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ABSTRACT

The U.S. Nuclear Regulatory Commission’s (NRC’s) Offices of Nuclear Regulatory Research

(RES), Nuclear Reactor Regulation (NRR) and New Reactors (NRO) organized this Workshop
on Additive Manufacturing for Reactor Materials & Components (AM-RMC). The workshop was
held November 28-29, 2017, at NRC Headquarters, 11545 Rockville Pike, Rockville, Maryland.

The NRC had been earlier informed in mid-2017 that reactor components made by additive
manufacturing (AM), and especially by powder bed fusion/direct metal laser melting
(DMLM)/sintering, were being considered for applications in the operating fleet as early as
calendar year 2018. Given the anticipated level of activity, the objectives for this public meeting
were to:

(1) Engage with industry and Government counterparts to obtain information needed for
anticipated licensing actions related to AM.

(2) Address topics such as:
e The state-of-the-art of AM
¢ Industry activities in AM
¢ [rradiation testing & effects on AM
e AM qualification
e Standards for AM
¢ Nondestructive evaluation (NDE) of components fabricated using AM
e American AM activity in international context
e Cyber-security for AM
e Regulatory perspectives
e Computer modeling
e AMin nuclear fuel
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1 INTRODUCTION

This NUREG/CP document is designed to summarize the presentations and discussions at an
AM-RMC international workshop on November 28-29, 2017 at the NRC Headquarters office in
Rockville, MD. Papers associated with the presentations are included, along with brief summary
reports for papers within the four sessions of the workshop, which were organized to assess: (1)
State-of-the-art of AM, (2) Industry activities in AM, (3) Irradiation testing and effects on AM, (4)
AM qualification, (5) Standards for AM, (6) Nondestructive evaluation of components fabricated
using AM, (7) American AM activity in international context, (8) cybersecurity of the
manufacturing process, (9) Regulatory perspectives on AM, (10) Computer modeling, and (11)
AM in nuclear fuel. It is imperative that the NRC utilize these papers and continue the sharing
of information across agencies and private industry when developing regulations for the use of
AM components in nuclear applications. The next page of this introduction contains a summary
table of the presenters, their company or agency, and the topic(s) on which they presented and
have significant knowledge. This table should be used as a guide when gathering information
and is not considered a complete representation of the capabilities and knowledge of each
presenter.

The views and opinions presented in this report are those of the individual participants and
publication of this report does not necessarily constitute NRC approval or agreement with the
information contained herein. As such, these proceedings are not a substitute for NRC
regulations. Rather, the approaches and methods described in these proceedings and the
recommendations from the discussions are provided for information only, and compliance is not
required. Moreover, use of product or trade names herein is for identification purposes only and
does not constitute endorsement by the NRC.
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Table1 Technical Areas of Additive Manufacturing Presentations at November Public
Workshop on AM-RMC

State of Art Indﬁstry Iradiation | AM | Standards
Organization/Speaker of AM | Activities | Testing & | qualifica| for AM NDE
Processes Effects tion

NEI (Mark Richter)

EPRI (Dave Gandy)

FAA (Michael Gorelik)
CTC (Scott Zimmerman)
EWI (Bill Mohr)

EWI (Frank Medina)

GEH (Myles Connor)
WEC (Zeses Karoutas)
WEC (Bill Cleary)

WEC (Paula Freyer)
Novatech (C. Gramlich)
NuScalePower (S. Wolbert)
DRDC (Shannon Farrell)
RollsRoyce (Dave Poole)
DOE (Alison Hahn)

ORNL (Andrew Worrall)
INL (Isabella van Rooyen)
NSWC (Sam Pratt)
NAVSEA (Justin Rettaliata)
NIST (Paul Witherell)
ORNL/UTK (Suresh Babu)
NASA/MSFC (Doug Wells)

NASA/WSTF (Jess Waller)
NIST (Kevin Jurrens)
ANSI (Jim McCabe)

ASME (Kate Hyam)

ASTM (Mohsen Seifi)
NRC/NRR (Dave Rudland)
NRC/NRR (Allen Hiser)




Table 1

Workshop on AM-RMC, (cont.)

Technical Areas of Additive Manufacturing Presentations at November Public

Organization/Speaker

Degradation
in AM
components

American/
international
context

Cyber-
security

Regulatory
Perspective
S

Computer
Modeling

Nuclear
Fuel

NEI (Mark Richter)

EPRI (Dave Gandy)

FAA (Michael Gorelik)
CTC (Scott Zimmerman)
EWI (Bill Mohr)

EWI (Frank Medina)

GEH (Myles Connor)
WEC (Zeses Karoutas)
WEC (Bill Cleary)

WEC (Paula Freyer)
Novatech (C. Gramlich)
NuScalePower (S. Wolbert)
DRDC (Shannon Farrell)
RollsRoyce (Dave Poole)
DOE (Alison Hahn)

ORNL (Andrew Worrall)
INL (Isabella van Rooyen)
NSWC (Sam Pratt)
NAVSEA (Justin Rettaliata)
NIST (Paul Witherell)
ORNL/UTK (Suresh Babu)
NASA/MSFC (Doug Wells)

NASA/WSTF (Jess Waller)
NIST (Kevin Jurrens)
ANSI (Jim McCabe)

ASME (Kate Hyam)

ASTM (Mohsen Seifi)
NRC/NRR (Dave Rudland)
NRC/NRR (Allen Hiser)
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2 WORKSHOP AGENDA

Table 2 Agenda for Additive Manufacturing Presentations at November Public
Workshop
Tuesday, November 28, 2017
Industry Activities and Perspectives
Time | Presentation (#)/Title Organization— Presenter
(Session 1 Moderator: Amy Hull, NRC)
0800 (1.00) Opening Remarks. NRC — Mike Weber
0815 (1.0) NRC’s AM Workshop: Meeting Logistics. NRC - Rob Tregoning
0830 (1.1) AM for Reactor Materials & Components: Industry Perspective. NEI — Mark Richter
0900 (1.2) ICME & Process Monitoring for Component Qualification via LPB-AM. EPRI — Dave Gandy
0930 (1.3) Regulatory Considerations for AM Qualification and status of FAA AM FAA - Michael Gorelik
Roadmap.
1000 Break
1030 (1.4) Industry Insights - Cybersecurity for Additive Manufacturing. CTC — Scott Zimmerman
1100 (1.5) Reflections on Fatigue for AM Components. EWI - Bill Mohr
1130 (1.6) Selecting the Correct Material and Technology for Metal AM EWI - Frank Medina
Applications.
1200 Lunch
(Session 2 Moderator: Carol Moyer, NRC)
1300 (2.1) Evaluation of Additively Manufactured Materials for NPP Components. GEH — Myles Connor
1330 (2.2) The ‘Big Picture’ Vision for AM in Nuclear Industry. WEC — Zeses Karoutas
1340 (2.3) Current Westinghouse Efforts. WEC - Bill Cleary
1410 (2.4) Laboratory Testing & Evaluation of Unirradiated and Neutron Irradiated WEC - Paula Freyer
Additively Manufactured Alloys.
1430 (2.5) Additive Manufacturing for Nuclear Components. Novatech — George Pabis;
Craig Gramlich
1500 Break
1510 (2.6) Additive Manufacturing for Reactor Materials & Components. NuScale Power — Steve
Walbert
1540 (2.7) Metal Additive Manufacturing Innovations. AddiTec — Brian
Matthews
1555 (2.8) Analysis of Seeded Defects in Laser Additive Manufactured 300M Steel DRDC —Shannon Farrell
1620 Summarize Day 1, Discussion, Capture Action ltems NRC & Participants
1630 Time Allowed for Public Comments Public & NRC
1700 Adjourn for Day NRC
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Table 2

Agenda for Additive Manufacturing Presentations at November Public

Workshop, (cont.)

Wednesday, November 29, 2017

Government Agency Initiatives

Time | Presentation (#)/Title Organization - Presenter

(Session 3 Moderator: Christopher Hovanec, NRC)

0800 Summary of Day 1; Objectives & Guidance for Day 2 NRC

0815 (3.1) Rolls-Royce Nuclear Developments in AM. Rolls-Royce — Dave Poole

0835 (3.2) Additive Manufacturing Initiatives. DOE-NE AMM - Alison

0900 (3.3) GAIN Gateway for Accelerated Innovation in Nuclear. ORNL- Andrew Worrall

0920 (3.4) AM Qualification Paradigm Similarities for Fuel & Components. INL - Isabella van Rooyen

0945 Break

1000 (3.5) Comparisons between 316L SS made using Multiple LPBF Systems. NSWC — Sam Pratt

1030 (3.6) Qualification & Certification of Metallic Components for NAVSEA. NAVSEA — Justin

1100 (3.7) Informatics in AM Qualification: Incorporating Databases, Simulation & NIST — Paul Witherell
Analysis.

1130 (3.8) Ultrasonic Additive Manufacturing & other AM Processes for Nuclear ORNL/UTK - S. Suresh
Component Manufacture. Babu

1200 Lunch

(Session 4 Moderator: Rob Tregoning, NRC)

1300 (4.1) Standardization in Additive Manufacturing: Challenges in Structural NASA-MSFC - Doug
Integrity Assurance. Wells

1330 (4.2) NDE & Inspection Challenges for Additively Manufactured Components. NASA-WSTF — Jess

1400 (4.3) Measurement Science for Metals-Based Additive Manufacturing. NIST — Kevin Jurrens

1430 (4.4) America Makes & ANSI Additive Manufacturing Standardization ANSI - Jim McCabe
Collaborative (AMSC).

1500 (4.5) ASME Additive Manufacturing Standards. ASME-Kate Hyam

1520 Break

1530 (4.6) BPTCS/BNCS Special Committee on Use of Additive Manufacturing. NRC - Dave Rudland

1545 (4.7) The Status of Global Additive Manufacturing Standardization to Support ASTM - Mohsen Seifi
Q&C.

1615 (4.8) Topics of Interest for AM of Reactor Materials & Components. NRC — Allen Hiser

1630 Discussion Participants

1645 Time Allowed for Public Comments Public and NRC

1700 Adjourn Meeting NRC
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3 SELECTED HIGHLIGHTS FROM PAPERS AND DISCUSSIONS

On November 28-29, 2017, the Office of Nuclear Regulatory Research (RES), Division of
Engineering (DE), hosted the first Nuclear Regulatory Commission (NRC) Workshop on Additive
Manufacturing (AM) for Reactor Materials and Components (RMC). As shown in Section 2, the
NRC AM-RMC Workshop included a keynote address by the RES Office Director, Michael
Weber, as well as presentations by representatives from American and international industry,
members of the NRC staff, the American National Standards Institute (ANSI) and its Additive
Manufacturing Standardization Collaborative (AMSC), the American Society of Mechanical
Engineers (ASME), the American Society for Testing and Materials (ASTM), the Electric Power
Research Institute (EPRI), the Department of Defense (DoD) facilities, Department of Energy
(DOE) and National Laboratories, the Federal Aviation Administration (FAA), the National
Aeronautics and Space Administration (NASA), the Nuclear Energy Institute (NEI), and the
National Institute of Standards and Technology (NIST).

This was the first NRC AM-RMC workshop. It included discussions on such issues as: (1) The
state-of-the-art of AM, (2) Industry activities in AM, (3) Irradiation testing and effects on AM, (4)
AM qualification, (5) Standards for AM, (6) Nondestructive evaluation of components fabricated
using AM, (7) American AM activity in international context, (8) cybersecurity of the
manufacturing process, (9) Regulatory perspectives on AM, (10) Computer modeling, and (11)
AM in nuclear fuel. Proceedings of presentations are included in Section 4. All presentation
materials are also available in the NRC’s Agencywide Documents Access and Management
System (ADAMS) at accession number ML17338880.

The audience included approximately 120 attendees representing companies and organizations
from 5 countries, including vendors, industry groups, Government regulatory agencies, and both
foreign and domestic utilities (see Section 6).

Tuesday Morning Session

Amy Hull, Senior Materials Engineer, Corrosion and Metallurgy Branch (RES/DE/CMB)
moderated the first session and introduced the speakers of the morning session (see Section 4,
presentations 4.1-4.8). The first speaker, Michael Weber, Director of RES, mentioned that
representatives of the nuclear industry, including licensees and vendors, had notified NRC that
parts made using direct metal laser melting/sintering may be used in the operating nuclear
power plant fleet as early as 2018 and he remarked that NRC was interested in understanding
industry plans and the opportunities that industry sees for the use of additive manufacturing in
civilian nuclear applications. NRC’s collective objective is to ensure that if such parts and
materials are used in NPPs, they are used safely and securely. To accomplish this objective,
NRC needs to have sufficient information about the safety characteristics and associated
monitoring of parts and materials manufactured using additive manufacturing.

Rob Tregoning, Technical Advisor for Materials Engineering, next gave an overview of the
meeting logistics and objectives. The primary objectives were to (1) understand the nuclear
industry’s near-term and long-term strategy and plans for implementing additive manufacturing;
(2) discuss opportunities, challenges, and approaches for utilizing additive manufacturing for
safety-critical components in other (non-nuclear) industries in both near and long-term; and (3)
identify current standardization activities, recognized gaps, and future plans.
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Mark Richter, Senior Project Manager-Fuel and Decommissioning Programs at the Nuclear
Energy Institute (NEI), gave an industry perspective on additive manufacturing for reactor
materials and components. Dr. Richter noted that additive manufacturing has established a
decade-long track record serving secondary side and balance of plant (BOP) component needs.
He reviewed the National Nuclear Energy Strategy (NNES) and its objectives to preserve,
sustain, innovate, and thrive. Within the objective to innovate, commercialize, and deploy new
nuclear, the possibility exists to deploy low-risk AM fuel assembly components in a reactor by
2018. He concluded by saying the industry challenge was to develop innovative approaches to
refine the manufacturing process, minimize investment and production costs, and work
collaboratively with regulatory and consensus standards bodies to achieve acceptance for broad
use. Efficiency gained today supports a platform for future new nuclear deployment. In
response to a question about the existence of a list of components where the nuclear industry
has begun work and any operating experience (OE), Dr. Richter said he did not know of such.
He mentioned that he expects fuel applications to come much sooner than pressure-retaining
parts.

Dave Gandy, Technical Executive in EPRI’s Nuclear Materials area, discussed integrated
computational materials engineering (ICME) & process monitoring for qualification of nuclear
components of laser powder bed (LPB) AM. He discussed the results of the first year of a 3-
year project funded by DOE Advanced Methods for Manufacturing (AMM) [working
collaboratively with the ORNL Manufacturing Demonstration Facility (MDF,
https://www.ornl.gov/mdf)]. Examples Dr. Gandy presented for nuclear applications for AM
focused on reactor internals and fuel assembly components. A major anticipated deliverable is
developing ICME process analytical methods to fuse the modeling, process, in-situ and ex-situ
characterization data through Dream3d architecture. If the ICME and in-situ process monitoring
qualification methodology for AM components are proven effective, these methodologies will be
documented for ASME Code and NRC acceptance. During the discussion, mention was made
of controlling defects and the use of hot isostatic pressing (HIP) to treat open and closed voids.

Michael Gorelik, FAA Chief Scientific and Technical Advisor for Fatigue and Damage Tolerance,
led the effort to develop the agency’s first strategic roadmap for AM. He mentioned that risk
factors for AM deployment included surface quality, microstructure variability, powder control,
process control, and HIP effectiveness. AM challenges to be addressed include limited
understanding of acceptable ranges of variation for key manufacturing parameters, limited
understanding of key failure mechanisms and material anomalies, lack of industry
databases/allowables, development of capable NDE methods, lack of industry specifications
and standards, and new design space. He used the Wohlers Report as a ‘sanity check’ for the
AM Roadmap content and emphasized that collaboration among industry, agencies, and
technical societies (such as ASTM, AWS, etc) is needed to ensure safe introduction of AM in
major industry sectors. FAA does not anticipate rule changes for AM, but specific guidance
documents & policies are expected to be needed. Dr. Gorelik also mentioned DOT/FAA/TC-
18/3, “Proceedings from the Joint FAA — Air Force Workshop (FAA CSTA Workshop)
Qualification/Certification of Metal Additively Manufactured Parts” as a helpful reference.

Scott Zimmerman, the Chief Information Security Officer / Principal Cybersecurity Engineer at
Concurrent Technologies Corporation (CTC) discussed the main AM security challenges as
being related to loss or theft of intellectual property, compromised process and/or product
integrity, productivity disruption, and damage to reputation. The main message was to build in
cybersecurity, don’t bolt it on at the end. NIST issued cyber safeguards (Special Publication
800-171) in June 2015 to protect controlled unclassified information (CUI) in non-federal

3-2


https://www.ornl.gov/mdf

information systems. A “General FAR Rule” is in development that will obligate all federal
agencies to require cyber protection of CUI, per SP 800-171, in all contracts and agreements.

Mr. Zimmerman also gave an overview of CTC’s new Center for Advanced Nuclear
Manufacturing (CANM) established in Johnstown, PA in 2017 to utilize existing metalworking
capabilities to establish a self-sustaining global resource to develop and deploy applied
metalworking and manufacturing capabilities to advance design, fabrication and operation for
Small Modular Reactors (SMRs) and Advanced Reactors (ARs). CANM will provide
manufacturing and demonstration facilities to support the fabrication and testing of functional
prototype systems.

Bill Mohr, a Principal Engineer in the Structural Integrity Group of EWI (https://ewi.org/, formerly
known as the Edison Welding Institute), discussed the issue of fatigue for AM components. He
showed that testing of additively-manufactured metal pieces has shown a wide variety of results
for many investigators. Categorizing the results according to general, surface, and sub-surface
flaws allows the data to be put in more coherent groups and compared across processes. This
method also allows better estimation of the effect of post fabrication treatments, such as
machining, HIPing, and heat treatment. Optimization of the deposition method to limit pores and
regions of incomplete fusion is needed to allow further substantial improvements due to surface
finishing and PWHT. While HIPing can overcome some of these imperfections, it is not a cure-
all. If initial deposition procedures are optimized to avoid general flaws and surface flaws, then
HIPing may provide little or no benefit.

Frank Medina, the EWI technology leader for AM and Director of the Additive Manufacturing
Consortium (AMC), gave a detailed presentation on selecting the correct material and
technology for metal AM applications. He noted that the ASTM F42 Committee on Additive
Manufacturing Technologies was formed in 2009 and categorized AM technologies into seven
categories: powder bed fusion, sheet lamination, directed energy deposition, binder jetting,
material extrusion, material jetting, and vat photopolymerization. Only the first four are
appropriate for metal AM. Tooling and metal part prototyping are common applications. Direct
manufacturing of novel designs, compositions, and geometries are being actively pursued.
Direct approaches are becoming increasingly available and reliable, but remain expensive for
many types of geometries and volumes. Knowing the technology limitations is key for success.

Tuesday Afternoon Session

Carol Moyer, Senior Materials Engineer, (RES/DE/CMB) moderated the second session and
introduced the speakers of the afternoon session (see Section 4, presentations 4.9-4.16).

The first speaker, Myles Connor, the GE-Hitachi Lead Materials Engineer responsible for direct
metal laser melting (DMLM) AM development, discussed the evaluation of additively
manufactured materials for nuclear plant components. He noted that fabrication & unirradiated
testing results were shared during the GE-H visit to NRC in June 2017 (ADAMS
ML17136A042). He discussed his DOE NEET CFA-15-8309 project with ORNL and University
of Michigan to evaluate the SCC susceptibility, corrosion fatigue (CF), and irradiation resistance
of the AM 316L stainless steel in nuclear environments. The laser process can have a strong
influence on microstructure, even after HIP and high temperature surface annealing have been
used to improve SCC resistance. In summary, he found that unrecystallized grains after
annealing do not have a significant negative influence on mechanical, SCC, and CF
performance and that HIP may not be needed if the laser properties yield low porosity.
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Zeses Karoutas, Westinghouse Electric Company (WEC) Chief Engineer, discussed what is
driving AM for nuclear. WEC believes that to deliver the nuclear promise of “advancing safety,
reliability, and economic performance,” the industry needs innovation. AM is innovation in the
form of a disruptive technology. The Westinghouse goal is for AM to help transform the nuclear
industry and support the nuclear promise.

Bill Cleary, WEC Nuclear Fuels (NF) AM Technical Lead, presented the WEC key areas of AM
interest including global technology development efforts, tooling and replacement parts, nuclear
fuel components efforts, and the thimble plugging device (TPD) project. The TPD project was
not intended for large-scale production but rather for testing and proof of principle. Mr. Cleary
noted that the benefit of AM for tooling and replacement parts, radiation exposure and
mechanical testing of 316L, A718, and Zr products look promising. WEC plans to insert the first
AM part in reactor in 2018 to gain experience and next wants to focus on building AM parts to
obtain benefits in performance, economics and manufacturing relative to current methods.

Paula Freyer, Fellow Engineer/Metallurgist at WEC Global Technology Office Churchill
Laboratory Services, discussed her results from laboratory testing and evaluation of unirradiated
and neutron irradiated AM alloys. She found that unirradiated and irradiated AM 316L tensile
properties exceed ASTM AM 316L specifications, and generally significantly exceed minimum
property requirements. The 316L powder that they tested was “medical” 316, not exactly the
same chemistry as rolled 316 from certified mill test reports (CMTRs). Preliminary 1-month
corrosion studies had been conducted comparing AM and wrought 316L samples.

George Grabis, Principal Engineer at NovaTech, supported by Craig Gramlich,
Mechanical/Fluids Engineer at NovaTech, discussed his small company, founded in 1994, and
the work it is doing via Small Business Innovative Research (SBIR) funding to develop AM
techniques of powder bed fusion, and laser sintering to manufacture Alloy 718 bottom nozzles
and holddown springs. Nozzles can be modified to tune the pressure drop, thus to control the
coolant flow to various elements. They partnered with Areva to outfit and test future fuel
assembly designs. Further, they are working with ORNL to do material irradiation testing.

Steve Wolbert, Manufacturing Engineer at NuScale Power, presented potential applications for
AM in the NuScale nuclear plant module (NPM) including reactor vessel internals, integral safe
ends, and sub-supplier components. He anticipates that a NuScale module will include
traditional forgings, powder metallurgy- hot isostatic pressing (PM-HIP) complex shapes, AM
parts, traditional welds, advanced joining techniques, and laser clad components. NuScale
Power is the developer of a 50-MWe light-water SMR. In 2017, it filed the first application with
NRC for the design certification of an SMR. NuScale Power’s advanced manufacturing
cooperation includes EPRI, CTC’s CANM, NovaTech, and AddiTec, among others.

Brian Matthews, with a background in reactor physics and nuclear safety, founded AddiTec in
2015, and has focused on reducing cost and expanding of additive technologies beyond current
limitations. Of the five technologies in use for metal AM (electron beam melting, direct metal
deposition (DMD), direct metal laser sintering (DMLS), binder jetting, and investment casting)
AddiTec focused on going beyond the shortcomings of DMD and DMLS. AddiTec’s objective is
to develop and reduce the cost of advanced DMD and DMLS systems by a factor of >10;
innovate system design and capabilities; and mass produce AM parts using ultra-low cost
AddiTec AM systems. There was discussion in the room about exploring hybrid delivery of wire
plus powder with the vision that, by changing the chemistry, it may be possible to increase the
corrosion resistance of AM material with a particular powder on the surface. For example, the
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concept was raised of building a spent fuel rack with low-cost stainless steel wire, with selective
powder application of neutron absorbers as needed.

Shannon Farrell, Canadian Department of National Defence, Defense Research and
Development, discussed the analysis of seeded defects in laser AM (LAM) 300M steel.
Canada’s Department of National Defence is developing AM to reduce cost of maintenance and
improve operational readiness. Their focus is parts-on-demand and repair and refurbishment of
legacy parts. In conclusion, he noted that densification of 300M steel specimens was controlled
through modification of LAM fabrication parameters, and that specimens appeared to have a
threshold limit of porosity. The Archimedes’ principle was shown to be an effective tool for
simple, rapid assessment of bulk density. Radiography was capable of seeing the 500-1000 ym
defects in the 97.5% density specimens. UT ultrasonic gain is promising for estimation of
through-thickness density in LAM materials.

Wednesday Morning Session

Christopher Hovanec, Materials Engineer (NRR/DMLR/MVIB), moderated the Wednesday
morning session and introduced the speakers (see Section 4, presentations 4.17 - 4.24).

