhadi, F. Lopes, & H. Pereira
(Eds.), Technological Innovation for Life Improvement: 11th IFIP WG 5.5/
SOCOLNET Advanced Doctoral Conference on Computing, Electrical and
Industrial Systems (pp. 214-221). https://doi.org/10.1007/978-3-030-45124-0 20

National Defense Industrial Association. (2023). Vital signs 2023: Posturing the U.S.
defense industrial base for greater power competition. https://www.ndia.org/-
/media/sites/ndia/policy/vital-signs/2023/
ndia_vitalsigns2023 final v3.pdf?download=1?download=1

Naval Air Systems Command. (2023). CAD/PAD technical manual (11-100-1.1).

Naval Air Warfare Center Aircraft Division Public Affairs. (2014). NAVAIR partners
with industry on 3-D printing, develop a roadmap for the future. Naval Air
Systems Command. https://www.navair.navy.mil/node/21366

Naval Surface Warfare Center Indian Head Division. (2015). Detail specification
material specification for CAD HES 5808 propellant (DTL-WS-35770).

Niaki, M. K., & Nonino, F. (2018). The management of additive manufacturing.
Springer.

Office of the Secretary of Defense Manufacturing Technology Program, & Joint Service/
Industry MRL Working Group. (2020). Manufacturing readiness level (MRL)
deskbook. Department of Defense Manufacturing Technology Program.
https://www.dodmrl.com/MRL%20Deskbook%20V2020.pdf

ACQUISITION RESEARCH PROGRAM
DEPARTMENT OF ACQUISITION, FINANCE AND MANPOWER
NAVAL POSTGRADUATE SCHOOL

81


about:blank
about:blank
https://www.ndia.org/-/media/sites/ndia/policy/vital-signs/2023/ndia_vitalsigns2023_final_v3.pdf?download=1?download=1
https://www.ndia.org/-/media/sites/ndia/policy/vital-signs/2023/ndia_vitalsigns2023_final_v3.pdf?download=1?download=1
https://www.ndia.org/-/media/sites/ndia/policy/vital-signs/2023/ndia_vitalsigns2023_final_v3.pdf?download=1?download=1
https://www.navair.navy.mil/node/21366
https://www.dodmrl.com/MRL%20Deskbook%20V2020.pdf

Office of the Secretary of Defense for Acquisition & Sustainment Industrial Policy.
(2021, January). Fiscal Year 2020 industrial capabilities: Report to Congress.
Department of Defense. https://media.defense.gov/2021/Jan/14/2002565311/-1/-
1/0/FY20-INDUSTRIAL-CAPABILITIES-REPORT.PDF

Office of the Under Secretary of Defense for Acquisition and Sustainment. (2019,
October 16). Intellectual property acquisition and licensing (DOD Instruction
5010.44). Department of Defense. https://www.esd.whs.mil/Portals/54/
Documents/DD/issuances/dodi/501044p.PDF?ver=2019-10-16-144448-070

Painter, C. R. (2022). Enabling the advanced manufacture of propellants. In N.A. Graf
(Ed.), FY21 Navy ManTech Project Book (DCN# 43-9442-22). Office of Naval
Research. https://nsam.ati.org/wp-content/uploads/2022/04/FY21-Navy-
ManTech-Project-Book.pdf

Parker, C., & Knott, C. (2018, May 15). Optimization of HES 5808 [Presentation].
NAVSEA Warfare Centers & BAE Systems. https://slideplayer.com/slide/
14369102/

Perry, E. (2022, July 14) Energetic Materials Additive Manufacturing (EMAM) for CAD/
PAD applications [Presentation]. CAD/PAD Technical Exchange Workshop,
Indian Head, MD, United States. https://www.navsea.navy.mil/Portals/103/
Documents/NSWC Indian Head/PartnershipEvents/TEW/Presentations/3-Perry-
Energetic-Materials-Additive-Manufacturing.pdf?ver=Aiswn_ YtBFdAOQHSF-
_1iww%3d%3d

Russell, W. (2022). Defense industrial base: DOD should take actions to strengthen its
risk mitigation approach (GAO-22-104154). Government Accountability Office.
https://www.gao.gov/products/gao-22-104154

Salmi, M. (2022). Modeling, simulation and data processing for additive manufacturing.
MDPI.