The morning session began with a presentation by Dave Poole of Rolls-Royce (RR) on nuclear
developments in additive manufacturing. Rolls-Royce began its AM program in 2008 and has a
robust program for production of AM components, using both PBF and DMD systems. No AM
components are currently used in pressure boundary applications at nuclear facilities, however.
The lead products are manual globe valves and pipework tee fittings, both of which are class 1
fittings designed to ASME Section Il code. Rolls-Royce plans to continue development and
increase production using AM equipment. They are progressing from less- to more-critical
applications, first substituting for existing manufacturing processes, then enhancing, then
designing using AM capabilities. Surface finish is a big concern; parts they have made so far
are fully finish machined. Partly, this is for corrosion fatigue performance, and also internal flow
performance. In-process NDE is especially important for 1-way choice components (see pg. 4-
180). Parts that are designed for AM may be difficult or impossible to inspect with conventional
techniques (e.g. RT), so RR needs to consider in-process inspection from the start.

Next, Alison Hahn of the Department of Energy’s Office of Nuclear Energy (NE) presented
additive manufacturing initiatives being pursued by her Office. Currently, their main focus is
improving methods for the fabrication of nuclear components by reducing cost and lead time
and increasing reliability. The NE Advanced Methods for Manufacturing (AMM) program was
established in 2012. Projects are selected from competitive solicitations. She noted that more
samples are being irradiated in the DOE Nuclear Science User Facilities (NSUFs) than can be
post-irradiation-examined (PIE’d) under existing work. Those samples will be available in the
sample library for work by others. The earlier presentation on near-net-shape forming via
PM/HIP (an AMM supported project) generated much interest. PM/HIP samples are to be
irradiated through NSUF starting in 2018. NRC staff proposed a follow-up action to have
larger/longer discussions examining all the ‘new’ manufacturing techniques proposed for SMRs
including PM/HIP programs.

Andrew Worrall of Oak Ridge National Laboratory (ORNL), and Deputy Director of DOE’s
“Gateway for Accelerated Innovation in Nuclear” (GAIN) program talked about the work being
done under this private-public partnership (emphasizing reverse focus from public-private
partnership) dedicated to accelerating innovative nuclear energy technologies’ time to market.
DOE provides support where industry wants to lead. Often additive technologies and irradiation
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testing are expensive, especially for start-up companies. DOE and the GAIN program are trying
to address this, to move the technology forward, by providing access to national laboratory
facilities and expertise. GAIN targets both the industry and the supply chain with its 3 ‘pillars’ of
support: modeling & simulation, expertise, and unique facilities. GAIN is intended to be a
conduit to everything DOE is doing to support the industry. GAIN, working with NEI and EPRI,
has facilitated three technology working groups (TWG): MSR, HTGR, fast reactors. AM might
potentially be used for printing metal fuels and TRISO fuels. In discussions, NRC staff noted
the importance of inspectability from the start and during service life. NRC staff further noted
that a follow-up action would be to discuss NRC participation in the Fall 2018 GAIN workshop
on Advanced Manufacturing.

Next, Isabella J. van Rooyen, Distinguished Staff Scientist and Principal Investigator in the
Fuels Design and Development Department at Idaho National Laboratory (INL) presented on
Additive Manufacturing Qualification Paradigm Similarities for Fuel and Components. She
discussed the potential use of additively manufactured components in the nuclear industry. Dr.
van Rooyen discussed the following elements of an AM development program: design (thin-
thick, gradient composition, integrated systems), prototyping, fabrication, cladding, welding,
novel alloy development, measurement, and repair. Additive Manufacturing as an Alternative
Fabrication Technique (AMAFT) was discussed as an integrated modular technique to
transform U-based material into accident tolerant fuel. Her work is now focusing on uranium
silicide (UsSiz), experiments that have been conducted on U-surrogates (similar properties &
laser absorption of U3Si2). She also discussed other new technologies being tested and the
path forward for INL’s research in AM.

Sam Pratt of the Naval Surface Warfare Center (NSWC) Carderock Division gave a
presentation, written by Caroline Scheck and Bryan Kessel, on the comparisons of components
made with 316L SS material using multiple Laser PBF machines. There are multiple original
equipment manufacturers (OEMs) for PBF systems and each OEM utilizes its own unique
software, system controls, processing parameter options, etc. that can result in material and
mechanical variation. This project focused on the results from using three different OEM PBF
systems to fabricate 316L austenitic SS. The purpose is understanding variability when a
reasonable attempt is made to maintain consistency between build files, and using OEM-
recommended system processing parameters and raw materials. Results were analyzed to
determine the variability between identical components manufactured with different AM
machines. Results include powder feedstock characterization, mechanical and corrosion
testing, and microstructural feature comparisons between fabricated coupons from each
system. Process qualification is a focus area for the Navy. It is interested in understanding how
usage of different AM systems impacts results. Jointly, NSWCs maintain four laser powder bed
fusion systems from three different manufacturers.

Justin Rettaliata, the Additive Manufacturing Technical Warrant Holder of Naval Sea Systems
Command (NAVSEA), presented on the Qualification and Certification (Q&C) of Metallic
Components for NAVSEA. The goal of the NAVSEA program is to develop the ability to qualify
and certify AM parts for NAVSEA ships, with the end state ultimately being accelerated
qualification and certification of components at a much reduced cost. This will require the
establishment of processes, specifications, and standards across NAVSEA and the US Navy
Fleet. NAVSEA is preparing a ‘tech pub” that will discuss how to implement AM, including
metals such as 316L, Ti, Ti 6-4, and a few Inconel alloys. Largely the spec will be “material
agnostic” (independent of material composition). The current focus at NAVSEA has been on
replacement components; steam valves and replacements for obsolete trash compactor
handles will be the first metal AM in service.
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Paul Witherell, a Mechanical Engineer in the Systems Integration Division of the Engineering
Laboratory at the National Institute of Standards and Technology (NIST), discussed Informatics
in AM Qualification: Incorporating Databases, Simulation, and Analysis. Paul manages a
project on Systems Integration for Additive Manufacturing and serves as the Associate Program
Manager of the Measurement Science for Additive Manufacturing program in the Engineering
Laboratory. The main aim of the presentation was to show that, when used and applied
correctly, databases, modeling, and simulation have a large role to play in AM part qualification.
To use predictive modeling, it is necessary to understand sources of uncertainty, especially
when changing processes. Reference models are needed. The “AM Bench” model is under
development by another NIST group and will be the focus of a June 2018 workshop.
Qualification is in the “eye of the beholder” and subject to the criticality of the part and risk of
functional failure. Dr. Witherell addressed the main questions of determining when a part is
satisfactorily ‘qualified.” What is necessary to qualify against the customers’ (functional) needs?
What part/process characteristics are most likely to lead to failure? What are the failure modes
that will determine how the performance of the part is measured? What data is necessary to
“establish pedigree”? What is good data or an established/quality dataset? Does this have to be
done for all parts? Only for different geometries? Only for different maintenance cycles? Only
for different machines? Various AM materials databases were discussed including the NIST
Additive Manufacturing Materials Database (AMMD). Other participants mentioned that the
Metallic Materials Properties Development and Standardization (MMPDS), the primary source of
statistically-based design allowable properties for metallic materials and fasteners used in many
different commercial and military aerospace applications around the world, does not yet have
AM materials, but is waiting for the public standards to be sufficiently mature.

In the final presentation of the morning session, S. Suresh Babu, the UT/ORNL Governor’s chair
of advanced manufacturing at the University of Tennessee, Knoxville, TN, spoke about
Ultrasonic Additive Manufacturing (UAM) and other AM Processes for Nuclear Component
Manufacture. Dr. Babu acts as a bridge to the ORNL'’s expertise and infrastructure including the
ORNL MDF to develop a collaborative research and education ecosystem locally and to deploy
engineering solutions to manufacturing industries. Dr. Babu noted that AM has emerged as a
potential route for manufacturing nuclear power components with dissimilar materials. Other
applications include control rods, spray nozzles, cooling channels, and instrumentation. The
laser direct energy deposition (DED) process allowed ORNL to fabricate transition joints with
controlled compositions and phase variations. UAM was successfully used for prototypes with
embedded neutron absorbers. It is possible to develop ICME models and to extend in-situ and
ex-situ characterization to develop rapid qualification methodologies for both fusion and solid-
state AM processes. Building on the existing knowledge base, he said he believed we can get to
a nuclear-qualified component within two years.

Wednesday Afternoon Session

Rob Tregoning, Senior Technical Adviser for Materials Engineering Issues (RES/DE),
moderated the Wednesday afternoon session and introduced the presenters (see Section 4,
presentations 4.15 - 4.232).

The first presentation of the afternoon session was given by Doug Wells, a senior structural
engineer at NASA’s Marshall Space Flight Center. He noted that he has been peripherally
involved with additive manufacturing for all of his 25 years at NASA. In the past five or so

years, he has been heavily involved in the transition of additive manufacturing from a
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prototyping technology to a flight hardware technology with all the ensuing qualification and
certifications challenges. The subject of his presentation was Standardization in Additive
Manufacturing: Challenges in Structural Integrity Assurance. Mr. Wells presented on the need
for a standardized, qualified AM process and consensus on definitions of AM quality for
consistency. He mentioned that NDE standardization in AM is high priority and would be
enhanced by creating a defect catalog for AM. It would be analogous to references used to
identify defects in castings or welds and contain correlation of defect type to AM process, NDE
method, and reliability of detection, as well as correlation of defect risk to structural integrity.

Jess Waller, a materials scientist from Office of Safety and Mission Assurance’s (OSMA) NDE
program at NASA’s White Sands Test Facility presented on NDE and Inspection Challenges for
Additively Manufactured Components. Dr. Waller noted that important technology gaps include:
(1) integrated process control (in-situ monitoring during build) (2) material property controls
(input materials, qualified material processes) (3) mature process-structure property correlations
(design allowables data) (4) mature effect-of-defect (includes fracture mechanics) (5) mature
quality control measures (includes NDE tailored to AM). In-process and post-process NDE are
vital to qualifying AM components for use in NASA equipment and will also be extremely
necessary for the nuclear industry. Standardization across industries will allow for faster time to
market and a better understanding of defects in AM components. He discussed key NASA AM
Qualification and Certification documents as well as the Additive Manufacturing Roadmap and
NDE-Related Technology Gaps documents. Dr. Waller is the POC for government-industry
round-robin testing.

Next, Kevin Jurrens, Deputy Chief of Intelligent Systems Division, Engineering Laboratory of
NIST presented on Measurement Science for Metals-Based Additive Manufacturing. The AM
field has grown dramatically over the past six years alone, and this is amplifying the need for
measurement science and standards for the industry. The NIST Roadmap for Measurement
Science for Metal AM, written in 2012, became the input to America Makes, and the basis for
the ANSI Additive Manufacturing Standardization Collaborative (AMSC) Roadmap. Currently,
no unified standardized process exists and there is no standardized path for Q&C. NIST wants
standards that are non-contradictory, not overlapping, and avoiding duplication of effort. For AM
to continue to grow and become a major contributor, it is vital for NIST to collaborate with
industry partners to develop these standards for many industries.

Jim McCabe of the American National Standards Institute (ANSI) presented on the America
Makes and ANSI Additive Manufacturing Standardization Collaborative (AMSC). The AMSC
“Standardization Roadmap for Additive Manufacturing, Version 1.0, February 2017, listed 89
knowledge gaps - many are in design, process control, and Q&C. He emphasized the
importance of the many standards developing organizations (SDOs) to coordinate and create a
“consistent, harmonized, and non-contradictory set of AM standards and specifications.”
AMSC'’s purpose is to facilitate AM growth across industry and drive standardization among the
SDOs.

Kate Hyam of the American Society of Mechanical Engineers (ASME) presented on ASME’s
development of Additive Manufacturing Standards. A special committee on the use of additive
manufacturing for pressure equipment has been developed by the Board on Pressure
Technology Codes and Standards (BPTCS) and the Board on Nuclear Codes and Standards
(BNCS) to create standards and requirements for AM pressure-boundary components.

Immediately following, Dave Rudland, Senior Technical Advisor for Nuclear Power Plant
Materials at the NRC (NRR/DMLR), presented on the BPTCS/BNCS Special Committee on Use
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of Additive Manufacturing. The objective of this committee, as defined in their charter, is “to
develop a technical baseline to support development of a proposed Boiler and Pressure Vessel
standard or guideline addressing the pressure integrity governing the construction of pressure
retaining equipment by additive manufacturing processes.” Currently, the board is preparing the
future ASME requirements and meeting on a regular basis to discuss these requirements. A
member of the NRC staff will be included in the committee.

Next, from ASTM International, Mohsen Seifi presented on The Status of Global Additive
Manufacturing Standardization to Support Q & C (qualification and certification). The presentation
included information on ASTM International and its progress into standardization of AM processes
as well as the partnerships ASTM has created across the industry. Dr. Seifi discussed the
competition for the ASTM Additive Manufacturing Center of Excellence (COE). The objective is
to facilitate collaboration & coordination among stakeholders, to develop better standards. An
ASTM survey noted that much good R&D is being done in industry and universities, but not
captured in standards. The AM COE is to work to transition R&D to stakeholders.

In the final presentation of the day, Allen Hiser, NRC Senior Technical Advisor for License
Renewal Aging Management (NRR/DMLR), spoke on Topics of Interest for AM of Reactor
Materials and Components. During this presentation, the topic areas identified and discussed
were the quality of AM materials and components, codes and standards for AM, properties and
structural performance of AM components, service performance and aging degradation, and
cyber security of the AM process. Addressing all of these areas will be vital to the use of AM
components in nuclear power plants.

The public meeting concluded with a group discussion and time for public comments and
guestions and was adjourned around 1700.
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4 PROCEEDINGS

Opening Remarks (Michael Weber, NRC)

Opening Remarks
Michael Weber, NRC Public Meeting on
Additive Manufacturing for Reactor Materials & Components

November 28-29, 2017
8:00 AM - 5:00 PM

Good morning, thank you for coming, and thank you for your interest in participating in
this meeting. | am Michael Weber the Director of Nuclear Regulatory Research and it is a

privilege to welcome you to this meeting today.

One of the aspects that | thoroughly enjoy in working on research is the opportunity to
learn about and understand cutting edge scientific and engineering information in
partnership with our regulatory counterparts to accomplish NRC’s nuclear safety and

security mission. This meeting is a prime example.

Welcome to this first NRC public meeting about plans for using additive manufacturing to
produce systems, structures, and components for nuclear power reactors and other
potential applications. For example, representatives of the nuclear industry, including
licensees and vendors, have notified NRC that parts made using direct metal laser
melting/sintering may be used in the operating nuclear power plant fleet as early as next
year. We are working with our colleagues in NRR and NRO to make sure that the NRC
will be ready to review such submittals for safety-significant regulatory applications.
Therefore, we would like to understand your plans and the opportunities that you see for

the use of additive manufacturing in civilian nuclear applications.

| have great expectations for the success of this meeting. We are building on the catalyst
created when a team from GE-Hitachi arranged a public meeting with NRC in June of this
year to discuss general aspects of additive manufacturing. We are aware that other

vendors are also considering similar applications. Our collective objective is to ensure that
if such parts and materials are used in nuclear power plants that they are used safely and

securely. To accomplish this objective, we need to have sufficient information about the
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safety characteristics and associated monitoring of parts and materials manufactured

using additive manufacturing.

We had the opportunity to meet with many of you at the ANSI Additive Manufacturing
Standardization Collaborative Forum in September, at the meetings in Idaho sponsored
by the US Nuclear Infrastructure Council (NIC) and Department of Energy (DOE) early
October, at the Westinghouse Churchill facility later in October, at ASME meetings, and
at the ASTM Symposium on Additive Manufacturing this month. We recognize and
appreciate these interactions. Your willingness to share insights and plans with the NRC

at this stage of deployment help us prepare and be ready toreview.

Our meeting during the next couple of days provides another opportunity to interact with
you regarding additive manufacturing. We look forward to listening to presentations and
discussing such topics as qualification and quality control, Non-Destructive Examination,
and inspection, materials properties, cybersecurity, and reverse engineering to the extent
that we can have these discussions in a public forum while protecting sensitive

information.

The first day of our meeting will mainly focus on industry activities and perspectives;
during the second day, we will explore complementary government agencyinitiatives.

We are excited to hear from the many organizations involved in Additive Manufacturing,
including ANSI, ASME, ASTM, Concurrent Technologies, DOD Labs, DOE Labs, EPRI,
EWI, FAA, GE-Hitachi, NASA, NEI, Novatech, NuScale Power, and Westinghouse, to

mention a few.

So engage, collaborate, share to the extent that you can and thank you again foryour

active participation. Together we achieve nuclear safety and security

4-2



4.2 Introduction (Rob Tregoning, NRC)

~® USNRC

NRC'’s Additive Manufacturing Workshop:
Meeting Logistics

= Category-Two Public Meeting
» Questions at designated points in the agenda
» Presentations and public meeting summary in ADAMS
« Email to amy.hull@nre. gowv
= Attendance list
» Public meeting feedback
= Hardcopy forms (back of the room)
. Unk to public meetlng

. Dwectlmkto f-urm WML&]MMM
Title: Additive Manufacturing for Reactor Materials and Components

Meeting Contact:  Amy Hull, MS T-10 A36
Meeting Dates: 11728 - 29/2017

~® USNRC

NRC'’s Additive Manufacturing Workshop:
Meeting Logistics

= Room Layout
» One representative from each organization at table behind placard
» Speakers at head table

»  Webinar
Wetinar Info {maghes blseciomn gow: ACRS Tel: 307-415-5064) I Bridge line
Lay 1 mH] pitand ea goicwabinar ¢ omiragestar 3 E O LR LRI cal I -ﬁ;‘;--‘! ]G TN
Day 2 ntps: etand e Qolowa BImar ¢ Om e qestariGl e 3 et 1 de e 4 0 passcoca GA4TH57T

. [;lmch (1 hour) and Breaks (10 = 30 minutes)
= Fire Exits

« Bathrooms
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NRC’s Additive Manufacturing Workshop:
Meeting Objectives

= Understand nuclear industry’s near-term and long-term strategy
and plans for implementing additive manufacturing

= Discuss opportunities, challenges, and approaches for utilizing
additive manufacturing for safety-critical components in other
(non-nuclear) industries in both near and long-term

= Identify current standardization activities, recognized gaps, and
future plans

4.3 AM for Reactor Materials & Components: Industry Perspective (Mark
Richter, NEI)

NE|

Mark Richter

Additive Manufacturing for
Reactor Materials and
Additive Manufacturing for Reactor Materials & Cc ompone nts:

e Industry Perspective
Mavernber 28, 2017



Overview

* Industry Challenges and Current Landscape
* Industry Responds

« Sustain and Innovate

+ Additive Manufacturing and Nuclear Energy
*M cve Fawad

Early Plant Shutdowns
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NEED TO PRESERVE PLANTS AT RISK
Profileof fleet in 20205 shaped by ability formarginal plants to remainviable
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SCALE OF NEW BUILD
With SLR, 20% market share reguires adding ~80GW
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CLIMATE CLEAM ELECTRIC
CHANGE POMIER DEMAMND

Additive Manufacturing Strengths

* Build 3D objects by layering materials-plastics, metals,
living tissues-endless potential

+ Enable rapid prototyping
* Integrates sophisticated technologies

« Compliments materials removal processes in
manufacturing to achieve final shape and dimensions



Create Sustainability NOW

* Preserve reliability and support long term operation

* Sustain the viahility of the operating fleet

— Re-create non-OEM parts or OEM parts where design drawings are
unavailable, e.g. pump impeller

= Improve part performance by removing design limitations
— Reduce manufacturing lead times and costs
» Additive manufacturing has established a decade

long track record serving secondary side and BOP

component needs

Innovate, Commercialize and Deploy New Nuclear

+ Demonstrate cost-benefit and establish regulatory acceptance
with current applications through ASME and other codes and
standards

+ Strong collaboration between U.S. industry, national labs and
universities

* QOpportunitiesin new plant components, new products, and
fuel components

* Production of 316 55 and Inconel demonstration parts
* Low risk fuel componentsin a reactor by 2018
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Moving Forward

* High equipment costs versus potential industry savings
Part size limitations

Lack of process standardization

Process development ongoing

Final products are near-net-shape

F nEhngsteps required to meet dimensional and
surfacefinish requirements

NE]

Industry Challenge
Develop innovative approaches to refine the manufacturing process
and minimize investment and production costs, work collaboratively
with regulatory and consensus standards bodies to achieve
acceptance for broad use. Efficiency gained today supports a

platfarm for future new nuclear deployment.
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4.4 ICME & Process Monitoring for Component Qualification via LPB-AM (Dave
Gandy, EPRI)

ELECTRIC POWER
RESEARCH IMSTITUTE

==

ICME & Process Monitoring
for Qualification of Nuclear
Components via LPB-AM

D. Gandy and C. Stover
Electric Power Research Institute

5. Babu, F. List Il
ORNL Manufacturing Demonstration Center
NRC/Industry AM Technical Information # OAK RIDGE
Exchange Meeting " National Laboratory
November 28-29

MNorth Bethesda, MD

Parts of Presentation previously made at:

= US DOE Advanced Manufacturing
Methods Workshop in Idaho Falls,

October 2017
=And at ASME BPVC on Additive Manufacturing,

%

N raswaEawE

Advanced Methods for Manufacturing

EFPREl | =EET
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Presentation Outline

=Interest by Nuclear Industry and = ==E=E=
Applications

» Project Tasks & Progress
=\What We Have Learned...
=Summary

=|ntroduction to DOE Project on AM N

[ Rolls-Royce FOAK RIDGE @msﬂnghuuse

Introduction—DOE Project

= ASME, NRC, and industry continue to look to
identify strategy/approach for “nuclear quality
components” manufactured by AM.

= Current approach requires manufacture of multiple parts followed by
destructive testing of several parts
— Properties (microstructural/mechanical) are still difficult to predict

= Objective: ORNL/EPRI are working on an approach that incorporates
Integrated Computational Materials Engineering (ICME) and In-situ
Process Control aimed at demonstrating properties reproducibility
for nuclear applications using LPB-AM.

There has to be a better way to qualify AM
parts for nuclear applications.....

EPRE | SR
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Why Is Industry Interested in Laser Powder Bed-AM?

1. Produce replacement parts for the existing
fleet with a very short turn around

» Obsolete parts—remember some units are
over 40 years old

2. Produce new or complex parts for the new
fleet of ALWRs, SMRs and Gen IV
applications

3. Design to include improved flow characteristics
or special features that can’t be done through
casting/forging/ machining

4. Introduce favorable properties via unique
micrﬂstrUCturES Charnber size: 250mm % 250mm

5. Design for performance % 300mm (~10x10x12)

(courtesy of Renishaw)

EFRI| .

Examples: Nuclear Applications for AM
--Reactor Internals and Fuel Assemblies

= Smaller parts (<100 Ibs, 45kgs)

Potential Reactor Internals
» Small valves, tees, wyes .
* Fuel assemblies (next slide) | 1' L,

» Control rod drive internals AF T

» Alignment pins & springs i F‘* :
* Small spray nozzles HE H :|||‘| 'y
* Instrumentation brackets : .

» Stub-tube/housing T = |

» Steam separator inlet swirler r !

* Flow deflectors :
= GEN IV—cooling channels

PWER Control Rod Aszembly

EFRI| .,
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Fuel Assemblies--Examples

Fsel Assambly (9 x 9 type)

GRS Low Preanae Disg UTR

GE14 & GHFT Db = LT
GNFE g owed Dt Pyolioln

I
-—'“Ir \
", i . T
:. ; | , i
il
I:E:
¥ fh\
e | T ; . ’
e = Weight: Approx. MO kg ]
= s
Courtesy of WEC Courtesy of Hitachi

Current AM Limitations--Metallics

5 Key Limitat

= Chamber size

= Deposition rates, single laser or EB
= Porosity or lack of fusion

* Residual stresses/distortion

= Post processing required, HIP

= Layer-by-layer qualification (nuclear)

4-14



Project Tasks JQE"—— — ===

Demonstrate Artifact Design and Baseline Properties

Process Design, Processing and In-situ Monitoring & Validation
Deploy and Validate High Performance Computational Models
Ex-situ Non Destructive Microstructure Characterization

Scale up to Full Size Components

Develop ASME and Regulatory Acceptance

@Mk wh =

[ Rolls-Royce &OAK RIDGE Westinghuuse

MNational Luburutur}'

EFRI| .

Task 1: Demo Artifact Design and Baseline Properties

[rerp—p— T
[Frrp——— T,

*Produce two demonstration |
components (simple and complex). |

= Measure/document static (yield FEE
strength, tensile strength, elongation)
and dynamic (Charpy toughness & J
fatigue) properties.

=\WEC and RR provide components/data
for existing technologies (forging, s e it
casting, etc.) for comparison. t,ﬂ;‘g;ﬂgﬂ;{fgf,mg;ﬁ%
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Additive Manufacturing (AM) of Reactor Internals

Rolls-Royee 2" diameter 316L 55 Pipe Waestinghouse 3° x 3" Inconel 718
Tee-Sections, Buikd Time ~&7 hrs Fuel Nozzle, Build Time ~10.5 hrs

DOEEPRIM estinghouse/Rolls-Royce |

Task 2: Process Design

* Components manufactured using Renishaw® laser
powder bed AM processing equipment.

* The simple and complex geometries from Task 1 to
be scaled & appended

* The process variables including: laser power,
scanning speed, scanning strategy, preheat
temperature, and powder characteristics will be
recorded

» Three different qualities of build: poor, medium and
high quality (intentionally) and compared.
— Random defects, engineered defects, & with HIP.

Lo, M0mm
N LE BE B EAR 1S

28 mmi
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Task 2: Process Design

* Components manufactured using Renishaw® laser
powder bed AM processing equipment.

* The simple and complex geometries from Task 1 to
be scaled & appended

» The process variables including: laser power,
scanning speed, scanning strategy, preheat
temperature, and powder characteristics will be
recorded

= Three different qualities of build: poor, medium and
high quality (intentionally) and compared.
— Random defects, engineered defects, & with HIP.

Lo, M0mm

25 mm

EFPREl | =EET

Task 3: Deploy and Validate High Performance ICME
Computational Models (1)

*Process parameter data and
boundary conditions will be used as e
input for ICME models for heat ot Q&
transfer and mass transfer

= Models will be used to predictspatial
variations of temperature, liquid
metal flow, and liquid solid interface
velocity.

BERAVIOLUR
yeleiy dhigri

LD STRLCTURAL
® o1, wranwen DR YELDITMEN
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Task 3: Deploy and Validate High Performance ICME
Computational Models (2)

= From these characteristics, models will be used to predict:

— Defect formation

— Columnar vs equiaxed grain deformation
= Predicted results will be validated from in-situ monitoring (Task 2)
= Data in turn will be loaded into 3D framework

= [CME models will be used to predict the debit of static, dynamic,
corrosion properties

EF2I| nmrm

Task 4. Ex-situ NDE and Microstructural Characterization

-
g™ i

i

e
|-

¥ u

=
e

il

.L.&.#

'|.
o
Tian et al (2014)
Multi-scale Characterization Methods (Optical, Comparison of Infrared Thermaography and X-Ray
SEM, EBSD, TEM, elc Tomography Results
= ety
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Task 5: Scale Up To Full Size Components
|Modeling Fracture and Failure with Abaqus ;

''''''''

A FIKITE ELEMENT METHOD FOR CRACK jiSiaiEls T
GROWTH WITHOHIT REMESHIMG

Cyclop b Faikrs INII

Kirka et al (2016)

* What can we do
with this multitude
of experimental
and modeling
datasets?

Task 6: Develop ASME Code Acceptance &
Project Management

=|f the ICME and in-situ process
monitoring qualification
methodology for AM components
is proven correct, these
methodologies will be documented
for ASME Code and NRC
acceptance.




Project Progress:
Task 2: Process Design

* Components manufactured using Renishaw® laser
powder bed AM processing equipment.

* The simple and complex geometries from Task 1 to
be scaled & appended

= The process variables including: laser power,
scanning speed, scanning strategy, preheat
temperature, and powder characteristics will be
recorded

= Three different qualities of build: poor, medium and
high quality (intentionally) and compared.
— Random defects, engineered defects, & with HIPF.

Lo, M0mm
E BE B B R J 8¢

28 mmi

Three Cylindrical Samples Produced for CT Scanning

ID#: 2017 0 28 ID#: 2017 07 28 ID#: 2017 06 24
Material 316L 55 Material: 316L 55 Material: INCO 718
= Each sample contains both Dirn: $25enm ¥ 19mm Gén: 1 e 13mm D 4 10mm  1Erm

engineered and random
defects

* |R data exists for each
sample

= Goal: compare layer-by-
layer IR data to the CT data.

EFPREl | =EET
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Task 2: Process Design

= Developed a methodology to extract
the defect generation probability from
in-situ thermal imaging and analyses.

= Key-factors: time and spatial
resolution

= Key-findings: There are critical data
from maximum intensity, integrated
area, pulses and time-decay

—no need for IR to temperature
conversion!

Task 2: Process Design

]

= Cut#d
TEM i Cogaznzrial
i I el 0 Ampiti)
Y =T meec
B 5
B
]
E $
B 0
Foon 1,
200 K"\\‘
ey
i e
0
g a1 az [ ] a4

Time {sec)

4-21

IrlEnsity (enks.)

Cubg 10

h”';s-“jﬁwa_-_. e L TR
4 1
b S gl R |

+«  Over 1,000 frames are recorded for each layer.

+  Cooling curves for each pixel within a layer are
calculated from these frames.

+  Comparison of cooling curves for each pixel are
used to identify neighboring defects,

EFRI| .
B =0, + A,
A
— Gz 25
e ] Fimzd Expoenbzmial
12, = Pelpi 51}
sei]
B, =413 mesc
]
2000 al |
'iﬂ_hm
2000
'u-"-\.l
= -'H-H'_\—'\—l—'\—\_u_ A
10 e —
I
a0 o1 oz k] o
Tiemh (Sc)
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Data Analysis

e~

Curve fitting is computationally
expensive and not always reliable
for this application so a different

\_mmh[}d is needed.

B oty g iy s

Change in conductivity
caused by subsurface flaw
changes the cooling curve of
the material and the IR
Intensity significantly forlarge
defects

4-22
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Integrated Intensity
* Taking the Area under the signal curve through integration allows for

all of this information to be quantified by a single number. Showing
any region where the signal has longer decay.

Integrated Intensily Areas for Melt over Defect or Solid

B o Ciefect= 1 95797

B ciici taneria = 14084 ™

Significant difference
in the integrated area
can be seen for
regions directly over a

pore

riiermaiy ()

ErE |

Thermal signature of porosity layers early in build process

+ Mapping Integrated intensity over entire surface reveals in-layer

and subsurface flaws.
Layer 40 Layesr S0 Layer 51 Lavar 52 Layer 53

01010100

a Wﬁ ssinis i g Wy | Far right voadu realin gl 54l of voi s MRIlEd | Tw remaining rmwe alvnids | | 4 mm wokds reman

[t i ] [

Layar 54 Layar 55 Layer 5 Layar 57 Layer 68
u II | u n u
¥ et et b pab | Some of the larger pores are still visible

»  200pm defects are not able to be detected because they are 1
pixel in measurement, 400um defects can be detected in some
layers

depending on the thermal conditions.

4-23
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Thermal signature of porosity layers late in build process

— Layer 351 Layer 352 Layer 363 Layer 54
&i o-oe- sl i e Myes Farright vokds eate rlmsammm e | Twea remaining rows alvoids | | 1mm vwoids remain
L s
Laryer 365 Larver 356 Layer 35T Laryer 358 Layer 258

l[l[][][ |

e racunis o rabed Some of the larger pores are still visible | o remaineg vistie

EF2I| nmrm

Detecting Potential Material Voids
Layer 355
Ehnar-ujzud images show the potential defe;clr!guans -.mthmhth! part .

EP2I| nmrm
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3D Visualization of Defects

EFPREl | =ERT

What Have We Learned So Far...

* Using IR thermography and Data Analysis can
provide a method to detect “in-layer” and “subsurface”
defects that are sufficiently large enough for the camera

resolution to pick up.

* Beginning and end of melt path seem to show large increase as well
» Notindicating defects however

* Noise in the data caused by spatter also needs to be removed
» Current impact of spatter is not as significant as beginning and

ending melt regions
* Produces terabytes of data
* Further analysis of high-resolution data is continuing.

EFPREl | =ERT

4-25



from the Project

Major Deliverables Anticipated .,!. - l
[ st

1. Designs that will allow for LPB-AM of complex components

2. Fabrication of 3 components by AM, as well as, a traditional
manufacturing processes

3. ICME process analytical methods to fuse the modeling,
process, in-situ and ex-situ characterization data through
Dream3d architecture

4. Data and ICME and in-situ process monitoring qualification
methodology package to support ASME & regulatory
qualification/acceptance.

EFPR|

Project Summary

=Completed 1styear of 3-year project

*Believe we have developed IR monitoring method to capture
defects (in-layer and subsurface).
— Performing CT scans to fully characterize
—200pm flaw detectable

»Just starting the ICME computational modeling part of the
project and ex-situ characterization.

*Beginning engagement with ASME and Regulators

=Terrific engagement by industrial partners: WEC and Rolls-
Royce.

EFPREl | =ERT
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EFPREl | =EET

Together...Shaping the Future of Electricity

EFPREl | =EET

4-27



4.5

Project Schedules and Milestones Status

1 f ! | Orgo
1. Design I OEM
2. Processing & In-Situ Analyses | Nat Lab
3. Computational Modeling =] | Nat Lab
4. Ex-situ Characterization | 23] 4 OEM
5. Scale Up [ 1 | OEM
6. Regulatory & Code Acceptance | | PI

Project Milestones will include: 1). Fabric

ation of three nuclear parts via AM; 2). Collection of ICME

and in-process monitoring data (data package); 3). Transfer of monitoring technology direcily to the
two participating OEMs for immediate implementation and use; 4). Ex-situ characterization assessment

data along with scale up information; and 5). ASME Code Case submittal for nuclear qualification of

AM.

EFPREl | =EET

Requlatory Considerations for AM Qualification and Status of FAA AM

Roadmap (Michael Gorelik, FAA)

Regulatory
Considerations for AM
Qualification and Status
of FAA AM Roadmap

Presented at:

Federal Aviation
Administration

ADDITIVE UFACTURING FOR REACTOR

MATERIA COMPONENTS

FPUBLIC

Presented by:

Dv. Michael Gorelik
Sclentsl and Tec

4-28




Disclaimer

The views presented in this talk are those of the
author and should not be construed as representing
official Federal Aviation Administration position, rules
interpretation or policy

Y Faderal Auviation

| Administration

Outline

* Industry Trends

» Regulatory Considerations
» Recent FAA Developments

Y Faderal Auviation

| Administration
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AM is Not a Single Process...

... a partial list of metal AM technologies

Pcwd:Ead 3-D Printing I T
/ Directed

\_Fusion(PBF) ' .~ Additive Layer - __
T /7 Eleetron | Manufacturing | | Energy |
| EBeamMelting | . [ALM) ) Deposition |

" Direct Metal . - (EBM) —— . " \_ (pED) /

[ LaserSintering = = —— e —

. (oMmLs) - -~ T “RapidPlasma ., =

e o ._z. Selective ) I. Dlpﬂlmﬂﬂ I i . .
\ L“‘{';:‘;;““G [ (RPD) E“#m“r Net |
e —— " e \ y
" Lasar Frastom ‘:__ S \__f_l_mplng {LENS]
{ Manufacturing | ~7 Laser Cladding e

" Technology(Lcm) @ ——
_ __-____ — ___'__ :f'f Laser Deposition "“\:
~Wire +Are .~ Ultrasonic Additive . - Technology (LDT)
"_AM(WAAM) ' ' Manufacturing (UAM)

“-__Technology (LFMT) - g

- Different physics = different Q&C considerations
- Lack of common terminology (e.g. L-PBF / SLM / DMLM / DMLS)

I I-"'_n_z"':l-: | Federal fuiation
sl

Administration

Diversity of AM Processes and
Certification Domains

By Source of Material:
Powder vs. Wire

By Source of Energy:
Laser vs. e-Beam vs,

Plasma Arc |
A" A
T
New Type and Repair and Aftermarket
Production Overhaul Parts
Certificates (MROs) (PMASs)

1 redbllallﬁ.'.-iqtiun
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Business Drivers for AM

* Part count reductions
* Producibility / machinabilityissues
- e.g. thin-wall castings
+ More complex geometric designs
- Woeight reduction
— Design optimization
+ Single Source alternatives
* Production of low volume / legacy parts
* PMA business model (reverse engineering)
* Low barrier to entry for smaller businesses

Business Drivers Can Be Good Predictors Of Technology Trends

Y Faderal Auviation

dminigtration

Examples of Expanding Use of AM

+ “GE Advanced Turboprop is “By 2018 Airbus expects to
the first Aviation product to printabout 30 tons of metalAM
fully utilize additive tools...” parts every month, according
— It has 30% fewer parts (from to a company statement...”
800+ to 15 parts), and will
be completed with a 50%

reduction in cycle time — ﬂ
From GE 2016 Annuail Regort

(R
| I___.___,:I.'_.I Administration

Federal fuiation

4-31



Example: Moving Towards Full-Scale

Production

“GE Aviation Selects Auburn, AL for High
Volume Additive Manufacturing Facility™

AL Annual Production Rate “ i _

45000  of GE LEAP Fuel Nozzle S T T
quickly over the next five

40000 3 years, going from 1,000

35000 ] fuel nozzles manufactured

30000 & I|' annually to maore than

35000 ; 40,000 by 20207,

20000 ' /

15000

10000

5000 /
D —r #-'
2016 2020

Refersnce: hitp:Aenscecgaviation.comipresslatherother 20140718 him|

Federal fuiation

dminigtration

Example: Moving Towards “Part Family”
Qualification

Families for qualification

Successful qualification can be used to qualify a number of similar parts

Separate qualification of each AM part is not necessary.

To be considered as a ‘family’, the parts shall satisfy the following criteria:
+ Same material and post processing conditions

Same classification of part and part function
« Same manufacturing and inspection programme

Similar geometry and section thickness

Qualification of a number of similar parts = qualification by “families”

AIRBUS
Presented by J. van Doeselpar (Airbws) at the 2017 Jofnt FAA- AFRL AM Qual & Cert Workshop, Dayron, OH,

Federal fuiation

Administration
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Additive Manufacturing - New Paradigm:
Manufacturing Capabilities Ahead of Design Vision..?

*Additive manufacturing is the new
frontier. kt has taken the shackles off
the engineering community, and
gives them a clean canvas...”

M. David Joyce, GE Aviarlon President and CEQ

T

w

Federal funiation

Administration

Regulatory Considerations for AM

» New Material and Process Space

= Common consideration for new material or
manufacturing technology introduction

» New Design Space

= Unique to Additive Manufacturing..?

Administration

I-';\:':I Federal funiation
sl '
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Topological Optimization Using AM

Common Claim: “Complexity is Free...”

» ... Butis itreally?
— High number of Kt features
— Inspectability challenges
— Location-specific properties
— Surface quality of hard-to-access areas
* may need to live with as-pmducedsurlace

Need a Realistic Assessment of Technical Challenges / Risks
Associated with a Business Case

(I Faderal Aviation
!:__t :I.'.' .ﬂ.dmini:i.r;iinn

Evolution of Criticality of AM Parts

Criticality
T Level
“critical “Critical” Parts (e.g. CFR Part 25 = PSEs, CFR Part 33 = LLFs) *
“major’” 5
effect g
“rrrinor’
effect

Transition to “safety-critical” applications in aviation will
occur sooner than initially expected

Federal fuiation
Administration

D)
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MAVAIR News Release
HAVAIR Headquarters
Patuxent River, MD
July 28, 2096

NAVAIR marks first flight with 3-D printed safety-critical parts >

AR WY Cgtey Souappsed Wit i 3-D prinbied] D I s VI irskos an Sngirs: Nacele maniens 4
hwer as parl of & July 79 demorsieabon af Pakment Bver kol for Sation, Marpisnd. The Sght mare Rl
Alr Byshen COMMand s (sl Seccesshal B 0emossiabon of 3 Bght oIS ancal Component Dull sing
adcinve mangtacheng lechnaes. (LS. Ky pholo)

Federal funiation

Administration

F-15 Pylon Rib Insertion Success Story
Courtesyof AFRL
lssue: -TOTS Al Farging, Pylon Rib, Corrosion Fatigue Cracking
-Decision to move to Ti 6-4 ferging already made
Long lead time for Ti forging ~1 year

Solution: -Replace with Ti SA-4Y Additive
-To meet urgent need for aircraft in depot
- Quality issues lessencd because of high
margin for Ti in this application

BXRBole: -Provided Technical Leadership to Acguisition
-Executed Technology Demonstration Project
-Worked Attachment |ssues (bushings, fasteners etc.)

Besults:  -Additive Substitution Certified for use in Strugher=! * trﬂdﬂ{:ed
-Parts Manufactured and Qualifi== ° A rt in

-Prior to Inserti~= irst StructUI"ﬂ

- vovioed Fnrglnﬁs
=Ti farging cost F - o vompetition

Distribution & Cleared for Public Relesss Cass Ho, SESEW-2015-2477 19 May 235

. Administration
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What Causes Aircraft

Failures?
Freguency of Failure Mechanisms
{mechanical fadures only)
Failure Mechanism ( Aw:ﬁ;:::zzm ts)
<= |Fatigue 55%
Caorrosion 16%
Owerload 14%
Stress Corrosion Cracking 7%
Wear / abrasion / erosion 6%
High temperature corrosion 2%

9 S Wiy Aireradt Fall, 5 ) FindVay and N. 0. Harrison, in Manedal Todsy, oo 18.76, Nowv. 7082

# Some of the most challenging requirements fornew
material systems such as AM are related toF&DT

aderal Auialion

dminigtration

AM - “Barrier to Entry”

Optimistic > F% ~$1M ‘

Equipment acquisition

~ $10’s of M

+ Process development

* Process qualification

* Process controls

+ Material characterization
+ Design data

+ QA JNDI

= ete,

Realistic 2

aderal fuiation

dminigtration
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Evolving Specs and Standards Landscape
e Industry Certifying

SDOs, Consortia . ,
- Agencies

-
= = \7
External Data il
Design Internal N
System

tandard L=
External . - -

R

Y L
— Material \ Pdrforman b | ,[u:enmcaﬁon |
uireme -

3]
=

n
ualificat | 7 ______
s - Qualificati

Material | | == — ? = Specs
Specs terhal

emal ||| B T
il = K

i

Process ||, '? +| specs
Specs ternal

lf]r_:emaf i

]
Process - / _ i

f

Qualification

Examples of Risk Factors for AM

;;'Q} B Powderfeed rate (g/min)
LaurPawnr_{W} . over 100
Scan speed (infmin)  process
Laser spotsize (in) parameters
Substratetemp(oF)  /dentified
Hatch spacing (% of calculated)

Many More Identified by Experts...

aderal fuiation
dminigtration
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AM Challenges To Be Addressed

+ Limited understanding of acceptable ranges of
variation for key manufacturing parameters

« Limited understanding of key failure mechanisms
and material anomalies

« Lack of industry databases / allowables
+ Development of capable NDI methods

+ Lack of industry specs and standards ity — O™ =
* New desi | of cOmP e ndent.
gn space onal level @ depe
Additio reas are Int
these @
ot ) _

« Lack of robust powder (feedstock) supply base
« OEM-proprietary vs. commodity type technology path
« Low barrier to entry for new {inexperienced?) suppliers

aderal Auialion

dminigtration

Expected Evolution of AM Landscape...

Reviewed by
USAF and
T. Wohlers

Medel-

Inahlnd
ualification Multi-Material
o Syrtem

Longer-term
Dewedapenant af

e
Potential areas
" In-Situ P
| of higher risk Haw Pesdriach | Lo g
Suppliers =
B Fart-Family based “P.:fﬂt;“"...
Safety-Critical Gualification | | Sptimized
Near-term Parts [~ Design far &M Struetures
/ T
Expanding Supply u_,d:"m AlvermarketAM | Matwrational
|Ehain Featprint AM Repairs Parts AN Iguipmant

Madim- \Bq.lllrbl:ld. Precduris
Critisality Parts Develapment ol AN [to Gradually

Guidanos by Nk Pedscn Production

Now Paint-Design Full-Scale Ceat | Tire
Eartification Predisstion
Y Law ta Mediiom ...used as a
e -.:‘| e i it h " fo
mm— e sanity check” for
Margina | 'ntegrason Roadmap content
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AIR Transformation (effective 7-23-17)

Aircraft Certification
Serviece (AIR)

e

Policyand | Complianceand
Innovation | 4 Alrworthiness

|

The Policy & Innovation Division - e Trm—

supports aerospace innovation by e e
creating novel means of compliance, =TT =
develops and maintains AIR regulations, [=—— —— = ===
manages the CSTA (chief scientists) e

pragram and overall flest safety, as well f e e —

as educational outreach —_—ee —

Public-facing AIR Transformation Web Site;

fib s e Pl govlabautioliice ongibesdouarten officestiadallicesiairra i lormticn|

ML RLULYE
ML

[T
amTEE

ORI T

S — e
[rshr e —"

R Measurement
ey i Féy:ience
peled : Roadmap for
emzo Just Metal-Based
MSFC TECHNICAL STANDARED Additive
! +Manufacturing
STANDAERD FOR ADDITIVELY :
MANUFACTURED

SPACEFLIGHT HARDWARE BY
LASER POWDER BED FUSION
IN METALS

Fimal Repont

Department of Dieliensa

> Adddimve Manufsctmmg

America Makes ) ; Roadmap
Technoloegy Roadmap 2.0

Federal fuiation
. Administration
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Benchmarking of Composites ACs
{AC = Advisory Circular)

+ Parallels between Composites and AM:

— Process-intensive technology subject to manufacturing
variability

— Material is being created at the same time as the partisbeing
built
* Three ACs from the “Early Days"” of Composites
— Composite aircraft structure = AC 20-107A(1984)
— Composite manufacturing quality control = AC 21-26 (1989)

-~ Repair Stations for Composite and Bonded Aircraft Structure >
AC 145-6(1996)

Federal fuiation

Administration

AM Certification — Main Strategic Focus Areas

( Engineering Certification / 3

[ Production 7 GA /;.h
[ Maintenance / MROs g ]
[

o

Continued Operational Safety |/ J

o

— —
Enablers:
( Workforce Education (FAA + Designees + Industry) ]

( R&D ]

Will be mapped out in the FAA AM Roadmap

Federal fuiation
_l'! :I Administration
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Mechanisms to Address Knowledge Gaps

* Industry engagement (AlA, GAMA, MARPA, other..?)
* Engagement with SDOs (SAE, ASTM, AWS, ...)

+ Government engagement (USAF, NAVAIR, NASA, NIST,
America Makes, ...)

* R&D (internal/ external)

+ CSTA and other targeted workshops, e.g. DER
conferences, ARSA, ...

+« FAA AM certification projects benchmarking
+ Coordination with foreign certification authorities

Collaboration and Technical Interchange are Key Enablers

Federal fuiation

Administration

Prioritization Considerations

» Safety impact
— Expected increase in criticality of applications
« “minor effect” = “major effect” -» “safety-critical® /timeline?
- ‘arious industry segments (e.g. OEMs, Tier 1, PMAs, MROs...)
~ Certification process

— Breadth of application (e.g. multiple categories of parts / multiple
product types)

- Industry deployment timeline (e.g. current TRL / MRLlevels)

- Regulatory gaps (applicability of current policies / advisory matenals)

— Current experience level (development / full-scale production /field)
» Other considerations

— Awailability of industry specs and standards (materials, processes)

— Availability of industry design / properties data

eral Aviation

inigtration
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Summary

+ Expect rapid expansion of AM in Aviation and increase
in the levels of AM parts criticality
+ Appropriate regulatory framework is a key enabler

FAA AIR Transformation - new P&l Division

# Big focus on developing certification approaches for new
technologies (Innovation) and collaboration with industry

« FAA is working on developing strategic AM certification
roadmap

# Willinclude a sequence of regulatory documents (e.qg. policy,
guidance, ...) to be developed over the next few years

= Industry, agencies and societies collaboration

is needed to ensure safe introduction of AM in .
the National Airspace 4

Federal fuiation

minigiration

References
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Adkditive manulaciuring in the conbext of strpcberal inbegrily
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Manuficturing Sardordization to Support
Calificaiion arnd Certification
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Waller, ik Hrabe, Mima Shamsaei,
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Questions...