Sharma, V., Singh, A., & Rai, S. S. (2021). Disruptions in sourcing and distribution
practices of supply chains due to Covid-19 pandemic: A sustainability paradigm.
Journal of Global Operations and Strategic Sourcing, 15(2), 235-261.
https://doi.org/10.1108/JGOSS-02-2021-0020

Shrestha, R. K., Alavalapati, J. R., & Kalmbacher, R. S. (2004). Exploring the potential
for Silvopasture adoption in South-Central Florida: An application of SWOT-
AHP method. Agricultural Systems, 8, 185—199.

Spurgeon, A. (2019, October 11). Security in 3D: engineering solutions to the military’s
parts problems. Mines Newsroom. https://www.minesnewsroom.com/news/
security-3d-engineering-solutions-us-militarys-parts-problems

ACQUISITION RESEARCH PROGRAM
DEPARTMENT OF ACQUISITION, FINANCE AND MANPOWER
NAVAL POSTGRADUATE SCHOOL

82



Suits, D. (2019, February 22). 3D printing technology enhancing logistics for Army. U.S.
Army. https://www.army.mil/article/217433/
3d printing_technology enhancing logistics for army

Task Force on National Security and U.S. Manufacturing Competitiveness. (2021). 4
manufacturing renaissance: Bolstering U.S. production for national security and
economic prosperity. Ronald Reagan Institute. https://www.reaganfoundation.org/
media/358068/task force report 2021 manufacturing_renaissance.pdf

Thomas, D. S., & Gilbert, S. W. (2014). Cost and cost effectiveness of additive
manufacturing. https://nvlpubs.nist.gov/nistpubs/SpecialPublications/
NIST.SP.1176.pdf

White House. (2021). Executive order on America’s supply chains.
https://www.whitehouse.gov/briefing-room/presidential-actions/2021/02/24/
executive-order-on-americas-supply-chains/

White House. (2022). Safeguarding our national security by promoting competition in
the defense industrial base [Fact sheet]. https://www.whitehouse.gov/briefing-
room/speeches-remarks/2022/02/15/fact-sheet-department-of-defense-releases-
new-report-on-safeguarding-our-national-security-by-promoting-competition-in-
the-defense-industrial-base/

ACQUISITION RESEARCH PROGRAM
DEPARTMENT OF ACQUISITION, FINANCE AND MANPOWER
NAVAL POSTGRADUATE SCHOOL

83


https://www.army.mil/article/217433/3d_printing_technology_enhancing_logistics_for_army
https://www.army.mil/article/217433/3d_printing_technology_enhancing_logistics_for_army
https://nvlpubs.nist.gov/nistpubs/SpecialPublications/NIST.SP.1176.pdf
https://nvlpubs.nist.gov/nistpubs/SpecialPublications/NIST.SP.1176.pdf
about:blank
about:blank







ACQUISITION RESEARCH PROGRAM
NAVAL POSTGRADUATE SCHOOL
555 DYER ROAD, INGERSOLL HALL
MONTEREY, CA 93943

WWW.ACQUISITIONRESEARCH.NET




	Front Cover of Report_1-15-2026
	2. - Formatting - NPS-__-26-064
	I. introduction
	A. problem statement
	B. research purpose
	C. methodology
	D. research aim and questions
	E. CONCEPTUAL FRAMEWORK
	F. STUDY DESIGN
	1. Purpose
	2. Research Approach
	3. General Details
	a. Case Study Development
	b. Barriers to Implementation Analysis Development
	c. Strengths, Weaknesses, Opportunities, and Threats Analysis Development
	d. Sensitivity Analysis Development