=4
Dr. Michael Gorelik, PMP
Chief Scientist, Fatigue and Darmage Tolerance
Aviatan Safety
Faderal AviationAdminlstratien
michaed ;]':I-"I LpAr e )

(420} 419-0330, % 258

Federal fuiation

Administration

4.6 Industry Insights - Cybersecurity for Additive Manufacturing (Scott
Zimmerman, CTC)

Industry Insights -

Cybersecurity
for Additive Manufacturing

Additive Manufaciuring for Reactor Materials & Componenis
Movember 28, 2017

Scoft Zimmerman, CISSP-|SSER
Chief Information Security Officer
Principal Cybersacunty Engmaer
armail: sdz@ete com

twitter: [@zimmy265
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Agenda

* Introduction

* Threat Update - FUD

» Cybersecurity for Direct Digital Manufacturing (DDM)
= Cybersecurity Regulations

= Supply chain

+ Recommendation

CTC - Leading Innovation through
Engineering, Technology and Services

30

Concurrent Technologies Corporation (CTC)

is an independent, nonprofit, applied scientific "I Eg\ﬁlg;
research and development professional services

organization

Enterprise Ventures Corporation (EVC) s CTC's 6 O 0
technology commercialization arm and is organized as a

whelly owned fer-prefit affiliate of CTC, EMPLOYEES

CTC and EVC provide full lifecycle support services to

clients, from innovative concepts through production and
deployment,

LOCATIONS
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Center for Advanced Nuclear Manufacturing

= With the advent of the next generation of SMRs and AR's there is a
clear need for advanced manufacturing technologies to support the
efficient fabrication of complex modular systems

* |In 2017 CTC made the decizionin 2017 to establish the Center for
Advanced Muclear Manufacturing (CANM) with support from the US
Muclear Infrastructures Council's

» Leverages CTC's experience in operation of the Navy Metalworking
Center (NMC) helps to facilitate an efficient start-up and operation of
the Center -

Center for Advanced
Nuclear
Manufacturing

Opratad by Congurman Techrohogees Conporaion

Cyber Threat Update
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Threat update
+ Verizon Breach Report (November 10, 2017)

- T8% of breaches were from external actors, 25% invalved internal
actors

— B2% featured hacking, 51% included malware, 81% were stolen or
weak passwords

— 66% of malware installed via email

— 73% were financially motivated with 21% being espionage

— 61% of the victims were businesses under 1,000 employees

« Manufacturing specifics results

— 90% of data stolen during a breach were considered “secrets” bythe
owner

- Strategic gains were the number one motive
— The majority were conducted by state-affiliated sponsored actors
— Internal espionage was present as well

AR

"Bleed Apkbit’ Ransomwan: Anacks
Hock Fusaln, Usrsnn - and Bayand

IVE DATA .
| BREACHHITS 143 ==
/MILLIO

ride” Mateome Cayses
~ ity hilerl

I
Dang ‘-2 Phishing Scam Evolvings Targeting Schoals,
Restaurants, Hospitals, Tribal Growps and Others

Irtrms Ty
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Why are we stillfailing?

* We have big budgets for security...
+ We are focusing on the right things, | think...

* There is a shortage of talent but is that really
the reason...

* Is the adversary that motivated or smarter...

« Are our workforce the issue. ..
* Do we not train enough or the right way...
* |s this just the new norm...

Cybersecurity for DDM
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Cybersecurity: A PracticalPerspective

Can you
connect our

new
printer?

Direct Digital Manufacturing

= “The fabrication of components in a seamless manner from
computer design to actual part in hand'™ Brookings Institute

= Adisruptive technology with similar communication
challenges as with Control Systems and 10T sensors

= Air gapped cybersecurity approach cutting the "Digital
Thread”

Printer
=+ Communication =

Program

Controller
firmware

Slicar

CAD Model —  stifile ==
utility
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Industrial Control System Cyberlssues

* |[CS-CERT 2016 Report ICS Findings
— Boundary protection
— Least functionally
— Authenticator management
— Identification and authentication 5. Least privilege
— Allocation of resources

Advanced Manufacturing Security Challenges

RISK
* Loss or theft of intellectual
property
+ Compromised process
and/or product integrity
* Productivity disruption
= Damage to reputation
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Additional Research Py ey e

I.p'quw-ml‘ifum‘-q

» CTC cyber risk assessment
* NIST Symposium on DDM

Lase Thames

= hitps Jfwwew.nist govipublications! [ork Schawler Sd¥ors
Cybersecurity for

proceadings-cybersecurity-direct-digital-
manufacturing-ddm-symposium

+ Textbook chapter
- "Cybersacurity for Industry 4.0

- hitp:/fwww. springer.com/us/books -
9783319506593

Industry 4.0

Ak for Design and Marubscaring

DoD Cybersecurity Requirements
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DoD Information Assurance Framework
Evolution

* DoD Information Technology Security Certification and
Accreditation Process (DITSCAP), mid 1990s
— Standardized approach, did not take inte account evalving threat
landscape
* DaD information Assurance Certification and Accreditation
Process (DIACAP), 2006
— Recognized an acceptable operational risk level to support mission
* DoD Information Assurance Risk Management Framework
(DoD RMF), 2013

— Risk based approached to managing cybersecurity

DoD Risk Management Framework

Sisp 1

CATEGIREE
Syvism
S S ———— Blp
NONTOR mdlmnﬂr!—l.'hsbl prs -} SELECT
Biptwiity Coaliols - it B Sty s Bacinilty Conlnok

= Raguie waisn v Dol
Comeoren] Cybseeoatly Froprm

= Appign quailed persanasi in RAF
roken

* Dulevrerw mpact ol changes k= e r Coramon Controd dentfcston
AT el e s - Bekl geuady HEENGH

1 Apnsan naeomed contro sruslly + DCwevalag nynisv-gve continucam

v Conduct mesded reTetirion novieong YIeEgy

+ Vet Bedertp Eas, SR e POAKK ~ Py B9 SR 1N ety
+ Rapor secernty watus 1340 plan and corbnsces mOGng
* AD reviews reporied Wit by
+ T ARHET LA ~ iy e e Tk
wratRgy
Bl S
ALITHORIZE BPLENERT
Syniwr Beaify Conbiols
Sisp &
+ Poazars B POALAS ASSESS + Implarat comid wokbors
+ Bl Epburvly haTriiblve Security Comrale eiwrridid and® Do
Paccags |(secariy glan RAR ard Comganeni Cyberaciriny
POASM] o AD + Do # agiret Bartaty archiuctoen
- MO shabaits leal Fak AbdsLuresnt Tia - Cumurse] peree dp samhd
Sl mmiretian o necurity corivsis ———
+ &3 rakey arhonzsbon decwon * BCR prenates Seiunlp Ao nEcLrdy pan
RArport |RAR)

' Conduct infial remedaston scioms

ftpa iaida mitre. orphcybea - mill
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USG/DoD Contractor Cyber Requirements

MIST issued cyber safeguards (Special Publication 800-171) in June
2015 to protect CUI in non-federal information systems.

Dol issued the "Metwork Penetration” DRARS in Aug. and Dec. 2015 and
these were revised on Oct. 21, 2016,

*  Federal civilian agencies issued a new FAR “Basic Safeguarding” clause,
effective June 15, 2016, requiring all contractors to protect “Federal
Contract Information” on “Information Systems.”

*  NARAissued the Final Rule on “Controlled Unclassified Information® (CLI)
on Sep. 14, 2016,

A "General FAR Rule” is In development that will obligate all federal

agenciesto require cyber protection of CUI, per 5P 800-171, in all
contracts and agreements. Expect this Rule to be finalin 2017.

Path to NIST SP800-171 Compliance

ﬁ + Biz Procasses I ﬂ * Roadmep H = Walidation

» 09 Secunty
» CUI Seope Cantraks » Conlrol Gaps
+ Segmantation
« 5P
Devalopmant
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SMB Supply Chain Cybersecuritylssues

« Small suppliers/businesses have become a prime target for

attackers and act as a stepping stone to primes

— From janitorial senvices to software engineering— with physical or virtual
access to information systems, software code, or IP

« Small businesses are spending less on cyber security while
large businesses are
spending more

« Small businesses generally
don't have formal cyber
security awareness efforts
for their employees

Recommendations

* Learn lessons from past industry digitization
= Telecomn with the Internet of Things (I0T) to digital photegraphy

* Now is the time to build cybersecurity into the process
- Corporate leadership tends to be reactionary, we must get ahead of
disruptive technology
— Address cybersecurity concerns throughoutthe component lifecycle
— Create active defense, don't wait to respond

— Don't boltit on at the end. ..
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Cybersecurity Recommendations

Cantrel

.

Indrusion Detection HRemoval o
Prevention Systams unneeded
apphcations

Sacurity Advversary & Trust
MWanagamsan Mesdels

Process -

QUESTIONS?
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Center for Advanced Nuclear Manufacturing

= With the advent of the next generation of SMRs and AR's there is a
clear need for advanced manufacturing technologies to support the
efficient fabrication of complex modular systems

= Two organizations have recently developed models for a
manufacturing technology center for U.S. nuclear industry -
+ DOE NE vision for a nuclear advanced manufacturing technology center
« USNIC's concept for a ULS, Virtwal Advanced Manufacturingand
Research Center (VNAMRC)

+ Leveraging CTC's experience in operation of the Navy Metalworking
Center (NMC) helps to facilitate an efficient start-up and operation of
the Center-

« Transferrable experience and capabilities

Extensive experience in managing project identification and development
efforts

Experienced managemeant and technical staff with "right mix® of skills.

CANM Operation

« With USNIC’s support, CTC made the decisionin 2017 to establish
the Center for Advanced Nuclear Manufacturing (CANM)

= CANM will utilize existing metalworking capabilities to establish a
self-sustaining global resource to develop and deploy applied
metalworking and manufacturing capabilities to advance SMR /AR
design, fabrication and operation

« Bring together the right mix of technologists, engineers and solution
providers from industry and academia to develop and demaonstrate cost
effective and implementable technical solutions

+ Provide manufacturing and demonstration facilities to support the
fabrication and testing of functional prototype systems

= CANM is initially being operated as an industry-funded organization

« DOE is working to establish an advanced manufacturing technology
center with an industry cost-share requirement for awarded projects
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4.7 Reflections on Fatigue for AM Components (Bill Mohr, EWI)

Additive Manufacturing
‘ Congartium

Reflections on Fatigue
for AM Components

Rockville, MD
November 28, 2017

William Mohr
Prinecipal Engineer, EWI
614.688.5182

bmohr@ewi.org

Resume: William Mohr

« EWI engineer in Structural Integrity for over
24 years.
« Supporting a wide variety of industries:

— From pipelines to auto transmissions to heart
valves.

+ Design chair for AWS D1.9 Structural Welding
Code—Titanium.

» Second vice chair for AWS D20 Specification
for Fabrication of Metal Components using
Additive Manufacturing.

« Bachelors from MIT and graduate degrees
from Stanford.

Arclines Moanufachurng
‘ Caaoacatham
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+ Fatigue Data for Laser Powder Bed Fusion

« Categorizing the Data

= Correlation with Imperfections and Inspection
« AWS D20

—‘ Ceactiam i

Fatigue Data Compilation

+ Collect published literature data on fatigue of
additively manufactured metal pieces.

* Materials:
— Largestgroup — TiBAI4V
- Mext largest - stainless steel

» S-N data rather than fatigue crack growth rate.

rERcrtham



Publications in Data List
Laser — EB - Laser - Laser— EB - GTAW -
Powder | Powder DED DED DED DED
Bed Bed Powder Wire Wire Wire
20 5 & 1 1 1

TiGAI4V

S5 -PH
Grades

55 -316 3

Other Ti 1
718 2 1
625 2

Wide Variety, Little Duplication

L]

Variety of orientations (x, y, z, etc.).

Variety of deposition conditions.

Variety of post-deposition heat treatments.
« Variety of specimen shapes and sizes.

« Two primary test methods and others:
— Tension R=0.1K,= 1 specimen
- Rotating Bending R = -1
- Others include strip specimens.

-

_‘mw
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Plotting Fatigue Data

+ My preferences are based on structural weld fatigue
rather than base metal fatigue.

* Log-log plot (stress parameter on vertical axis).

« Stress range (maximum to minimum) is the stress
variable:

- Some plot maximum stressalone
- Others plot stress amplitude (half of range).

* Cycles of lifetime is the lifetime variable:
— Runout (RO) means no failure at end of cycles.

u‘ Ceactiam i

Ti6Al4V - Z Direction: Untreated

®  Cang
C Gang - RO
v Wiyomk
13% A& Wyelk-RO
m Li
L1 * Chan
Tm & Jahn &
B0 - L] " Jatn B
N m-n -q-l L] [] # Edwards
E10] a® N .'r L] . Edwards -RO
m
£ w as Ta g m Haa
] -
- &
g 0 - R -
- LI &
E a0 ¥ 'E
L ]
-
1M 4
o1
Bl
m T T T T
Te+d Tesd s e+ Tes? e

Faligue Lifetimea, Cyckes
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AWS D1.9 Design Curves

1000

100 41—

7/
.

7

0 i

Design Stress Range (ksl)

Approach to Grouping

+ Four groups:
- Fails from defects throughout part;
« Removing as-deposited surface not much improvement.
— Fails from defects on the surface
— Fails from sub-surface defects:
« Sensitive to material betwaen defact and surface.
- Fails from no defect atall.
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Defects Throughout

« Ti-6Al-4V
am
powder bed. W] . . :
(0] - * o L-RO
* Not much 50 . I 2 Mokt R0
difference by o - SlEve,.,
orientation or ; " ) P
surface finish. & v le
g - -
L]
T EY W
100
a0 [+
an
T

sl nsd T+ Tath 1a+T Ta+b
Fatigie Lifefirme, Cydes

N i

mprovements to Defects

Throughout

+ Limited .
improvement
from: o p. .
PWHT i e MWL
- g o i‘
— Surfacefinish = v *
: : & 4 «n : ;:mTTDumm
— Direction, é - . H ;-:LNHTElemmunm
* HIP has more { v e m| ¥ Eiehm
improvement. 8 R CHE Machmed -0
10 J L - [ ]
o]
Bl
T - - - - -
Tars2 143 1a+d Tar#5 1a+E 1a+T 1er+8

Faligue Lifetime, Cycles

| Ky
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Surface Flaws Removed

+ Big effect of 0
machined 00 " L.
R v v &
surface. &0 smer v vy vi
« Stoffregen g o ¢ - ¢
et al. on g 20 Ty
17-4PH. B o o
8 . » g
£ * g
4
@ Baseine o
¢3 Baseine - RO
v Machined
& Machined -R01
100 , . .
le+d le+s T+ le+T le+8

Fetgue Lifetme, Cycls

N i

Subsurface Flaws - 17-4PH

* PWHT by
Mower and
Long .
improved * .
performance
at high stress
range.

. =_1
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g
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Ti-6Al-4V - Data Characterized

Siress Ranga, MPa

08 a0 &
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Faligue Lifetme, Cycles
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Still a Lot of Variability

General:
- Severnty of flaws
— Types of flaws (porosity vs. lack of fusion).
Surface:
- Size of flaws
- Size of specimen.
Subsurface:
— Strength from heat treatment
- Onentation,
Microstructure:
— Heat treatment and microstructure.

Different effects based on behavior mode.

-

| Ky
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How to Improve Performance

General flaws:

- Procedure development to eliminate deposited flaws
— HIP to close up deposited flaws.
Surface flaws:

- Optimize travel at surface fo avoid flaws

- Machine or surface treat
+ Subsurface flaws:

— Heat treat to increase strength atsurface

- Minimize flaws and maximize their distance from the surface
Microstructure:

— Generally choose higher strength structure.

-

Agicires Marafachamg
-‘ Caroacatiam

Effect of Material

« Variability among results for Ti-6Al-4V is greater than
for stainless steel.

« The lower density of the powder particles may make
them easier to move during laser passage.

Metal wvapor microjetcontrols
rraterial redestribetion in leser
pawder bad fusicn additve
manufachening

2. Ly A M. Rubanczhik, S A
Khgaraliah, G, Guss and M, J
Matthews, Mature 2017
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Inspection of Fatigue Failures

+ Common imperfection sizes associated with failures
in fatigue tests:
- Less than 1 mm but greater than 0.1 mm.
+ Common shapes:
— Irregular outlines
- Unfused powder particle surfaces.

—‘ Ceactiam i

« Currently in committee drafting.
* Includes clauses on:
— Design
— Procedure qualification
— Personnel qualification
— Fabrication
— Inspection.
* Includes both PBF and DED.
« Full range of metals allowed.
« Three levels of service: A, B, and C (non-critical).

_‘ At berustackring



D20 Inspection

* Procedure qualification includes tensile tests (A, B)
and microstructure examination:
- Acceptance criteria will be set by the engineer.
* Procedure qualification includes inspection (A, B).
— PT, MT, RT, or CT depending on situation
- Acceptance criteria are adapted from AWSDA17.1.
+ Inspection for built parts (A, selection of B).

—‘ Ceactiam i

D20 Inspection and Fatigue

+ Flaw size acceptance criteria from D20 are much
larger than the flaw sizes found on fatigue test
fracture surfaces.

« Acceptance criteria are based on comparing to
welds rather than trying to meet wrought metal
properties.

o |



4.8 Selecting the Correct Material and Technology for Metal AM Applications
(Frank Medina, EWI)

D20 Inspection and Fatigue

« Flaw size acceptance criteria from D20 are much
larger than the flaw sizes found on fatigue test
fracture surfaces.

« Acceptance criteria are based on comparing to
welds rather than trying to meet wrought metal
properties.

Aiciires Marafacharing
‘ Crmcrtiam

About EWI

Non-profit applied manufacturing R&D company

Develops, commercializes, and implements leading-edge
manufacturing technologies for innovative businesses

Thought-leader in many cross-cutting technologies
=160,000 sq-ft in 3 facilities with full-scale test labs (expanding)
=%40 million in state of the art capital equipment (expanding)
=170 engineers, technicians, industry experts (expanding)
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Structural Gap between Research and

Application

Gap in Manufacturing Innovation

Government & Private Sector
Universities

—_—

Investment

Technology Maturity Scale

%%%%%%

Zource: MST ANRPO pressrkation Oct 2012

EWI Applied R&D Bridges the Gap Between
Research and Application

Gap in Manufacturing Innovation

Government & Private Sector
Universities

|—|

Investment

EWI Applied R&D:

Manufacturing Technology
/— Inncwvation, Maturation,

Cammerclalization, Insartan

Technology Maturity Scale
|

1 2 3 4 5 ] 7 -] 9
1 ]
1

Zource: MIST AWMPPOD pressntsbon Oct 2012
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Connecting Colorado to EWIl’s Capabilities

Nationally

EWI Colorado opened in 2016

Customers have access to EWI capabilities nationally

Among the broadest range of metal AM capabilities
1884 Columbus OH:

Joining, farming, metal additive mfg,
materials characterization, testing

2016 Loveland CO:
Quality assessment: NDE,
process monitaring, health

manitaring

2015 Buffalo NY:
Agile automaticn, machining, metal

additive mfg, matrelogy

Growing Range of Cross-Cutting Manufacturing
Technologies

oin: Farming Machining & Additive
ining Finishing Manufacturing

Agile Applied Materials Testing & Quality
Automation Science Characterization Measurement
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AM is Materials Joining

Manufacturing of complex 3D parts by
joining successive beads and layers

1-inch L-PBF Cube

E75 feet of weld :
(Audi RE) 5 miles of weld

3,400 feet of weld

A Holistic View of Additive Manufacturing
Process Chain

CAD File

Final Part
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Additive Manufacturing Supply Chain

Process

Design for AM
Selection

Frocess

CAD File Sensing
\_,-* . Process
Control

Material Inspection
Path Planning AM Process Dimensional
Thermal Control
Residual REEN = Finishing

Stress
Heat

Treatment

Material

FProperties g \fmq Final Part
Qualification & =l “If:;" _
Certification ||'""““i|-
) EWI
Blue boxes are being addressed al ST, S—
EW presently

EWVI’s Focus Areas are Aligned with the Needs of
Industry

EWI Metal AM Focus Areas

In Process Post Process
Quality Control Inspection

Materias and [l Sueport Design
Proc o

o Iru:ess Database
evelopment Generation

Advancements Design for

far Additive [
Manufacturing Technology
Machines Applicaticn

pport:
uring Consortium

EWI

A L]

4-71



Seven AM Technologies

In order to help standardize additive manufacturing in the United States
the ASTM F42 Committee on Additive Manufacturing Technologies was
formed in 2009 and categorized AM technologies into seven categories

Powder Bed Fusion

Sheet Lamination

Material Extrusion

Directed Energy Deposition
Material Jetting

Vat Photopolymerization
Binder Jetting

EWI has all Seven AM Technologies EWI

EWI AM Capabilities Overview

EbsaironBesm PAF
Srcamdlni

Lazer P8 - Dpan Archisciume

EWLIvaiyesd arad Bal Ebeatron Beam (€D
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Key Considerations for an AM Part

Every part is not an ideal candidate for AM!
Critical questions to ask before considering AM:

Do current manufacturing constraints limit parts performance?
Can sub-components be merged o avoid assembly?

Can number of joints be minimized?

Can weight & material be reduced and achieve the same function?
|s extensive tooling needed to manufacturing part?

Can pew material combinations increase part performance?

Can part durability be maximized?

Types of Additive Manufacturing

ASTM International: AT
Technical Committes F42 an Additive Manufacturing Eeamrm e

"W 2| vatphoto- e
I () I polymerization 4 Powder Bed
— M Fusion
b Material P —
Jetting _— Directed Energy
S () Deposition
AT Binder e
| G | Jetting -~ Sheet
i1 || Lamination
it Material -
| () I Extrusion

i
3
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Types of Additive Manufacturing

ASTM International: AT
Technical Committes F42 on Additive Manufacturing faamcarny Aowinmias

¥ Powder Bed
| D I Fusion
- .
. Directed Energy
i () Deposition
v Binder [
| o) | Jetting -mila Sheet
) ” Lamination

Powder Bed Fusion Processes

Laser powder bed fusion:
Laser selectively melts and

consolidates fine powder layer-by- & W

layer "

Systems operate at room temperature s "' process

under Nitrogen or Argon environment oty m.u«
depending on build material.

Maximum build chamber size: U "
31.5"X16"X20° i .

Deposition rate: ~ 0.02- 0.2 Ibs/hr e

Materials: AlISi10Mg,CoCr, Ni alloys,
Steels, titanium alloys and some refractory
metals.

Surface Roughness: 10-20pum Ra
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Powder Bed Fusion Processes

EWI

A L]

Laser Powder Bed Fusion
Processes

Design Considerations:

Overhangfeatures:
Most materials are able to build features
450 off vertical,
Support structures nesd to be added for
greater overhanging features.
Supports not enly act as mechanical
structures but are required to mitigate
internal stress build v in parts
Circular/rectangular features can be
redesigned into tear drop shape (self-
supporting) to avoid use of supports,

Surface roughness:
Surface roughness is dependent on
material, layer thickness and part
arientation.
Vertical side walls usually have a better Ra
than horizontal or angular surfaces.
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Laser Powder Bed Fusion

Processes

Design Considerations:
Minimum feature size:

The minimum feature size is dependent on the spot size of the laser beam.

Best possible spot size is <50 pm.
Important te consider while support removal.
Aspectratio:

Typically a height to width ratio of 40:1 is
considered as a rule of thumb for laser powder
bed systems,

Internalchannels:

Complex intemnal channels are possible as long

as overhang lengths and self-supporting angles
as considered,

If channels need support, support accessibility
for removal should also be considered,

Design should also account for powder remaoval
before stress relief,

A L]

Laser Powder Bed Fusion

Processes
Some Examples:

T by Black reasiiokd vt thiough heo rckanign Merons, sack Remtion sccsd e mum and incesasd e
pariaraancs of e cormpanant
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Powder Bed Fusion Processes

Electron beam powder bed fusion:

High energy electron beam melt layers of powder
to create the desired geometry under controlled
vacuum,

Maximum build chamber size: 13.7380" dia. X 15" H
Deposition rate: ~ 0.1- 0.5 Ibs/hr

Materials: Titanium alloys, CoCr, Ni alloys, TiAl, Cu,
Niobium, Mg, Steels, Nb, Tantalum

Surface Roughness: 15-30um Ra

Ly

Build seupin
Wagics

Waching Setup Basild Completed Pawder Recaovery Final Part
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EB Powder Bed Fusion Processes

Design Considerations:

Overhangfeatures:
Most materials are able to build features 459 off vertical,
Support structures need to be added for greater overhanging features,
Most alloys can build with free hanging supports.
Surfaces in contact with support have bad surface quality.

Sesface in CONTACT wWith sugg=o1s Fren hanging supports

EB Powder Bed Fusion Processes

Design Considerations:

Semi-sintered powder removal:
Powder removal becomes difficult in case of mesh structures, blind holes and
internal channals.
Pore size of ~ 400 um is possible
It is dependent on the depth and size of the feature.
Difficulty scale
1very easy (PRS)
2 wasy (PRS)
Imedium
4-hard
S-very hard
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Powder Bed Fusion Processes

Design Considerations:

Part nesting:

EEM technology allows us to stack parts through out the height of the build
chamber.

Ensure that parts are in contact with each other through supports

Distribute parts evenly across a the build plate to avoid heat build up and
deformation.

Heat build up

.
.

Housing combininglattice ~ Custom cranialimplant E l I -"

structures and solid sections

Race car gear box
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Direct Energy Deposition Processes

Laser Direct Energy Deposition:
High power laser is fired at a targetto
create a localized melt pool.

A stream of metal powder is delivered
into the melt pool and a weld bead is
created
Maximum build chambersize;

BHART
5 axis motion — non coordinated motion
Deposition rate: ~ 5 lbs/hr
Materials:

Titanium alloys, steel alloys, aluminum,

nickel alloys, cobalt alloys, tungsten
carbide

Surface Roughness E w,,

=30 pm+

RPM Innovation

o~
oY ¥

k
»
&
3
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Laser Direct Energy Deposition Processes

Design Considerations:

T
Holes and channels: :
Holes and channels normal to : ir
the build direction need to be [}
modified to tear drop, lemon 1 4
shaped, diamond shapedor by £ | ! 4
adding angled support into the | E___; o

design,
Ducts:

Bend-like features are made
possible by utilizing the -

tilt’rotate table in incremental s, | '
 py gy

Each section is designedas a

separate CAD file. B h - A if

=

W
) NG,

Laser Direct Energy Deposition Processes

Design Considerations:
The technology favors thin walled parts.
Single walled parts have to be redesigned as surface models,

Different features of the part require different parameters and thus
have to designed as separate files and arranged accordingly
Additional supporting structures need to be added to the partto
minimize part distortion due to stresses.

Secondary payload adapter Modified part Surface Model
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Laser Direct Energy Deposition Processes

Some Examples :

Inconel 625
6" dia

)
I
!I'l‘

.I|
nl |
II||
Ll
w
B

Direct Energy Deposition

Processes

Electron Beam Direct Energy
Deposition:
Wire fed DED process derived from
EB welding.
Near net shape manufacturing S
Maximum build chamber size:
BAX4AKE Wi Al il
5-7 axis motion coordinatedmotion_" '
Deposition rate: 7-20 [bs/hr

Matenals:

Titanium alloys, Nickel alloys,
Tantalum, Tungsten, Niokium
Stainless Steels, Aluminum
(2310,4043) Magnesium

Surface Roughness E w,

Irrelevant for near net shape

+—— Biraailen of Paei Mastien
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EB Direct Energy Deposition

Processes
Design Considerations:
Overhangingfeatures:

All tool path must be supported by either Pracicted discrtion of -
the substrate or a previous deposit. —
This limitation can be compensated for ‘_ﬂ—z’ _
through 4+ Axis part manipulation, and [ er At
secondary set-up operations,

|

i

1

Feature size vis depositionrate: _/ i

Increase in deposition rate (wire size,
travel speed) = decreases in feature
resolution

Thermal Distortion:

High deposition rates and large melt pools
generate significant thermal stresses
which require substrate and fixture
considerations in some circumstances

EB Direct Energy Deposition
Processes

Design Considerations:
Time/ material constraint:
Lirnit of filament life is approximately Shrs

Limit to material that can be placedon a
spool fin the chamber for deposition
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EB Direct Energy Deposition

Processes

Sample Examples:

Satellite propellant tank wrp
~60" dia.

Variable ballast tank _

Z{‘ P H" . . Airbus rear upper spar E l'-
.JJ.\H‘I..'J'J'J 1..} L e A Ao LA L LS

Sheet Lamination

Ultrasonic Additive Manufacturing

A solid state bond is created between
metal foils by using high frequency sound
waves,
Waves are transmitted through a stee|
‘horn’” causing the metal foils tovibrate
and exposes the virgin material on the
face of the foil creating a solid state
bond.
Embedding electronics and sensor
Maximum build chamber size:

BXE
Materials:

Stesls, Aluminum, Mickel alloys, precious
metals

FoN

FABRISONIC
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Sheet Lamination

Ultrasonic Additive Manufacturing

A solid state bond is created between
metal foils by using high frequency sound
waves,
Waves are transmitted through a steel
‘horn’ causing the metal foils tovibrate
and exposes the virgin material on the
face of the foil creating a solid state
bond.
Embedding electronics and sensor
Maximum build chamber size:

6%E'
Materials:

Steels, Aluminum, Mickel alloys, precious
metals

FN

FABRISONIC

Sheet Lamination

Ultrasonic Additive Manufacturing

A solid state bond is created between
metal foils by using high frequency sound
waves,
Waves are transmitted through a stee|
‘horn’” causing the metal foils tovibrate
and exposes the virgin material on the
face of the foil creating a solid state
bond.
Embedding electronics and sensor
Maximum build chamber size:

BXE
Materials:

Stesls, Aluminum, Mickel alloys, precious
metals

FoN

FABRISONIC
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Sheet Lamination

Ultrasonic Additive Manufacturing

A solid state bond is created between
metal foils by using high frequency sound
waves,
Waves are transmitted through a steel
‘horn’ causing the metal foils tovibrate
and exposes the virgin material on the
face of the foil creating a solid state
bond.
Embedding electronics and sensor
Maximum build chamber size:

6%E'
Materials:

Steels, Aluminum, Mickel alloys, precious
metals

FN

FABRISONIC

Ultrasonic Consolidation Process

Base plate: milling for flatness

FABRISONIC * "
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Sheet Lamination

Some Examples:

x-ray image of
complex internal low

we -
| R

Dissimilar metals joining

FN

FABR |SDN| E SiC fibers in aluminum laminate

Binder Jetting

Binder jetting:
Liquid binder is deposited on metal powder layers as per the desired
geometry to set the part together,

This part is then cured followed by either direct sintering or infiltration
to get the final part.

Maximum build chamber size: 317X19°X15°

Materials: Steels, Ni alloys, Tungstens, Sand, Ceramics, CoCr, Iron,
Carbon, SiC

Infiltration process EWI
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Binder Jetting

Binder Jetting

Design Considerations:

Overhanging feature;

Can build overhanging features without support structures
Minimum feature size:

Minimum wall thickness of =0.5 mm can be built and infiltrated

Rl L
5 - R

_-’.-l;ll' ﬂi“ﬁ

Minimum cylincu =0.5 mm dia. can be builtand infiltrated

Did not
build
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Binder Jetting

Design Considerations:

Wick and Runnerdesign
In case of infiltration, the wick and runner could be designed into the
part itself,

Minimum feature size:

Minimum threugh hole = 2 5mm, blind hale = 3mm and min. gap
between walls =1mm can be builtafter infiltration.

These values are also dependenton the size of thermal support grit
used during infiltration.

Shrinkage factor:
Incase of direct sintering, shrinkage has to be accounted for E w,_
during sintering based on the build material. A

Binder Jetting

Some Examples:

Prosthetic hand Stator(3"-5") Strainer plates
Stainless steelbronze matrix  Stainless steel’bronze matrix

M) ExOne EWI

A L]
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Overall Summary & Conclusions

Metal Part Manufacture is now possible using many
different AM techniques
Tocling and Metal Part prototyping are commaon applications
Direct Manufacturing of Novel Designs, Compositions and Geometriesis
being actively pursued

Direct approaches are becoming increasingly available and reliable, but
remain expensive for many types of geometries and volumes

Knowing the technology limitationsis a good key for success

B " %7
Questions

Francisco Medina, Ph.D
Technology Leader, Additive Manufacturing
Director, Additive Manufacturing Consortium

fmedina@@ewl.org
915.373.5047
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4.9 Evaluation of Additively Manufactured Materials for NPP Components
(Myles Connor, GEH)

@ HITACHI

Evaluation of Additively
Manufactured Materialsfor
Nuclear PlantComponents

MNovember 28,2017

Myles Connor, GE-Hitachi Muclear Energy

MRC ADDITIVE
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Additive Manufacturing for Nuclear

Topics of Discussion

* DMLM Description [if needed)
* Overview/Status of GEH DOE AMPrograms
* Recent SCC and Irradiation Results

* Discussion on DMLM Application in Nuclear Industry

B wrmacH
B 20ET Gererpd Ehaciric Compa g - &1l righis resered

DMLM Description
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Additive (3D Printing) Process

Direct Metal Laser Melting (DMLM)

Refaranpe; melaiof ong

B wrmacH
B 20ET Gererpd Ehaciric Compa g - &1l righis resered

Overview/Status of
GEH/DOE AM Programs
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e NSUF CFA-16-10393 Project & ™
JNL

Irradiation Testing of LWR Additively Manufactured Materials 1tz Mepon Ldm

* Objective: Perform full irradiation / PIE on structural
materials produced by DMLM

+ Participants: GEH (Connor - Pl), INL (Jackson)

» Activities: Obtain microstructural characterization,
mechanical properties, stress corrosion crack growth
data for un-irradiated Type 316L and IN 718 (GEH)
and corresponding irradiated data to ~0.7 dpa (INL at

B 20LT Generpd Eleciric Corpa ry - )1 righis reserved a

B wrmacH

CFA-16-10393 Project

Timeline

201/7-2019

[IML)

2016-2017

Y

« Fabricate J' # Initiatein
316L and far August, 2018
INTLE urlrradiated » [ASCC,
samples INT18 Fracture

» Machanical # [rradiation—3 Toughnass,
Testing '-', cycles starting Tensile, TEM
[tensile, in August,
toughness, W07
fa‘tl'ﬂ;ue, SCCP s Complete

May, 2018
LR RSN s R SAE R SE RN SR DR

B wrmacH

200 T G Bt Conap - A1 rights ressreed
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@I HITACHI
e NEET CFA-15-8309 -
*%GE El;ﬁlﬂ?mﬁﬂracklnganl:llrradlahun Resistant Stainless Steel by Additive M

Marsns Ly

= Objective: Support commercialization of AM for nuclear.
Evaluate the SCC susceptibility, corrosion fatigue, and
irradiation resistance of the additively manufactured
316L stainless steel in nuclear environment

» Participants: GEGR (Rebak - PI), ORNL (Muth), U of M
(Was), GEH (Connor)

* &ﬂtiﬁitiﬂ&:
Evaluate/Optimize commercial AM SS

Advanced AM SS for SCC and Radiation
Component demonstration and evaluation

B wrmacH
B 20ET Gererpd Ehaciric Compa g - &1l righis resered

@I HITACHI
e NEET CFA-15-8309 -

nmental Cracking and irradiation Resistant Stainless Steel by Additive
¥ GE Elanﬂ?acmrln M

ijﬂ_ﬁ_[]iﬁ Support commercialization of AM for nuclear.
Evaluate the SCC susceptibility, corrosion fatigue, and
irradiation resistance of the additively manufactured
316L stainless steel in nuclear environment

» Participants: GEGR (Rebak - PI), ORNL (Muth), U of M
(Was), GEH (Connor)

* &ﬂtiﬁitiﬂ&:
Evaluate/Optimize commercial AM SS

Advanced AM SS for SCC and Radiation
Component demonstration and evaluation

B wrmacH
B 20ET Gererpd Ehaciric Compa g - &1l righis resered
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Detailed Tasks of the Program

Task 1: Evaluating commercial AM stainless steel (GEGR, ORNL,
UM, GEH)

U Four different manufacturers (machine, powder, process variabilities)
U Roles of laser and heat treatmenton microstructure and surface

U Stress corrosion crack (5CC) growthbehavior

U Corrosionfatigue (CF) crack growthbehavior

U Irradiation and irradiation assisted stress corrosion cracking (1ASCC)

Task 2: Optimizing commercial AM stainless steel (GEGR, GEH)

U Laser process andheat treatment optimization

U Hotisostatic pressing (HIF)vs. Non-HIF

U stainless steel chemistryoptimization

U Process optimization for surface properties ([roughnessand
microstructure)

I I I
Completed On-going Mot started

el :

0 2047 Ganeral Electraz Compeny - Al rights resenved

Detailed Tasks of the Program

Task 3: Advanced AM stainless steel for SCC and radiation
(GEGR, ORNL, UM)

U Heat treatmentstudy and grainboundary structure modification
U Chemistry adjustment (effects of high Cr or highNi}
U scc, IASCC, mechanical properties

Task 4: Component demonstration and nuclear specification
(GEGR, GEH, ORNL)

U Complex geometry component fabrication using optimizedprocess
U Component evaluation (material and performance)

U Postinspection technique (laser scan &CT)
U Costevaluation

U Contributions to nuclear specification

— — —
Completed On-going Mot started

@.

0 3T General Eleciva: Compeay - All righis resenssd
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Material Microstructure,
Properties, and SCC
Performance

Heat Treatment and Recrystallization

TR A el R W W T il ' F = F
Laser Process #1, HIP+1950F 54 Laser Process #3, HIP+1950F 5A
| -

“Good Recrystallization ' Poor Recrystallization

Laser Process #3, HIP+2100F SA
U Laser process can  strongly k d T
Recrystallization Improved :
= e

influence  the recrystallization
microstructure. . Lt
U Having some unrecrystallized :
grains is unavoidable in AM parts
even after high temperature
annealing.

@.

l'qi

£ 3017 Ganaral Elsciric Comgsny - All righta ressnd
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SCC Test Specimensand Conditions

StressRelief Onlyand HIP + Solution Anneal

B Load Dircction s
¢ W Iy
¥ ~Crack Grovwah Directicn ;?:5'-_1-3@ I
-z .5 i ryi it il
i Lotk ]
| -'ul -‘u t T 20 Cold
oo O s Lok -dis
Raller o @r;é 3y
; )
| "-:"\:? Pl Lyl
Powter Bed 4 ] i)
x Mol o

0 Tkl WAoo

+ Compact tension specimens

Esksi‘."in, 2096CW, 20 ppb S0
BWR testing conditions:

D 233”':- water Samiple 2ppm Oy Inmdsl | 63ppb M, [memys]
2 ppm O, 0r 63 ppbH; HIF + S, Z-¥ Orientaticn IaK107 11¥104
QO K=22, 27.5, 33 MPa./m Wrought ~3X10° -1X10®
¢ S000-8000 howrs tested persample
SCC crack growth rate:
@ HITACH! AM 316L 5 wrought 3160 ;

B 20ET Gererpd Ehaciric Compa g - &1l righis resered

Impact of the Unrecrystallized Grains onSCC

"-'lll_h’-_".‘_ﬂ
glaser Process #1 with 955°C !

BB T, T, 2 ppse D0 | 5880, HAWC, 83 psb OH
Ao H

47w e

]

| ANDAEL

L

118" Feris

4 Eﬂ.l:llu R Pl W] X
B0 e | 4

After high temperature annealing (above stress relief),
retained unrecrystallized grains in the material may not
significantly affect SCC behavior.

- % 2047 General Elecirar Compeany - 81 righis resenssd
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HIP vs. Non-HIP (Porosity Effect)

Laser Process#1  Laser Process#2

288G, 27.5 MPaJm,

Lz pornsty mample High ponasity sampla
of Wik Slualy Fom m vesdor
HIP=5A) (54 onky)

Mean Porosity: 0,08 %
hean Pore Size; 2.8 um

U High porosity increases 5CC

i h
Tested Materials CoR ) E'r;h;th rate in both NWCand
Laser Process #3, HIP+5A, 2ppmD0O| 36X10-7 O Forre asonablv low porosity
Laser Process #3, 5A only, 2ppmDO | 3B X107 heat, HIP does not make

significantdifference on5CC

behavior.
L] s

413017 Ganaral Elsctric Company - Al rights resarved

SCC and Corrosion Fatigue CrackGrowth

500607

50010 I I

FLEREL FLSAIN A1 HIMEA Wireught linl"IS.l. HHPIiﬁ LER LRy I.'lrn-uﬂ'll:
hall HalW L L

Crack Gramth li-tmr-‘l']]

W2 pp OF Agerage  WED ppb H2 Awerage

lwu.mwmm‘muz
Anli™ 1' ﬁ:ﬁmﬁmq:u il S .
ANIEL Bouns Pabat 2 oy d High-temperature HIP and
B OANFIEL HPSEA NG .
%mu"-ﬂ e ] Annealing yleld reasonable 5CC
E el and corrosion fatigue growth
Z a0 * - behavior
E] gl U Stress relieved (only) material is
e 2a8%, 3pumDO not recommended.
i K, =276 MParim, 0.8 He O HIP+SA improves corrosionfatigue
2u1] T
| 0 15 F 15
Ak, MPavm

Ltraz Company - ll righis repsrwed
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Effect of irradiation on
microstructure, mechanical
properties and IASCC

Experimental work by MiaSong and MiWong ‘ -

Effect of irradiation on
microstructure, mechanical
properties and IASCC

MICHIGAMN

ik Vilk

Experimental work by MiaSong and MiWong
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Heat treatment of GE 3D materials

Material Label Laser | Stress Solution Anneal
Process | Reliel

QCAM3I16L-AM

QCAM316L-HIP Yes Yes  1950F 1hr
GEAMW-AM316L-HIP #3 Yes Yes 2150F 1.5 hr
Q- ABDD-HIP Yes Yes 2200F 1.5hr

Heat treatment of GE 3D materials

Material Label Laser | Stress Solution Anneal
Process | Reliel

QCAM3I16L-AM

QCAM316L-HIP Yes Yes  1950F 1hr
GEAMW-AM316L-HIP 73 Yes Yes 2150F 1.5hr
QC ABDD-HIP Yes Yes 2200F 1.5hr
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Experiment

= Irradiation

=
5

VL |
@ i i'.""\,.;

Dose (dpa) 106k
Temperature (=C) 180 400
Damage rate (dpa’s) 1.6 = 10 3.6 =104
Current (pa) a7 0&1E
e T proim el [rradiation stage
vt
E = (Constant Extension Rate Tensile (CERT)
| I test in BWR (NWC) environment
E [ — 288°C, 2000 ppb [04]
X . i1 — Slow strain rate: - 1 = 10-7s1
M ] — Plastic deformation: - 4 %

" ® =

w
Dot ()

Cracking susceptibility of GE materials

& 500 -
E Irradiated area NWC 288°C 2000ppb[0,]
.E Mo crecks observed in unirmadiated area in &l samples. -
400
= Il Frcicn iradisten
o [ [l Fe" irradiation
2 a0}
= 00
=
[
Som}
£
% = caimbined
3 100 | L cracking data
= from two
E (reracks specimens
0
o

nc‘mh?f-wqwhﬁ-ww-'”&“#“ﬂyJ.FH"'IM )

Orverall. HIP 316 shows better irmadiation tolerance compared with the stress relieved condition.

-

* IASCC susceptibility 1s higher for the case where the printing direction was perpendicular to the loading
direction.

* High IASCC susceptibility correlated with the degree of mdiation damage.
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Applications and
Challenges

Application Examples

Fuel Bundle Debris Filter

FMCRD Labyrinth Seal

Channel Fastener \

AVS Compliant Spring

@ HITACHI
(EEH P DA ry | D Ta B = | B e i)
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Nuclear Part Design - IterationProcess

"

Challenge with hole
slze smaller than
model. Pressure drop
too high.

Fuel Bundle Debris Filter

r
F

Settled on
diamond
pattern

Studied teardropshapesfor

.%. rounder smallhaoles 1
Al rights resarved

- & 3017 Ganaral Elsciric Company

Nuclear Part Design —Final BuildPlate

Small-scale production run, with
additional materials testing samples:
O Production parts

O Tensile bars in X¥.Z direction

O Extra materialspecimens

Imtended Purpose:

haterial testing

Microstructure analysis
Ferformance reguirement testing
Manufacturing andinspection
process development

cooo

@
- All righis resenssd

B 307 General Elecia Compsy
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Challenges for Additive

Powder Bed Laser Fusion Process

* Muclear industry has more difficulty in incorporatingnew
materials, designs

— Costly validation, limited facilities, speed of
change/innovation

* Developmental/Technical challenges

— “design for additive” learning curve, surface roughness,
qualification, NDE/inspection, size constraints (build

envelope)
* Collaboration will facilitate more rapid use of Additive
Manufacturing
B wrmacH
B 30LT Gerernd Elncivic Compa ey - All iighis resereed L3

EI200T Gareral Eleciric Company - 4l ights resresd

Summary
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Summary

Material Microstructure

* Unrecystallized grains after annealing do not have a significant negative
influence on mechanical, 5CC, and CFG performance

+ HIP may not be needed if the laserpropertiesyield low porosity

IASCC

* Stress relieved only samples show unfavorable. HIP and annealed 316L
AM shows favorableirradiation tolerance.

+ Direct comparison to wrought 316L coming soon,

Application Readiness

* Clear understanding of how to qualify and deploy 316L AMmaterial
(challenges do exist). Will become more cost effective with experience,

o .

- T 017 General Elecirac Compaay - &l righls resened

12007 Ganeral Electric Company - &1 rights reenved

Questions?
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410 The ‘Big Picture’ Vision for AM in Nuclear Industry (Zeses Karoutas, WEC)

& 207 Elecine Compary LLC. A0 Rights Resenved

The 'Big Picture’ Vision for AM in Nuclear Industry

icstinghousa Elactric Company LLC. AJ Rights Rasarsd

Whatis Driving Additive Manufacturing for Nuclear

Delivering the Nuclear Promise:

“Advancing Safety, Reliability and Economic
Performance”

In order to facilitate this industry

initiative Westinghouse believes
the industry needs innovation.

Additive is innovation in the form
of a disruptive technology.

() Westinghouse
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Additive and Nuclear

Additive is a disruptive technology

= Harvard Business School professor Clayton M. Christensen
coined the term disruptive technology

— A disruptive technology is one that displaces an established

technology and shakes up an industry or a ground-breaking

product that creates a completely new industry

Seoirn ek amiplic of Chenuplvi Innreason nehade

Disdupior [ roptan

Parsonal compoioes  Manmiame and mini compuioes
K il iggraied siesl mlls

Cllular pronas Fisad lini toda phoesy

Community coliges  Four-year colliges
Dt ralaikrs Full-garita dapartman sinas

Ritad medeal chrics  Traditionad dosior's offze

(%) Westinghouse

Wieainghousa Ekcir

\1. CADModel
CAD Moded 2. Prnded part

R

Modd

Casting
Machining

@n g b

|
(&) Westinghouse
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Additive and Nuclear

vghousa Elactric Company LLC. &0 Rights Rasansad

Additive shaking up the Nuclear industry

() Westinghouse

— Potential to facilitate:
«  Small Modular Reactors
+  Nicro Reactors
+  Advanced Reactors

— Improvedsafety
«  Accident tolerant fuel
Sensors

Lead-Cooled Fast Reactar (LFR) — Improved economic performance

L

]

« New desipn enhancements
+  Flexibility

— Improved reliability

+  Replacement parts

Potential to facilitate multinuclear
industry initiatives

@ 217 Wesinghouss Elecing Company LLC A8 Pights Resared

Full Integration is the Key to Success

-

Additive Manufacturing cannot be
treated as standalone

* 3D printers are "just” another
machine tool

* noone machine tool can do it all

Design for Additive Manufacturing
(DFAM) must be employed

All aspects of the production
process are interdependent

3D printers must be combined with
traditional manufacturing
processes

€ westinghouse
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€ 2017 Westnghouss Electric Company LLC. A Rights Ressred

Additive Manufacturing - 3D Printing for Nuclear

« Develop and test critical nuclearmaterials: 3161, Alloy 718, and Zirconium
* Produce a reactor ready test component

«  Exploit the benefits of Additive Manufacturing
— Producing components with: Powder Bed Fusion, Binder Jetting,

and Directed Energy Deposition AM technologies
Obsolete and high value | lead lime components

MWext gen plant components - SMR, LFR, ..
Prototypes, mockups, jigs ! fiziure, tocling, etc

*  Supportthe development of codes and standards
- Partlcipating on ASTM F42 subcommittees
- DOE funded project: Qualification of AM for Nuclear

+ Development Meeds:
= Additional material develspment and testing 1o support
the development of code & standards
— Cogt effective, large scale equipment
- AM suppliers with Nuclear programs

@mnmgnuuse

@ 217 Wesinghouss Elecing Company LLC A8 Pights Resared

Summary

« Will Additive Manufacturing have a big impact in Nuclear ?
— Be Cost Effective
— Improve Performance and Reliability
— Improve Delivery and Schedule

* In Westinghouse we have started to move in the AM
direction:
— Utilize 3D printing now for tooling
— Implement a 3D part in reactor to gain experience
— Perform mechanical tests on 3D parts (with and without
radiation effects)
— Investigate what parts make sense fo build with AM

Our Goal is for AM to Help Transform the

Nuclear Industry and Support the
@W&ﬂinmuuse Nuclear Promise
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411 Current Westinghouse Efforts (Bill Cleary, WEC)

& 207 Elecine Compary LLC. A0 Rights Resenved

Current Westinghouse Efforts

C. Ad Rights Rasarsd

Key Areas of Additive Manufacturing Interest

* Global Technology Development Efforts
* Tooling and Replacement Parts

* Nuclear Fuel Components Efforts

* Thimble Plugging Device (TPD) Project

() Westinghouse
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pary LG AN

Global Technology Efforts

linghoisa Ekic

Global Technology Development Efforts (R&D)

OVERVIEW

Protatype componants for SMR, advanced reactors and AM
manufaciuring / design demonsiration

+  Material development for next generation applications
Support the development of codes and standards (ASTM & ASME)

BENEFITS

* Design freedom: complex geomefries, internal
passageways, eic,

+  Reduced design time: fast prototyping & mold production
— Little to no tooling required
— Design complexity at minimal cost

* Mear net shape: reduced material, machining & weking
* Reduced lead-time ! reduced supply chain

() Westinghouse

i3
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Tooling and Replacement Parts

€ 517 Westnghoues Elscine Company LLE. A8 Rights Ressred

Blairsville Site Tooling Application

+ Original was five piece design with
brass wear plate - heat treated to 36-
44 Rc

* AM part printed in one buildusing
tool steel — heat treated to 42 Rc

* Reduced need for replacementas
the tool steel work hardens
increasing useful life

€ westinghouse
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Replacement Parts Development Efforts

- OVERVIEW

— Demonstrating Reverse Engineering Process:

# 30 laser scanning — CAD Models — AM sand molds
— traditicnal casting

= Multiple replacement castings have been identified
= Difficult to procure replacement castings

= BEMNEFITS
= AM complexity with traditional sand casting
- Significantly reduced cost and lead-time

= Conversion to modemn, digital design information and
manufacturing

@mnmgnuuse

A7 Wiestnghoues Elscine Company LLC &A1 F!l;rl_r. Rararmd

Replacement Parts Development Efforts

« Worn out shaft repaired using
plasma spray coating

+ Nickel and molybdenumdeposited
onto the worn surfaces and part
ground back into engineering
specifications

= Able to return the part to service for
about a third of the price of a
replacement

@mnmmuse
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Nuclear Fuel Efforts

@ 217 Wesinghouss Elecing Company LLC A Pights Ressred

Westinghouse Fuel Manufactured Products

Pressurized Water Reactors (PWRs) Boiling Water VWER  Advanced Gas
W-PWR  CE-  KWUISiemens yp| pwR Reactors (BWRs)  [PWR) Reactors
PWR PWR W-BWR  NFIBWR {AGRs)
s >
Huk g y 1
i
¥ e
&> il
i3
i | m
:-""g
e .,
14514 ’ ""“ q
15x15 e
18416 14514 114 gpl r-.t_i
17217 jlgﬂg 1 gz::i plirma VVER-1000 AGR Fual
, MOX VVER-440
Westinghouse
1
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Potential Benefits to Nuclear Fuel

+ Lowerfuel assemblypressure + Customizablefuel

drop assemblies
» Beftterflow mixingandgreater = Lesssupplychain
heat transfer ability dependence
» Less potential forleakers » Fewer overallsuppliers
+ Greater accidenttolerance * Reduced time fromconcept
+ Better fuelmargins to market
+ Extended fuelcycles * Flexibility

Shatter Paradigms for Fuel Design
Constraints Based on Traditional

Materials and Manufacturing
@W&ﬂinmnuse Limitations

@ 217 Wesinghouss Elecing Company LLC A8 Pights Resared

Additive Manufacturing and Nuclear Fuel

WEC Nuclear Fuel is pursuing the use of Additive
Manufacturing (AM) in a variety of manners:

* Design of Advanced Debris Filtering Bottom MNozzle

+ Advanced spacer grids optimized utilizing design freedom

* Evaluating available AM metal powders for use in fuel
companents

* Radiation exposure testing of 316L, A718, and Zr products

, Preliminary efforts to develop AM
@w‘m'”ﬂ"””“ designs and alloys
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Advanced Debris Filtering Bottom Nozzle

Additively manufactured and
achieved a substantial pressure
drop reduction.

This effort resulted in 24 unigue plastic
designs each tested in the "Vista" loop for
hydraulic performance

Ised to quickly “optimize” designs for
improved hydraulic performance

Prototyping to evaluate and optimize
@Wﬂﬂinmuuse performance of concepts

! Westnghoues Elscine Company LLE. A8 Rights Ressred

Advanced Spacer Grids

F'rototype grid printed using AM
Grid (not pnnted} did not perform as expected in DNBlesling

«  Polential “fixes” could be realized using AM

«  Possible opportunity to expand testing capabilities to enable
prototype screening greatly reducing costs and improving
development cycle times

Prototyping to improve results and
shorten development cycle time
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Thimble Plugging Device

Westinghouss Hon-Prognstary Clase 3 € 517 Westnghoues Elscine Company LLE. A8 Rights Ressred

Thimble Plugging Device (TPD) Project

* Why the Thimble Plugging Device
— Lowrisk component for which consequences of failure minimal

Fairly complex design promoting enhanced understanding of the AM design
and building process

Constructed of material that has been previously tested in MIT reactor

Located in reactor region with fluence rate comparable to region of ADFEM
placementin the core.

* The AM TPD is intended to be produced for technology development and will

not be produced in typical production QTYs. AM TFD has not been redesigned
to utilize AM benefits.

€ westinghouse

Improve our understanding of AM

materials in radiation environment

24
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TPD Project

* Current Status:

— Prototype builds have been completed and proof of concept demonstrated
— Concepts and Issues meeting completed
— Design and Manufacturability meeting held

- Qualification Plans, CDI's, PO's in place for
qualification pieces

— Four gualification pieces have been built
— Testing of qualification pieces complete

@mnmgnuuse

AT Wesinghouea Elscing Company LLE. &1 F!l;rl_r. Rararmd

Summary of Vision

* We see immediate benefit of AM for tooling and
replacement parts

* Radiation exposure and mechanical testing of 316L,A718,
and Zr products look promising

* Plan to insert first AM part in reactor in 2018 to gain
experience

* Next want to focus on building AM parts to obtain benefits
in performance, economics and manufacturing relative to
current methods

@mnmmuse
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412 Laboratory Testing & Evaluation of Unirradiated and Neutron Irradiated
Additively Manufactured Alloys (Paula Freyer, WEC)

BT Wrpbeghmea Elrter Corpery LT A8 Bight B reed

Laboratory Testing and Evaluation of
Unirradiated and Neutron Irradiated
Additively Manufactured Alloys

Paula Freyer

Fellow Engineer/Metallurgist
Westinghouse Electric Company LLC
Global Technology Office

Churchill Laboratory Services

HRC Public Meeting

Additive Manufacturing for Reactor Materials
& Components

Morth Bethesda, MD
November 28-20, 2017

(&) Westinghouse

EHNT Wisbeghona Plerter Company LLC A0 Bights e eoed

Laboratory Testing and Evaluations
— Additively Manufactured (AM) Alloys —

AM 316L AM Alloy 718 AM Zircaloys
« Completed significant * Completed significant « Samples irradiated to 1, 2
testing and evaluation of testing and evaluation of and 3 dpa under WEC*
unirradiated and 0.8 dpa unirradiated and 0.8 dpa sponsorship
irradiated samples irradiated samples + 1 dpairradiations
« Al work performed under = All work performed under completed
WEC* sponsorship WEC* sponsorship = 2 dpairradiations
- Samples in storage in - Samples in storage in completed 2018
Westinghouse Hot Celis Westinghouse Hot Cells + 3dpa mﬂi
com|
+ Additional work on these « Aggressively pursuing . PE pl: e
samples not currently additicnal funding (DOE Ll LoLaio .
being pursued NSUF¥) to perform further ~ ®arly 2018 under DOE
work NSUF* sponsorship
+ Objective: thimble . _ _
phogng devs nsertn A
inte commercial PYWR(s) g
in late 2018 perform further work —

likely award in Jan 2018

@ Westinghouse * WEC = Wistinghouss Electric CompanyLLC
H £ MSUF = Nuclear Science User Facilities
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Laboratory Testing and Evaluations
-~ Typical Approach-—

« DMLS block

+ Microstructural analysis of as-printed material

+ EDM wire cut AM ‘quads’ from X, Y, Z directions
and conventional quads from T, L directions

+ Heat treat quads

+ Meutron irradiate subset of heat treated quads

+ Laboratory testing and evaluations of
unirradiated, irradiated, AM and conventional

materials at Westinghouse
P

: AMZircardy. -
@Wﬂﬁinghnuse ~108x 106 x 16mm =108 x 90 x 56 mm

Wryhghmna om Proprery Pl 3 B Wrybnghmna Eleris Corgany LLE 40 Bghis Mo

Laboratory Testing and Evaluations
— ‘Quad’ Miniature Tensile Specimen Geometry —

+ Specimens wire EDM cut from test
materials as four connected miniature
tensiles = ‘quads’

« EDM surfaces not polished prior to tensile
testing

* Nominal dimensions of individual
miniature tensile specimens:

—L=23 mm (~0.91 inch)
- Wgsuge = 1.52 mm (~ 0.06 inch) “ 3

= T=1mm (~ 0.04inch)

+ Specimens irradiated in MIT reactor as

guads and subsequently separated into |||]IIII|IHI|IIII |u|||||||||||||||||u||||||||||||.|l|||| I
individual miniature tensile specimens
inside Westinghouse's hot cell

() Westinghouse

Miniature tensile specimen quads,
Scale in centimeters.
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Scope of Laboratory Testing and Evaluation

« Slight variations for each of the 3 alloys however significant portions of the
testing/evaluations are identical

+ Includes but not limited to:

» Radiation measurements

+ Chemistry evaluations (ICP-MS and/or ICP-0ES)

+ Immersion density measurements

+ Microhardness

« Light optical and scanning electron microscopy (unetched and etched)

+ Electron backscattered diffraction (EBSD)

+ Transmission electron microscopy

+ Room and elevated temperature tensile testing with digital image
correlations/advanced video extensometry

« Fractography o i )

- Hydrogen contentanalysis ISR (R

+ Autoclave corrosion testing

+ FIB analysis of surface deposits ST TETENTEETETLTER LT [ ead s T o

@ Westinghouse funded and will begin Jan 2018.

BT Wrsbegbmen Pt Corpery L 48 Bighis Breed

Example: AM 316L Testing Program Overview

+ Utilized both conventional 316L plate and AMDMLS printed ‘blocks’

* AM blocks used to reduce/eliminate potential influence of part geometry on material
micrastructure and tensile properties

+ Miniature tensile specimens wire EDM cut from:
« plate material in transverse (T) and longitudinal (L) directions
« AM printad block in “X" and *Y' directions (two directions in build plane)

* Miniature tensile specimens irradiated in MIT reactor for a ~5 months to a
damage dose of ~0.8 dpa

+ Analysis included: tensile testing, chemical analysis, corrosion testing,
focused ion beam cross sectional analysis of surface deposits, light optical
microscopy, scanning electron microscopy, fractography, and hardness
testing, etc.

« We have published some microstructural results and a majority of the
tensile results
Tenaibs:
POy Freyer, WT Cheary, EM, Ruminski, C.J. Long, P Xu, “Haog Cel Tensile Tesring
of Neutron lrradfared Addineely Manufactvred Type 3781 Srainfess Sresl, " 185
International Conference on Envirgnmantal Degradation of Matenals in Muckear

@ WESTII'IEHHI.ISE Power 3yelems - Water Reactors, Awg 2017, Porttand, Oregon

[
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AM 316L Testing Summary

+ Tensile testing performed at both room and elevated temperature
+ 12 differenttensile test conditions evaluated (nexttable)

+ Conventional plate material

Standard annealed condition (i.e., 1038°C (1300°F))
ASTM A4TH/ALTIM =17

ASTM A240/A240M - 16a

Certified material test report (CMTR) - compliant with all applicable
ASTM chemistry and mechanical property requirements

+ AM material
— Produced as block using DMLS process and 316L (UNS S31673) powder
- Mean build layer thickness of 20 pm (~0.8 mil)
- Standard anneal performed on quads cut from block

(&) Westinghouse

BT Wrsbegbmen Pt Corpery L 48 Bighis Breed

AM 316L Testing Summary

Summary of 5 material conditions evaluated, including 10material
orientations, and tensile results presented

Tensile Results
Irradiation | Conventional or Crientation
SIS Condition AM SRR Evaluated suw;“r:‘imd
Conventicnal
1 Plate Annealed LandT ¥
Printed (microstructural Some
2 AM XandY microstructural
characterization anly)
Unirradiated results provided
3 AM Printed + annealed Xandy ¥
Printed + annealed+long
4 AM term thermallyexposed | - 2ndY
Printed + annealed+
5 Irradiated AM irradiated Xand¥ ¥
() Westinghouse

4-123



BN rybn gt Elerie Corgany LLC 40 Bights B

AM 316L Testing Summary

Summary of 12 tensile test conditions evaluated

Data Set | Number Material Condition Description
A 1 L Conventional Unirradiated Room Temperature
2 T Conventional Unirradiated Room Temperature
3 L Conventional Unirradiated Elevated Temperature
8 4 T Conventional Unirradiated Elevated Temperature
c 5 X AM Unirradiated Room Temperature
6 Y AM Unirradiated Room Temperature
T X AM Unirradiated Elevated Temperature
o B Y AM Unirradiated Elevated Temperature
E a X AM Irradiated Room Temperature
10 ¥ AM Irradiated Room Temperature
11 X AM Irradiated Elevated Temperature
F 12 Y AM Irradiated Elevated Temperature
(&) Westinghouse

mghmna Elarisr Cormpany LLC A8 Bights Bam e

Conventional Plate and AM Powder Compositions

CMTR reported chemical composition (witlc) for conventional plate material
and for powder utiized for the DMLS printed block

MEL Conventional Plate MEL AM Powder
Element UNS S31600/31603 UNS 531673
(from CMTR) {from powder supplier)

Fe Balance Balance

Cr 16,63 17.00-18,00

Mi 10.03 13.00-15.00
Mo 2,04 2.25-3.00
Mn 1.4F 2.00 max

Si 0.23 0.75 max

P 0,04 0.025 max
Cu 0.51 0.50 max

8 0.004 0.040 max

H 0.04 0.0 max

c 0.016 0.030 max
Co 0.32

() Westinghouse
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AM 316L Test Material
— As-Deposited Microstructura —

of rodled 3150
{=8,000i)

=4, 800X =22,000%

HAADF STEM of columnar grains ADF STEM of dislocation networks within grains
containing subgrains

JoJH. Lim, A.R.C. Malheiros, 5. Bertali, C.J. Long, POL Freyer and M.G. Burke,
“Comparison of Addtvve Manufaciured and Conventional 116L Srainiess Steels,”
Westinghouse Mecroscapy & Microanalysis, suppl 53; Cambridge 21, Aug 2015, pp. 457458,

Elarise Corpany LLE A8 Bighis Banared

Conventional and AM 316L Test Material

= Heat Treated Microstructures =

AM 3186L
Light Cptical
Mscrographs
[~B5X]

Conventional 316L Plate
Backscatisred Secondary Ebeciron
SEM Micrograph

[=Z200)

() Westinghouse
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Autoclave Corrosion Testing of Conventional and AM 316L

+ 30 days flowing autoclave at
simulated PWR primary T,B and
chemistry conditions (per EPRI
guidelines)

* Morphology and thickness of
resulting oxide characterized using
FIB and SEM

* Oxide thickness — estimate
corrosion rate

FIE trench with
deposited Pt

Similar corrosion rates of conventional
and AM alloys - base material
manufacturing method did not influence

corrosion rate.

More in-depth corrosion testing
is needed,

| S :-"'L. s s

)

(&) Westinghouse -2,000%

B Wrybnghmna Eleris Corgany LLE 40 Bghis Mo

Tensile Specimen Orientations

+« X and Y orientations cut from AM block

+ No Z tensile specimens (AM block thickness not sufficient to allow for
specimens in this orientation)

+ For conventional plate material, L and T directions same as typically used to
describe plate product orientations relative to rolling direction

¥ specimens

Specimens cut with
et pull diirection
paralielto ¥

Y specimens

——i—

(1D cantains an ¥}

the pull direction
parallel to X
{10 contains an “X")

Wire EDM cutting of quads from AM 316L test block
() Westinghouse
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Irradiated Material Description

MIT reactor

= 2015 irradiation of AM quads inMIT
reactor for ~5 months te fluence:
— 0.8 x 102" nlem2 thermal
=1.2x 102" nlem? (E > 0.1 MeV)
— 6.5 % 100 n/em2(E > 1,0 MaV)

+ Damage dose of ~ 0.8dpa

* Irradiated close to core center (peak
flux)

* Irradiated ~298°C (568°F)

+ Quads cooled at MIT for ~5 months
priorto shipment to Westinghouse Hot
Cells

» Total of 6 AM quads irradiated, 3 were
AM 316L quads (12 miniature tensiles)

(&) Westinghouse

BT Wrsbegbmen Pt Corpery L 48 Bighis Breed

Radiation Measurements of Irradiated Quads

* Measurements for three irradiated AM 316Lquads
+ Mear contactdose rates of ~150 R/hr
= all work performed inside Westinghouse hot cells

Measured and Calculated Dose Rates
Cusd AE;‘!’ ;‘I‘l At{:gf; m At -ﬁﬂﬁ}cm At E;I::' I:r:m
Identification )
Numbers Measured Measured Calculated Calculated
Value Value Value Value
mR/hr Rihr
| SX01-SX04 36 260 37 150
SX49-5X52 36 230 33 132
5Y25-5Y28 3g 250 36 144
() Westinghouse
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In-Cell Sectioning of Irradiated Quads

Close up viow af irradiaied quad shown
o wida o maonior

Irradiated quad fixturad inside
Waatinghouse Hol Cell in preparation
‘ for sectioning into 4 indhvidual
minlature tansile specimans Indhvidual minlature fensiba spacimean
T {Elue arroe) hedd by manipulator

() Westinghouse

mna Eleriar Corpany LLC A0 Bghis B eepd

Tensile Testing Approach

Instron screw driven tensile
machine with:

— Instron Digital Image
Correlation/Advanced Video
Extensometer (DIC/AVE)

= Instron 5 kN load cell

+ Custom designed and
fabricated specimen holding
fixture

- optimized to specifically be
used with hot cell manipulators

+ Specimens first loaded into
fixture and then fixture installed
onto pull rods of in-cell tensile
machine

+ DIC not utilized for elevated
temperature tests

() Westinghouse

Alignment of pin
holes on specimen
holding fixture with
pin holes on tensile

machine pull rod
clevises inside Low

LevelHot Cell
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In-Cell DIC/AVE

« First mustspeckle contrast
markspecimens

* DIC camera captures images
duringtest

» DIC software follows
movement of speckle points
located within gauge length

+ Images collected during
testing and processing of
strain data occurs aftertest

» DIC and load cell calibrated in

accordance with ASTM

specifications DIC system inside Low Level Hot Cell
(marked with yellow arrow)

(&) Westinghouse

B Wrybnghmna Eleris Corgany LLE 40 Bghis Mo

Speckle Marking for DIC

+ Optimum approach developed
for speckle marking

+ Numerous different paints
and application techniques
initially evaluated

Optimum: spray white paint
~0.3-0.6 m (1-2 feet) above

specimen and allow paint mist
to settle down onto specimen
surface

Repeatedly produced
miniature tensile specimens
with excellent speckle
patterns

Placement of individual irradiated miniafure fensile specimen

@ WESIII‘IEMIISE onte small raised platform and example of good speckie patiern

a
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Tensile Test Results

Reference Documentor Data Set | UTS,MPa |02%YS,MPa| EL.% | RA%
Room Temperature AS T Specification Minimumsand CMTR Values
Conventional Unirradiated ASTM SpecA4T9 485 170 30 40
Conventional Unirradiated ASTM SpecAZ40 485 170 40 u:‘;;“
Conventional Unirradiated CMTR for 316L 577 260 57 T4
AM Unirradiated ASTM Spec F3184-16 515 205 30 40
Room Temperature Test Results
DataSetA: Conventional Unirradiated 618 282 63 a5
DataSetC: AMUnirradiated 605 357 48 77
DataSelE: AMIrradiated 652 427 43 75
Elevated Temperature Test Results
Data SetB: Conventional Unirradiated 452
DataSetD: AMUnirradiated 450
Data SetF: AM lrradiated 493
(&) Westinghouse

B Wrybnghmna Eleris Corgany LLE 40 Bghis Mo

Tensile Test Results - UTS

A0
Room Temperature l.lTSl

] Fed = Wesbtnghouss dola e0a
; cilaned fom mnieure fensile il & _552
m': 800 SPEC TR 571 il IWE
= 515
= 485 485
2
é 400
g
=
E 20 1 1l S | N | .
g *— Conventional 316L — €~ AM 36L  —=
4

Spet Spec CMTR Unirrad  Spec  Unirad  Irad

A4T9  ARD F31B4

Min Min bin

Specification Minimums, CMTR Value or
Miniature Tensile Test Results
(&) Westinghouse

4-130



BN rybn gt Elerie Corgany LLC 40 Bights B

Tensile Test Results — 0.2% YS

- 'Room Temperature 0.2% Y3
= Aed = Westinghouse dain seis
E_ clrimingd from menaiurs Iergle
E B M J 4?':‘
E 3
& o 357
= !
2
. 282
% 260 ==
2 205
E 200 170 170
h I r - -1
E [ Conventional 316L—» = AM 316L —»
&
0

) Spao - Spec CMTR Unirad Spet Unirad  (mad
AATE  AZ4D F3154
Min Min Min

Specification Minimurms, CMTR Value or
Miniature Tensile Test Results

() Westinghouse

kg Hom Proprisiersy Pl 3 B Wrybnghmna Eleris Corgany LLE 40 Bghis Mo

Tensile Test Results - %EL

100

| Room Temperature EL
Red = Westnghouse da seis
obtmired from minature tensile
specmens and DIC/AVE

.53
| 48

an a0

Room Temperature EL, %
S

<—{Conventional 316L —= <= AM 316L  —>

. "Spec  Gpec CMTR Unirad Spoc  Unemad  Imad
A4TS  AZ40 F3184
Kim iin Min
Specification Minimums, CMTR Value or [ pa not shown here but s
Miniature Tensile Test Results provided in our pager, AM
values are in the rangs of
TE-TT%
@ Westinghouse [mesasured via SEM
u Tractographic images)
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Examples of Stress Strain Curves

» Good reproducibility

* Unirradiated conventional &0

= highest strain to failure of
~60-70% .. -

- maximum stress of ~620 MPa

» Unirradiated AM 316L - ﬁ
- lower strain at fracture values E i A i
of ~48-52% £ to 08 dpa Copraniional
- slightly lower maximum Unirmadiated
stress of ~600 MPa ul
« Irradiated AM 316L ; Unirradisted
- further decrease in strain to |
MMB% o 0 1] o K i A1) i} (1 m
- increase in maximum stress Sdrain (%)
to ~655 MPa . . o )
Stress strain curves for nine miniature specimens
@ Westinghouse tested at room temperature

EHNT Wisbeghona Plerter Company LLC A0 Bights e eoed

Examples of DIC Axial Strain Distribution Maps

« Maps at 345 MPa (50 ksi) and UTS
« Note speckled grip ends can be seen in most images
+ Maps at same dimensional scale but not same strain scale
Bample 1 Sample 2 Sample 3 Sampls 1 Sample 2 Bample 3

Unirradiated Unirradiated Irradiated Unirradiated Unirradeated Irradiatec
Conventonal .11 L Conventional AM AR
G053 MPa SROMPa G40 MPa
EL=68.3% EL=47.6% EL=45.3%
e At 345 MPa Ca AtUTS ———>

W) Westinghouse
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Summary and Conclusions -1

General Observations AM 316L - T7% RA
* Highly activated miniature tensile specimens =
successfully tested in-cell utilizing custom designed

and fabricated specimen holder and DIC/AVE

+ Total of 46 conventional and AM 316L specimens
tested at both room temperature and 300°C (572°F)

* Results obtained are encouraging - work continues
towards development of AM technologies for fuel-
related components

= Including testing of higher damage dose materials in
2017-2019

+ Significant near term goal: fabrication and delivery of
lead test component to Westinghouse nuclear utility
customer for in-reactor insertion

* Tensile test data from £ direction is needed

+ Data sets show relatively low standard deviations

(&) Westinghouse

s Plariir Corpany LLC A0 Bights e eoed

Summary and Conclusions -2

Room Temperature Tensile Results
* Unirradiated and irradiated AM 316L tensile properties
excead ASTM AM 316L specilications, and generally
significantly exceed minimum property reqguirements
* Unirradiated AM 316L (compared to conventional 316L)
— UTS value nearly identical
—¥S higher by approximately 75 MPa
- EL and RA lower by ~8-15%
+ Irradiated AM 316L (compared to unirradiated AM 316L) O
= UTS and ¥S higher by =50 MPa and 70 MPa,
respectively
— EL and RA lower by ~2-5%
Elevated Temperature Tensile Results
+ Unirradiated AM 316L UTS essentially identical to
conventional 316L
+ Irradiated AM 316L UTS higher than unirradiated AM
316L by ~45 MPa

() Westinghouse

Irradiated &M 316L
Miniature Tensile Specimen
Fracture Surface
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Additive Manufacturing for
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NovaTech Overview

Additive Manufacturing (AM) Technology
Overview

Ideology
Accomplishments
Results

Future Tasks

N@&VATECH

PVERVIEWESGeneralinformation

Founded in 1994, MovaTech is located in Lynchburg,

.hmlE:-\.-l

Virginia
35 Employees, 27, 500 ft* Facility f;:;
Sales of $9.3M (2016), Small Business Classification, l||[[[II _______
5-Corporation 0000 04 D¢ OE 10 1T 1A 18
Quality Assurance Program Compliant with ASME Sales
NQA-1and 10CFR50 App. B
m Nuclear
Registered with US Dept. of State [ITAR) and
U5/ Canada loint Certification Office m Defense
m Industrial

N@&VATECH
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Our Services includes All Aspects Of Nuclear Engineering:
From Space Reactors To Commercial Plants

© NS55 Engineering

©  Commercial Reactors Design and Analysis

o Crivicality Safety Analysis

©  Control Component Design and Analysis

©  Reactor Internals Design, Inspection, and Repair

o Quality Asturance Support

- Steam Generator Services

©  Fuel Element Consolidation

~ Fuel Assembly |Design, Analysis, and Development]
-~ MNew Fuel Transport [ Shipping Containers

N@&VATECH

FINITE ELEMENT ANALYSIS

7 Software
= ANSYE", L5-DYMAT, and
SDRC 1-DEAS * and Run
Locally
= MASTRAN ", FEMAP ", and
COSPACS " Trainad Personned
Static, Dynamic, Buckling,
Transient
Thermo-Mechanical and
Fluid-Mechanical Interactions

N@&VATECH
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PACKAGE DESIGN

7 New Package Design (Traveller, BWE, SMR Package, MAP-13)
= MovaTech contracted for $7 M sinca 2001 and continuing today
— Conceptual Trade Studies
—  Structural and Mechanscal Design, Anabysis, and Drafting
= Manufacturing Studies
= Project Managamant [NT Engineers lad the dasign team and

testing afforts)
—  Lcensing support and SAR preparation
—  Led the Regulatary Testing (both Drop and Burn)
= Transportand Tie-downequipmant
= Cormvayancemodifications
= Custom enclosures and Packaging
— Generating responses to US and International RAIS

Fresh Fuel Shipping Packages is a Core Competency — fromclean
sheet design fo service, inspections and maintenance

el = '1_5_,;3], 26

PIPE WHIP ANALYSIS

Whip restraint design for all postulated
break scenarios e

P Interfaced with design team to
determine correct placement of
restraints

o Plpe sizes from 3 to 36" diameter
o Upto 2250 psi
FoActions;
Analysis and
modeling LS-DYNA
B AMSYS
- Calc note preparation & verification
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SMALL MODULAR REACTOR SYSTEM DESIGN

# Contract lasted 4 years
P suppsart the initial design studies beginning in 2008
—  Provided conceptual and preliminany design
—  Safety and support system design, analyses and documentation
= Fual machanical design and testing
= Fabrication and testing of fual assembly and CRA protobypes
—  Cormponent design and selsrsc analyses
—  Provided sconomic assessment for non-elactric power applications
—  Provided design support for mon-utility applications
= MR technical briefings during pre-application
= Tachnical and topical reports
—  Drafting DCD sections

—  Rewlew of spacific beensing Bsues |10 CFR 50062, 10 CFR 50.54(hh|(Z],
EA-12-049, 81c)

gy
_—=_:

— - “lﬂ —

FUEL DESIGN

#  Contract lasted 2 years
£ Vared from 5-10 englneers
#  Waork preformed remately at MovaTechbut
travellad to support testing and meatings
# Workinduded
*  Design end analysis of skalatos
control rod & seminlies
axial poraer shaping rods
*  pumnable poison reds
*  primary and secondary rewtron sources
#  Ganerated and checked production drawings
#  Supported the final design reviaw,

-
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LIFT BEAMS

P Design
— Comaplete design packst
= Full Structuwrsl Analysis
—  NUREG Reguirements
AMSI M14.5, 1578

" Manufacturing

- HOA-1

—  Material Carts

= Chanpy testing

- AWS Certified wedders

= Comgplete Data Pack provided

* Load Testing

—  Test Prooess Plan
—  NOT Pre and Post losd testing
= MIST cabbrated dynas

—  [Beperignce g (o 350,000 b

VUGEEAREIESIENISCE

VUCIEARBDESIEr

UPENDING EQUIPMENT

F Design
—  Up o 50,000 pound load
— Mo overhead crane required
— Hydraulic and electric
- Pendent control
— Carbon steel construction
—  Optienal storage contalners

? Manufacturing
= MNOA-1
—  AWSWelding
—  125% Load vesting
— Functionaltesting
— Complete Data Pack provided
—  OperationalManual
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AUXILLIARY WORK PLATFORMS

# Dasign

* Manufacturing

" Load

UGlEARE ri':l:'llé",ﬂ .

Commplete design packet

Full Structisral Anabysis

Powered and nan-pawered
Mionoradl and Jik Crane incorporated
‘Welded aluménwm constructian
Units can b ancdized

O5HA comgpliant railings with toe plates
Sectioned assembdy ar cantinwaws span
Sessmic analysis can be provided

NQA-1

Material Certs

AW Certified webders
Complete Data Pack pravided

Tasting

Test Pracess Plan

HNOT Post knad testing

Deflection requirements cheched

£ Aerojet A TVA
¢ American Ordnance ¢ WASA AH EVA Bm el
¢ AREVA ¢ Nuclear Fuel Services )
¢ BWHXT 4 MuScale - 1 @ ——
COMPANY
* BAE Systems 4 Sandila National Lab. Enangy o Seres B W™
*  Battelle Memorial Lab, # E:uannah River 3 o
¢ Cadence Medical mpany Eral== Dominion
# Day & Zimmermann * Stemens Energy NuSCc
¢ Southern Compan USCALE
¢ DETechnelogies ) pany PowerR
P rtment of d  TerraPower
A ¢ US Army - ARDEC it !
¢ Department of Energy # VagtsEngineering Inc. /-—\\ S
¢ Dominion Power 7 Westinghouse Electric  TerraPower,
7 Duke Energy #mﬂlﬁ

¢ EPRI
* Flowserve

SIEMENS

Nae&VA TFCH
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» Plastic
+ Metallic (SLS, DMLS, SLM)

— Powder Bed

= Laser sintered layers of atomized
material

— Direct Deposition
* Powder Fed
* Wire Fed

— Hybrid

* Direct Deposition + [terative CNC a—
machining

N@&VATECH

Ideolo

* Use 3D Printing as if it was a common tool

* |Increase component performance
— Debris Capture
— Pressure Drop
— Spring Rates
* Design geometries that were formerly not
manufacturable
— Fuel Rod Locking
— Torturous Path

Part Consolidation

N@&VATECH
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* Start with components that have

» Testdesigns

Ideolog

commercially available powder
materials (Stainless Steel and
Inconel)

— Top & Bottom Nozzles

— Holddown Springs

Define design requirements

Rapidly fabricate prototypes that
show potential based on analysis

kg

N@&VATECH

Accomplish

Won Phase | and Phase || SBIR contracts to develop bottom
nozzles

Won Phase | SBIR contract to develop holddown springs
Partnered with AREVA to outfit and test future fuel
assembly designs

3D printed eight bottom nozzle SX5 prototypes out of
Inconel-718

Age hardened and inspected Inconel-718 parts

Designed and fabricated a prototype fuel rod lower end cap
Successfully tested the fuel rod locking mechanism
Performed tensile tests, flow tests, and debris filtering tests

Submitted Technical report summarizing 2016 Phase |
Research

N@&VATECH
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* Phase | — Bottom Nozzle

LR
Completed 581k Work AN

N@&VATECH

kR

* Yield Strength
» Ultimate Strength
* Elongation

* Conclusion: Material 14

properties of 3D printed
Inconel-718 are very similar to
Inconel-718 bar and strip.

mrw

Wi iy Bt

Minimum
Properties

N@®VATECH

4-143



"

-

DIFFERENTIAL PRESSURE |PS1)
L

Results — Flo

FLOW LODP TEST DATA
MovaTech
- - Flow Loop
L Ll -
y ay i Read.:t.ar
Conditions
- -
Tunable
= -, -
J . - - ; '-._ -
x -
"I: -— PP — Y L -
- i J, R =
50 (] ™ £ .t il 10 1 130 140 1= fl o

FLOW RATE [P

N@&VATECH

Designed to replace the lower end grid
— Remaoves lowerend grid and a fuel rod failure initiation point
Integral to the bottom nozzle grillage

— Allows for longer fuel rod
* Room for more fuel or plenum velume

Locks fuel rod axially
Provides anti-rotation feature
Reconstitutable
Designed for internal fuel rod weld
— Reduced starting Zircaloy barstock diameter to save money
Designed for single setup machining
— Lathe turning + wobble broaching
Successfully tested to 30 b pull force — no failure

N@&VATECH
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TR Resuts-OcbrisTess NN

» Tested all filter designs twice for debris resistance

* Small holes and torturous paths are the most
effectivefilters

» AM fabricated designs are highly effective at
debris filtering

N@&VATECH

* Phase | —Holddown Spring

* Phase |l — Bottom Nozzle

N@&VATECH
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,_
T HolddounspringOesgh NN

* 3-Leaf Westinghouse 17x17

spring replacement _
Tunable to different fuel :
assembly and reactor designs !

Minimize Upper Core Plate wear

Reduce rework =N
Evaluate potential Upper Nozzle | *’%_‘
/ Holddown Spring Design L
Interface

Reduce number of parts

* Mechanical Tests at NovaTech

— Fabricate custom fixtures

— Load-Deflection

— Fatigue

* 1,000-hour life and wear testing

— Coinciding with bottom nozzle life
and wear

N@&VATECH
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» 17 X 17 Westinghouse Full Size Bottom Nozzle
Design

— Features TBD
* Debris Filtering

* Pressure Drop Tuning
* Fuel Rod Capture

* Material Irradiation Testing

N@&VATECH

* 1000 Hour Life and Wear Testing of Design

Changes

— AREVA Facility

— Full Scale NOA"‘
— 100% Flow COMPLIANT
— Reactor Temperature

— Reactor Water Chemistry
* Pressure Drop Testing
* Load-Deflection Testing

N@&VATECH
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aterial Irradiati

Inconel-718

Irradiate samples at Oak Ridge National
Laboratory

— HFIR (High Flux Isotope Reactor)

60 x 10*° n/cm?fluence (~6 dpa)

Testing on-site at ORNL
— Tensile Tests

— Relaxation (TBD)

— Microstructure (TBD)

N@&VATECH

Summa

* NovaTech is excited to be involved with this
transformative technology.
* We are using additive manufacturing to fabricate:
— Bottom Nozzles with debris filtering
— Bottom Nozzles with tuned pressure drops
— Bottom Nozzles with fuel rod locking features
— Top Nozzles with one-piece Holddown Springs
* As we look to the future, we see:
— More fuel assembly components being additively
manufactured
— Part consolidation
— Faster fabrication times
— Reduced costs N@VATECH
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414 Additive Manufacturing for Reactor Materials and Components (Steven
Wolbert, NuScale Power)

s NUSCALE

MNovember 28, 2017

Steven Wolbert
Manufachwring Engineer
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Achieving a Successful Review

MNuScale Baseline DC Review Schedule

Completed
DCA F3 - AGRS review of
123116 SERwWOIg PS5 - ACRS review
B2iG A SER wing Ots
) B23/20 Rulamaking
F1 - PSER and RAls, - .\ | Jan 2021
41618 | |
t —
T | | |
| 2017 | 018 | 2018 | 200 | 202
NRC F2— SER willls ' —
56119 P& - FSER
Accepted | | b Tl T ] Deagipgn Certified
wsnT . i d Jan F2
| P4 - Ady SER winp QA5 ]
L 12219 I
l". .'{
f
Total projected duration for NRC
review and approval - 46 months
4 M NuScaLE
HuScale Honprogri g g
"""‘”:;*-“ Copyrghl® ::|rwhm~-ﬁ}r - '\EI\-?'.SNEE" L

NuScale Supply Chain Characteristics

* Unique—not like a traditional power plant
» Steady-state manufacturing vs. construction job

» Select and develop a set of supplier partners for all
NuScale plants, not a bid list for one plant
» close partnerships are critical
» pricing models and terms negotiated in advance
» suppliers are vested in the long term viability of NuScale
» standard specifications

I HuScale Nonproprietary B UScaLE
Farviaicrs ¥ Capyrighill 3017 by HaScsle Fossar, LLE " T SR A
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Supply Chain Focus Areas

+ Selection of Fabrication Partners

Design for Manufacturing, Assembly, Transport
« [|terative Design (listening to suppliers)
« Component prototyping
+ Maintain Standardization (GD&T windows, interfaces)

Sustaining a long term supply chain

Maintaining focus on the goal of a purpose built factory

Uniquely positioned to take advantage of advanced
manufacturing techniques (shop based fab)

P:.:H._:- o NuScale Nonproprietary o lr;lgggsu_s
“ﬁm": Cepyright® 2017 by RaSosla Poasar, LLC '*' oy -

HuScale Honproprietary 11‘; NUSCALE

Farviaicrs ¥ Copyright 2117 bry HiaScaln Prssar, LLD T SR A
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Manufacturing Related Activities
> -

g
P3O0, 3003 NuScale Nonproprietary P ] ggﬁg;-.z
“ﬁm": Cepyright® 2017 by RaSosla Poasar, LLC '# Tupla & DL P P

Advanced Manufacturing Cooperation

=Rzl

Ce rxlrlfurl.ﬂ.rh'anlzﬂd fmm.,..h.;.'._,.,m,-
MAINSTREAM
UE EEF .:. " .: NUSCALE ENGINEERING
Manufacturing  “£8 % o SWER"

ELECTRIC POWER
RESEARCH INSTITUTE

N®VA [ ECH

[nnovative Technologies International

ALY HuScale Nonproprietary 3E ] 'r;l USCALE
Ht;'u:n ¥ U Copyrightl 2017 bry HaSosln Prssar, LLE ek w'?'lxcEE_ ~
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Potential Applications for AM in the NPM

= Reactor Vessel Internals
= HCSG Tube Supports
* CRDS Supports
» CRACards
» Fuel Pins
* Integral Safe Ends
= Sub Supplier Components
* Fuel Assembly
* Valve Internals
» Latch Mechanisms

" HuScale Nonproprietary £ l';'gﬁg:.‘-g
- Tirepian & A0SR B

P 300K 300
Copyrigh 8 2017 by RuScale Powser, LLC

= Does NuScale need advanced manufacturing?
* Reduced production schedules v
* Reduced module cost v
= Reduced module weight v
* True Mth-of-a-kind production »

L & i iy

* What's a NuScale Module look like in 10 years?
» Traditionalforgings

PM-HIP complex shapes

Additive Manufactured parts

* Traditionalwelds

= Advanced joining techniques

Laser clad components

HuScale Nonproprietary £ gg.ﬁg.:.‘-';
T T DI P

Fil.. -0
FE R Capyrighill 3017 by HaScsle Fossar, LLE
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4.15 Metal Additive Manufacturing Innovations (Brian Matthews, AddiTec)

fADDIITEC

ADDITIVE TECHNOLOGIES
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ADDITIVE MANUFACTURING WITH METAL

METAL AM BACKGROUND

FIVE TECHNOLOGIES IN USE
MOST CAPABILITY & DEMAND

ELECTRON BEAM
MELTING

Uses electron beamn as
power source instead of
laser.

Melts metal powder layer
by layer with electron beam
in high vacuum.

Fully melts metal powder
creating full density parts.

Can only process one
material in a single part.

Limited to small parts.

) apbiteC

DIRECT METAL
DEPOSITION

Deposits metal powder or
wire onto a substrate which
is instantly melted using a
laser, electron beam or arc
process.

Capable of creating
functional gradients using
multiple materials in the
same part.

Can repair existing parts and
apply coatings to extend life
of new parts.

Mo inherent limit on the size
of parts produced.

DIRECT METAL
LASER SINTERING

Uses one or more lasers to
sinter powder metal layer
by layer in an inert
atmosphere.

Fully melts metal powder
creating full density parts.
Produces very high
resolution parts with

intricate details.

Can enly process one
material in a single part.

Limited to small parts.

BINDER
JETTING

Cannot create full density

Limited to small parts.

PROBLEM

HIGH COST & COMPLEXITY OF METALAM

4-158

CURRENT LIMITATIONS

Current AM systems are very expensive:
+ $0.5mto $3.5m for DMD Systems
« $0.5mto $2.5m for DMLS Systems

Generally requires in-depth process
knowledge



DIRECT METAL DEPOSITION

HIGH COST & COMPLEXITY OF METALAM

DMD BACKGROUND

Several companies offer DMD equipment for
commercial applications
- $200k to $400k price range

DMD equipment is typically integrated with
industrial robots, gantry systems or CNC mills
to create complete DMD systems

» $0.7m to $3.5m price range

Majority of DMD systems use metal powder.
No commercial DMD systems process both
metal powder and wire

[ appirec ©

DIRECT METAL LASER SINTERING

HIGH COST & COMPLEXITY OF METALAM
DMLS BACKGROUND

Several companies offer mature medium-large
DMLS systems for commercial applications
+ $0.5m to $2.5m price range

Most systems attract expensive
maintenance contracts
- $50k to $100k annual fees typical

Most systems require use of only vendor
approved powder, increasing
consumables cost
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OUR SOLUTION

SYSTEMS — PRODUCTS - SERVICES

OUR VALUE PROPOSIT!

* Develop and reduce the cost of
advanced DMD and DMLS
systems by a factor of >10

» Innovate system design and
capabilities

» Mass produce AM parts using
ultra-low cost AddiTec AM
systems

k ADDITEC

TIMELINE

OUR HISTORY

Dec 2015 | ¢ 1

— Jul 2016 2 I
. '

Feb 2017

May 2017
Nov 2017

4-160

Company formed. Established
initial team & facilities. Selected
DMD technology.

Designed, built & commissioned
1stlarge DMD printer. Established
QA programs for Aerospace &
Nuclear industries

Started design of an ultra-low cost
TriAx 3D system to power 3D
printers, hybrid systems &
robotic/gantry applications.

Unveiled prototype TriAx 3D tech.
Started design of office friendly
TriAx 3D printer & ultra-low cost
DMLS printer.

Submitted design concepts
for 18t metal printer for the 1SS
using TriAx 3D tech. Started
testing office-friendly TriAx 3D
printer & DMLS printer.



DIRECT METAL DEPOSITION

LARGE DIRECT DEPOSITION SYSTEMS

@ CUSTOM LARGE DMD PRINTER

« Superior build volume - much larger
than powder-bed systems:

v Up to 12-ft height
v Up to 5-ft diameter
Flexible and scalable platform

Multi-material capability

= Low operating cost

« Low system cost

A ADDITEC 0

TRIAX 3D MODULE

DIRECT DEPOSITION DEVICE
INNOVATING DMD

q TriAx 3D is an innovative DMD system
for 3D printers, CNC Hybrid systems,
and robotic/gantry applications

v Uses a patent-pending arrangement d
multiple off-axis diode lasers and on-
axis material feeds

v' The only commercially available dd
mode deposition system allowing use
of both metal wire and powder
feedstock through a common nozzle

v Accommodates multiple material feeds with automatic in-process
switching

v Sophisticated in-line process control
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TRIAX 3D MODULE

DIRECT DEPOSITION DEVICE

INNOVATING DMD

GRSl q The TriAx 3D module comprises an industrial-grade
SYSTEM

supply unit and deposition head

v The supply unit contains powerful diode lasers, wire
feed system, powder feeders, HMI, integrated
chiller, PSUs & on-board Nitrogen generator option

v The supply unit is connected to the dual-mode
deposition head via 10m supply lines

v All major components are designed and built in-
house

g Internal production costs significantly lower than
competing systems, while offering both wire and
powder deposition capability, including simultaneous
printing of wire and powder using same head

INTEGRATED CUSTOM
DIODE LASERS

k ADDITEC

TRIAX 3D

ADVANCED DUAL-MODE DEPOSITION
INNOVATING DMD

g AddiTecis currently testing dual-mode
deposition where metal wire and powder
feedstock is deposited simultaneously

v Provides capability to automatically apply
coatings to printed parts to improve thermal
and corrosion characteristics

v Allows generation of complex nuclear materials
at very low cost (e.g., structures containing
neutron absorbing materials)

v Early results indicate improved deposition
efficiency and lower surface roughness

POWDER DEPOSITION
k ADDITEC (]
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TRIAX 3D PRINTERS

CUSTOM DMD PRINTERS

INNOVATING DMD

g AddiTec has developed a range of custom 3D printers
powered by the TriAx 3D Module

v Office-friendly applications afforded by clean ad
safe wire deposition mode

v Custom print envelope
v Unique product with no competitor equivalent
v Low price point

v Attractive product for companies and universities
new to AM

TRIAX 3D HYBRID SYSTEMS

HYBRID MANUFACTURING

INNOVATING DMD

g AddiTec offers a wide range of hybrid manufacturing
systems powered by the TriAx 3D Module

v Customers select from a wide-range of CNC mills

v AddiTec performs integration at its facility and
delivers the resulting hybrid system to the customer
as a fully integrated unit

v AddiTec offers high specification hybrid systems
starting at two to ten times less than the cost of
competing systems

v Competing hybrid systems range between $0.7m
and 3.5m
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TRIAX 3D CUSTOM SOLUTIONS

OTHER APPLICATIONS: 1SS

g AddiTec has developed a conceptual
design for a custom rack-mounted
DMD printer for the International Space
Station (ISS)

v Currently under consideration by
NASA

v Uses the AddiTec patent-pending
TriAx 3D deposition head

v Will allow up to two independent wire
feeds facilitating multi-material
capabilities

v Major design components already
proven

k ADDITEC

DIRECT METAL LASER SINTERING

ULTRA-LOW COST DMLS
INNOVATING DMLS

q AddiTecis currently testing a prototype DMLS printer, proving
the feasibility of ultra-low cost DMLS

v Leverages AddiTec Diode Laser technology developed for the
TriAx 3D modules

v High degree of vertical integration of key components,
including custom in-house designed atmosphere control
system, chiller, diode laser driver, optical assembly & software

v Features integrated glove ports and on-board nitrogen
generator

v Internal production cost is < 1/10 the price of commercial
equivalent systems

k ADDITEC [ ]
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DIRECT METAL LASER SINTERING

ULTRA-LOW COST DMLS

INNOVATING DMLS

q AddiTec s designing a large DMLS printer
array that utilizes its ultra-low cost DMLS
technology

v/ Each DMLS printer will facilitate automatic
production runs via robotic loading and
unloading

v The array size will be expandable, starting
with 10 printers and expanding to 100+
printers

v Enables mass production of high value
parts at very low cost

k ADDITEC 0

CAPABILITIES SUMMARY
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416 Analysis of Seeded Defects in Laser Additive Manufactured 300M Steel
(Shannon Farrell, DRDC)

Dalaroe Rasearch and  Archarcha of tirsiegamen
I"I Darsplopimen] Canada  pou la abfense Canada

Analysis of Seeded Defects in Laser Additive
Manufactured 300M Steel

Additive Manufacturing for Reactor Materials and Components
MRC Headquarters, North Bethesda MD

28-29 November 2017

Dr. Shannon Farrell

Department of National Defence,

Dafence Research and Development Canada — Atlantic .

DRDC | RDDC .

Canadi

Outline

« Motivation

« Specimens

« Microstructure

s Density

» Traditional Non-Destructive Characterization
= Radiography
= Ultrasonics

» Conclusions & Future Work

CHRDC | FDOC
T
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Importance

= Canada’s Department of National Defence is developing AM to
reduce cost of maintenance, improve operational readiness
s Parts-on-demand
= Repair and refurbishment of legacy parts

» Challenges with respect to integration include
» Maval materials are not commonly made with AM
« Acceptance criteria

DRDC | FOOC

Research Goals

1: Establish AM fabrication parameters and post processing
treatments to produce metallurgically sound materials

2: Ascertain the quality of AM materials

- limits for conventional non-destructive technigues to identify defects

3: Assessmechanical properties, fatigue and performance of AM
materials

DRDC | FOOC
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Additive Manufacture

= National Research Council of Canada developed a blown powder
laser AM system
= J00W Lasag Nd:YAG laser coupled with a fibre-optic processing head
« Pulse mode, average power 200-250W
» Powder delivery via Sultz-Metco SMP feeder at a rate of 8-9 g/min

Laser beam
Powder delivery
razde

 Flat specimens, deposited onto steelsubstrate
= Builtin the Z (through thickness) direction
» Varied hatch spacing to produce voids

" - -
- - -
e — > L
T T -
e Subsiraie
el
Nu, L & falare, ML, Pros-Porms L Comol | detion for
o | FOO Producing Metal| urgicaly Seondand Functionsd Componnt®, 4

T = toumsl of Lasar Appiicatiom, Vol 12,2000, pp. 160-185

300M Specimens

= Commercially available 300M powder
a 300M high strength steel alloy similar to AISI 4340

= Praxair gas atomized powder with a chemical composition conforming to
specifications for wrought 300M stee|

w 16-45 pm powder diameter

C Ni | Cr 51 | Mn | Mo | V | Fe
0387|198 | 0.84 | 164 | 0.86 | 0.43 |0.08 | Bal,

» Six specimens with intentional homogeneously distributed defects
= Target density of 99%, 97.5%, and 96%

CHDC | ROOC 5
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300M Specimens

s Heat treatment
o Austenized at 871°C for 1 hour & oil quenched
= Double Tempered at 302°Cfor 2 hours & alr cooled

» Machined and polished
» 4 machined to 150 mm x 60 mm x 3 mm

» 2 specimens as built, 150 mm x 60 mm x 4.5 mm 93 1
« With 0.75mm thick full density overlayers 99 1
o975 25
97.5 2.3
O 4
=151 4

| FODC

A — B

Microscopy

« Lath tempered martensite (bainite?) grains with isolated defects

= Spherical pores
» 5to 50 pm diameter
= appear random

» similar amountin each specimen

- » Pores represent residual gases
trapped in the powder during
manufacture

| FODC
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Microscopy

« LOF defects propagate in the x-y plane of the build
« Number and size increase as the net density decreases
o from 500-1000pm in length

= A typical LOF void with unsintered powder (10-50 pm diameter)
« Voids were larger than gas bubble

porosity (5-50 pm)

96% density

DRDC | FOOC
T

Microscopy

= Through-thickness density measurements as a function of depth
and plane orientation

sample & S ariple B =
= More voids within XY plane 8- i-
. B ey Lt 5t
than the XZ and YZ planes s w wuu S
= Clear evidence of intentional Sanghe ¢ . Sampk & .
seeding of defects through modifying .. ==l ==
of in-layer build parameters i= -—-*ah:; is
. - i . T g
(ie. hatch spacing or scan speed) - . =

DRDC | FOOC
T
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Microscopy

= Average measured densities from optical microscopy as a function
of three planes

Density  St.Dev. Density 5St.Dev. Density St.Dew

(%) (%) (%) (%) (%) (%)
L 1 92.5%  0.6%  97.5%  11%  99.0%  0.2%
99 1 98.1%  03%  97.8%  12%  99.2%  0.1%

97.5 2.5 99.9% 1.2% 95.8% 1.0% 97.5% 0.0%
97.5 2.5 97.2% 0.6% 96.2% 0.4% 97.1% 0.1%
1] 4 96.8% 0.1% 95.6% 0.4% 95.8% 0.1%
96 4 97. 7% 0.9% 93.3% 0.8% 95.9% 0.2%

= Specimens D and E were built with a ~0.75mm thick full density outer |ayer.

DRDC | FOOC
T

Direct dimensioning approaches

= The part densities were calculated from the mass measured with
an analytical balance and the volume measured with two surface
dimension measurement approaches

= A metrology system (Nikon MMDx 3D laser scanner)

, Mitutoyo coordinate measuring machine (CMM, model #BHN715)

. Results were compared with the average OM results

DRDC | FOOC
T
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Laser Metrology and CMM

= Both measurement approaches produced unsatisfactoryresults

Density  5t.Dev. Density St.Dev. Density 5t.Dev.

(%) (%) (%) (%) (%) (%)
99 1 98.5%  06%  97.5%  11%  98.2%  0.6%
EE 1 98.1%  03%  97.8%  12%  984%  0.5%

1.5 25 99.9% 1.2% 95.8% 1.0% 94.5% 2.5%
7.5 2.5 a97.2% 0.6% 26.2% 0.4% 24.9% 2.4%
26 4 96.8% 0.1% 95.6% 0.4% 93.5% 1.5%
96 i 97. 7% 0.9% 93.3% 0.8% 91.3% 3.4%

DRDC | FOOC
T

Archimedes' Principle

s The buoyant force acting on a submerged body is equivalent to the
waight of fluid displaced by the body
= Buoyant force dependent on specimen volume rather than mass

= ASTM Standard B311-08: Standard Test Method for Density of Powder
Metallurgy (PM) Materials Containing Less Than Two Percent Porosity

DRDC | FOOC
T
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Archimedes' Principle

= Measured densities for 300M specimens using Archimedes’ principle

Density 5.Dev. Density 5t.Dev. Density 3t.Dew

(%) (%] (%) (%) (%) (%]
99 il 98.9%  0.2%  984%  04%  99.0%  0.2%
99 1 99.0%  0.1%  982%  03%  99.2%  0.1%

87.5 2.5 27.0% 0.1% 97.0% 0.2% a97.5% 0.0%
87.5 2.5 27.0% 0.1% 96.8% 0.2% a97.1% 0.1%
£ 4 85.7% 0.1% 94.8% 0.2% 35.8% 0.1%
86 4 25.5% 0.4% 85.2% 0.4% 35.9% 0.2%

= *Specimens D and E were built with a 0.75mm thick full density outer layer

FOOC
-

Traditional NDE — Magnetic Particle Inspection
« Application of fluorescent particles (Magnaglo 14AM)

« Surface texture had preferential direction when magnetized
» Inconsistent over entirety of sample surface
=« Mo apparent correlation to
o LAM layering
» Machining

s Non-conventional electromagnetic technigques will be investigated

DC | FDODC
—
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Radiography

=« Irradiated with Ir-192 gamma radiation source
o Working distance of 20"
« Radiation time

w 99% and 96% density specimens; 150 seconds
o 37.5% density specimens: 210 seconds

« Reading of around 2.45 on densitometer

Gamma rays

/ Vi /

Radiography
= No visible indications for 99% density specimens
» Elongatedindications visible for 97.5 and 95% density specimens

Specimen A, 39% density

SpecimenC, 97.5% density  Specimen E, 95.8% density
« The LOF defects (~500-1000 um) were visible
s Suggests a detection threshold between 99 and 97.5% density

EEEEEEE  —

4-174



Ultrasonic testing

= Researchers have identified relationships between UT signals (e.g.,
pulse-echo, through-transrmission, and immersion) and porosity

= Slotwinskiand Garboczi (2012) had described a linear relationship
between the UT pulse-echovelocity and density up to ~99.5%

Slabwarskl, LA and Garbocl, E L, “Porecity of Addiba Manufachu ing Parts for Process
MonRoeing”, Frereedngs of Bhe dth Review of Fropress in GeonbTative Men-Desructise
Evalsotian, Baltimana, MO, kil 32-36, 2043, pp 0531-0539,

Ultrasonic testing

s Traces of the ultrasonic transmission backwall reflections of wrought
300M steel [left) and specimen A with 99% density (right)

s Wrought specimen shows first seventeen backwall reflections
s 29% density specimen shows a dampening of all but the first backwall
reflection

DRDC | FOOC
amamam
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Ultrasonic testing

= Standardized ultrasonic gain at 80% full screen height (FSH) vs
density 50

Speckman F
et Amem thisk
.s'“m gl
o | | Bmmehick | t

-- Speckwan A4 | Speckwan 8
E i ik S hick !
§ 150+ i ! !
£ 10 ::) : @ - SpeckmenE |
= 45 hick
o Wrought Spechmen O mm [
&= ; 4.5 mvi thick
E ospl Specimany
JE: 0.0 t + t 1
= 100% 958 9% 5T % 95%

Deesity (from Archimades’ with fn-hexana)
» A clear upward trend of iIncreasing gain with decrease in density for
similarly-sized specimens

DHDC | FDDC

Ultrasonic testing

= Average gain to reach 80% F5H for 4.5mm is less than 3mm
specimens

s Unclear whether this decrease represents a surface sensitivity of the
ultrasonic gain or a sample thickness effect

e More work is needed

DHDC | FDDC
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Conclusions

1. Densification of 300M steel specimens was controlled through
modification of LAM fabrication parameters

= Specimens appeared to have a threshold limit of porosity

2. The Archimedes’ principle was shown to be an effective tool for
simple, rapid assessment of bulk density

3. Radiography was capable of seeing the 500-1000 pm defectsin
the 97.5% density specimens

4. UT ultrasonic gain is promising for estimation of through
thickness density in LAM materials

DRDC | FOOC
T

Current / Future Work

1. Fabrication of 14 specimens over the 100-98% density range
* Examine sensitivity threshold of UT and RT
® Examine electromagnetic technigues
* Computed tomography

DRDC | FOOC
T
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417 Rolls-Royce Nuclear Developments in AM (Dave Poole, Rolls-Royce)

Rolls-Royce Nuclear Developments in AM
Presentation te the USA Nuclear Regulatory

Commission = Nov 2017
Version 2.0
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AM Equipment used in Rolls-Royce Nuclear

Lead Applications
Manual Globe Valve
Fipawaork Tea Fitting
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Futwre plant materials

R&T Enabling /key technology strands

H Rolls-Royce
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AM Equipment & Product Introduction

*  First Laser Powder Bed Fusion (L-PEF) capability installed in Rolls-Royce Muclear in 2008 -
200, 2500250x250mm system
Manufacture of rig components
Material and parameter development
RET

Second L-PBF capability installed in 2013 to meet increasing development work volume =
400W, 25000250x320mm system

Third L-PEF capability installed in 2015 to establish pre-production cell to go from
development into production = 400W, 250x250x320mm system

4th, 5t and 6% systemsinstalled in 2017 to meet further increase in R-R programme demands
7 system planned for 2018
Mo AM components in service in pressure boundary applications

*  Current focus on material testing and the manufacture of demonstrator units to support
Dasign Report/Safety Justification

. H Rolls-Royce

AM Product Introduction

SUBSTITUTION
REVERSIBLE
SMART EMHAMNCED
SUBSTITUTIOMN
OME- WY MAKIMLN
CHOMCE BEMEFITS
IRREVERSIBLE

- POSITIVE BENEFIT
‘ KMOWLEDGE

DFFICIAL
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Lead Applications - General

*  Pressure boundary components = various Muclear systems
Manual Globe Valves and Piping Tee Fittings
Stainless Steel
Direct 'Substitution” = no change to engineering definition
* Mo ‘as-built’ surface texture [100% machined or polished)
Laser Powder Bed Fusion (L-PBF)
First application (MGV) to ba HiPped post AM

Solution Annealed condition also being developed

. [ Rolls-Royce

Manual Globe Valve

Manually operated to epen and close to initiate/isolate flow
Daesigned to the ASME Code Section 111
Class 1 valve

© Sipes range up to 27

Fitted in numerous types of nuclear systems, e.g. coolant make-up,
preseure relief

A high number of valves fitted in each syitem

striving to reduce cost and delivery time in order to satisty build
programmes/customer needs:
»  Convoluted supply chain - raw material, HIPping, machining.
Striving foor cell manufacture in one facility.
= Reduce, ideally eliminate HIF cycles — hard facing powder
censelidation/HIF bonding of hard facing ko main body
*  Reduce, ideally eliminate subtraction machining

*  Reduce amount of raw material usage and waste ﬁ H
olls-Royce

DFFICIAL
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Manual Globe Valve

Pipework Tee Fittings

* Welded into pipewark to provide junctions, e.g. for
instrumentation line off-takes

*  Dasigned to the ASME Code Section 1)

Class 1 fittings
Sizes range up to 27

Fitted in numerous types of nuclear systems, e.g, coalant make-
up, pressure relief

Eliminating potential for variation and the costs associated in
ensuring variation is acceptable:
*  Eliminating hand dressing of the crotch comer - an artisan
operation with inherent variability.
* Must eliminate structural discontinuity, the sharp comers,
can’t totally eliminate by subtraction machining
*  Reducing the amount of inspection to provide assurance
that the crotch comer has been created as reguired

[@ Rolls-Royce

DFFICIAL
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Justification Strategy

Justification Strategy

[ Rolls-Royce

DFFICIAL
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R&T Strategy— Enabling Technology Themes

-
2 YEARVISION ]
1
1
1
1

[A Rolls-Royce

DFFICIAL

418 Additive Manufacturing Initiatives (Alison Hahn, DOE-NE AMM)

U.5. DEPARTMENT OF

EN ERGY Nuclear Energy

Additive Manufacturing Initiatives

Alison Hahn
Program Manager

Office of Nuclear Energy
U.5. Department of Energy

November 29, 2017
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eéﬂﬁﬁnﬁw? Advanced Methods for
Nuclear Energy Manufacturing

® Vision
o Toimprove the methods by which nuclear sguipment, components, and
plants are manufactured, fabricated, and assembled by utilizing advanced
practices incleding those found in industries such as oll, aircraft, and
shipbuilding

B Goal
¢ Toreduce costand scheduls for new nuclear plant construction

+ Tomake fabrication of nuclear power plant (MPF) companents faster,
cheapar and moré reliable

UE DEFARTMENT OF

ENERGY

Muclear Energy

Current AMM Focus Areas

B Factory and Field Fabrication Technigues
+ High speed, high quality welding ftechnologies
B Assembly and Material Innovation to Enhance Modular
Building Technigques

» Advances and innovation in high strength concrete and
rebar

B Advances in Manufacturing Processes
+ Cladding and surface maodification methods
# Additive manufacturing

B mproved Concrete Inspection, Acceptanceand
Construction Methods

+ |Improved methods o facilitate the curing of concrete
B Data Configuration Management e -
s Imaging techniques for as-built design oy o et
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©ENERGY

Direct Metal Laser Sintering/Melting
Muclear Energy

B Laser Powder Bed
¢ J16LSS3
+ Inconel alloys (500, 718, 800)
B Stress Corrosion Cracking and Corrosion
Fatigue are being investigated

B Neutron irradiation currently being
performed

B Strengths:
« Can build multiple parts simultanecughy !
+ Easily fabricate complicated geometries Ii]]!.ng.
B Limitations: i |
* Part size limited by size of chamber ol i -f'ii
+ Difficult to control micrestructure P ] 2 I
+ Some heat treatment reguired -'..

Cowtary of Ganeral Elecing

UE DEFARTMENT OF

ENERGY

Muclear Energy

Directed Energy Deposition

B Laser Engineered Net Shaping (LENS)
+ 005 MELSESE

B Strengths:
+ Fabricates large struclures ) i
+ Excellent microsiructure

B Limitations:
+ [Difficulty processing comples geometries
+ Reqguires significant post-processing

Couresy of Lockheed Marin
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LB DEPARATMENT 0

ENERGY

Muclear Energy

Electron Beam Melting

B Multi-material components
& Ferritic to austenitic steels

® lon irradiation was performed in CY 2017

® Strengths:
¢ Evacuated processing environment
& High actual overall power —
» Deflectionof beam is possible -

B Limitations: —
» Part size limited to size of chamber = | | )
Courlesy of ArcamAg
LB DEFARTMENT OF
ENERGY

Irradiation testing
Muclear Energy

B Specimens being inserted into the Advanced Test Reactorat the
Idaho National Laboratory

B Materials being investigated:
¢ 316L 55
o Inconel 718

B Potential processes:
« Powder Bed Laser Sinter
¢ Laser FreeForm
s E-Beam Wire Fed
s E-Beam Powder Bed
& Powder Bed Binder.Jet

Advarced Test Beacior. Courbesy of idaho
Fational Laboratory
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eéﬂﬁﬁnﬁw? Rapid Qualification for Additive

Nuclear Energy Manufacturing (AM) Processes

® Laser-Based Powder Bed Additive
Manufacturing (AM) Processes

u Integrated Computational Materials
Engineering (ICME)

B |n-situ and ex-situ monitoring:
* Thermaland opticalimaging
* Xorgy and nevron tamography - =
» |Nirasonicinspection )

-
Court=sy of Elxciric Power Research restiuie Courbesy ol Ekscirc Power ch restriule

UE DEFARTMENT OF

ENERGY Powder Metallurgy/ Hot Isostatic
Processing (PM/HIP)

Muclear Energy

B 316L Stainless Steel has been approved through the ASME Code Cases for
use in components such as valves, pump housings, elbows, and flanges

« Srade 91 has also been approved

B Project also investigated low alloy steels and nickel based alloy
* SAS0S
» Alloy S00M

B Samples expected to be neutron iradiated in FY 2018 at the Advanced Test
Reactor at the ldaho National Labroratory

Large 316L 55 Valve Body Steam Separator 3700 Ib BWR nozzls
Inlet Swirlar
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L5 DEPARTMENT OF SMR Reactor Pressure Vessel
° ENERGY Manufacturing & Fabrication
Muclear Energy Technology Development

8 Overall industry goal is to produce a code acceptable SMR
Reactor Pressure Vessel (RPY) within 12 months

# 18 month schedule reduction
« 40% cost reduction

B RED project objective is to manufacture the major companents for
a 2i3 scake (44 long ®8 in diameter) of a NuScale RPV utiizing:
+ Powder Metallurgy/ Hot Isostatic Processing (PM/HIP)
+ Eleciron Beam Welding
# Dicde LaserCladding
¢ Cryogenic Machining

B Fariners include EFRI, the UK's Nuckear Advanced Manufacturing
Research Center (NAMRC), Carpenter Powder Products,
Synertech, TW|, Sheffield Forgemasters, Sperko Engineering and
others

UE DEFARTMENT OF

ENERGY

Muclear Energy

Questions?
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4.19 GAIN Gateway for Accelerated Innovation in Nuclear (Andrew Worrall,

ORNL)

GAIN

Gateway for Accelerated
Innovation in Nuclear

What is the GAIN Initiative?
Gateway for Accelerated Innovation in Nuclear

What are What do we What is the
the issues? need todo? DOE initiative?

* Time to market is * Provide nuclea « Private-public

too long partnership, dedicated
lo accelerating
nnovative nuclear
energy technologies

time Lo market

« Facilities needed for

1D&D are expensive

» Capabilities at

research opporfunities

and dedicated industry

engagemant DOE recognizes the
CEE magnitude of the need,
* Expand upon DOE's the associated sense of
) wark with Nuclear urgency and the
« Some innovators Regulatory banefits of a strong and
require assistance Commission (NRC) agile private-public
with regulatory partnership in achieving

processes the national goals.
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B e e

GAIN Vision

By 2030,

The U.5. nuclear industry is equipped to lead the world in development
of innoy nuclear techn i y supply urgently needed abundant
clean energy both domestically and globally.

GAINis,

A private-public partnership framewaork aimed at
rapid and cost-effective development ofinnovative
nuclear energy technologies towards market
readiness.

nﬂ @GAINear gain.inl gow

“=GAIN

GAIN Mission

Mission: GAINis:

Provide the nuclear energy The organization principle for

industr accesslo relevant, federally-funded nuclear
[ and energy RD&D programs.

commercializationin an
accelera
cost-effective fashion

TRIZC Fusd Pariclk

nu @ GANnUdEar gan.inl g
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“=GAIN

Where is nuclear innovation needed?

Advanced Reactor Concepts (engineering, licensing
construction, 2|s/materials, modular designs,
fuel cycle res

nﬂ GAINmucear pain.inl gew

“=GAIN

GAIN Initiative: Simultaneous Achievement of
Three Strategic Goals

STRATEGIC GOALS

Lead Enable Optimize
Global Globa Domestic
Tel:hnglu-g:lr Industria Energy
Commercialization Leadership Portfolio
nﬂ @iEAINmuCear gain.inl gowv
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GAIN: Connecting nuclear innovators to DOE
laboratory capabilities and RD&D programs

HPC Infrastructure

Crosscutting
Design Suppaort

Base Reactor

NRC Interface

and Fuel Cycle

R&D Programs
Huclear Licensing Advanced Muckear Fuels
Verification and Hytid Eneray Framewod Fuel Cycies Instrumentation
Valdation Huclear Gradual Advanced and Sensors
M&S Expertise Cyber Security Risk Reduction Reactors Materials Science
Resctor Digital H.C Licensing LiW-based TestReacto
staTEhysics HumanFactors  Suppert Expartiss Riactars reinimaiars

Modelingand Simulation

Unigue Facilities

Knowledge Management & Integration

nu EGAINmear

2016 NE Voucher

recipients

Proposal

gain.inl gew

AIN

L Crar: b s prsin e o s

Partner Facility

Creare LLC
Hanowver, HH

Celumbis Basin Conduling
Group. LLE
K enmewioc, A

Terrestrisl Erergy LUISA L1d
Mo Yark, NY

Transatomic Power Corporation
Cambmdge, A

Ceramsic Tubulir Products
Recioville M

Db e
Sunnypvale, Ci

CompRex, LLE
D Pare, '

BgilLLC
Laramie. ¥

Irvestigation of Maienals for Continuous
Casting of Metalic Huckear Fuel

Lead-Bismuth Small Modular Reactor (28R)
Licerming Development

Verfication of Molien-Zalt