	G. BENEFITS AND LIMITATIONS
	H. organization of the project

	II. background
	A. AM milestones
	B. additive manufacturing applications
	1. Mine-Resistant Ambush-Protected Vehicle
	2. Naval Air Systems Command
	3. X-Bow Systems
	4. Amphibious Assault Ship LHD 5


	III. Literature Review
	A. ORGANIC INdustrial BASE
	B. Logistics and Supply Chain
	C. DOD INSTRUCTION 5010.44: INTELLECTUAL PROPERTY ACQUISITION AND LICENSING
	D. DOD INSTRUCTION 4120.24: the DEFENSE STANDARDIZATION PROGRAM

	IV. CASE STUDY
	A. SITuation
	B. introduction
	C. BAckground
	1. Key Performance Parameters
	a. Work Breakdown Structure

	2. History

	D. Traditional manufacturing
	1. Traditional Manufacturing Process
	2. HES 5808 Traditional Manufacturing Research
	a. Quality
	b. Cost
	c. Supply Chain
	d. Intellectual Property Challenges

	3. Proof of Principle Study to Replace RDX in LOVA-Style Propellant Formulations
	a. Quality
	b. Cost
	c. Supply Chain
	d. IP Challenges

	4. Risk Assessment

	E. ADDITIVE Manufacturing
	1. Energetic Materials Additive Manufacturing Project Feasibility Analysis
	2. Additive Manufacturing Methodology Selection
	3. Materials Analysis and Selection
	4. Hardware Selection
	5. Software Selection
	6. Quality Control Process
	7. Direct Ink Write
	a. Formulation
	b. Hardware Selection and Development
	c. Software
	d. Quality Controls
	e. Materials
	f. Curing
	g. Post-Processing

	8. HES 5808 Development Life Cycle
	9. Digital Light Processing
	a. Formulation
	b. Hardware Selection and Development
	c. Software
	d. Quality Controls
	e. Materials
	f. Curing
	g. Post-Processing
	(1) Cost Analysis
	(2) Supply Chain
	(3) IP Challenges
	(4) Risk Assessment



	F. Project Review PREParation
	1. Barriers to Implementation
	a. Hardware and Software Compatibility
	b. Feasibility and Compatibility of Formulation and Materials
	c. Reproducibility, Repeatability, and Reliability
	d. Environmental Sustainability
	e. Economic Sustainability and Viability
	f. Operational
	g. Acquisition and Procurement Adaptability
	h. Configuration Management, Supply Chain, and Logistics

	2. Strengths, Weaknesses, Opportunities, and Threats Analysis
	a. Strengths
	b.   Weaknesses
	c. Opportunities
	d. Threats

	3. EMAM Project and Acquisition Milestones
	4. Dilemma


	V. case study ANALYSIS
	A. Decision Matrix
	B. Sensitivity Analysis

	VI. SUMMARY
	A. conclusions
	B. Recommendations

	LIST OF REFERENCES
	Branding_Back Cover File.pdf
	22Sep_Mitchell_Justin
	22Jun_Mitchell_Justin
	Introduction
	Problem Statement
	Background
	Equipment and Network Setup
	Overview of Results
	Conclusions and Contributions

	Background
	Origin of Research Network
	Open-Source Network Implementation
	Open Source SMSC Options

	Equipment and Network Setup
	Open Stack Network
	Open Stack Network Configuration
	SMS Integration into the OAI Open Stack
	Testbed UE Configuration

	Results
	Devices that Could not Connect to Network
	Testbed Network Speed Tests
	Network Link Budget Analysis

	Conclusions, Contributions, and Future Work
	Conclusions
	Contributions
	Future Work

	USRP B200 Datasheet
	KERNEL AND SOFTWARE CONFIGURATION
	RAN Kernel Configuration
	CN Kernel Configuration
	Software Configuration
	Prerequisites and Initial Docker Set-up
	Build Images
	Create and Configure Containers
	Start Network Functions
	Stopping Network Functions

	EC20 NETWORK OPERATORS LIST
	List of References
	Initial Distribution List




	Blank Page
	Blank Page



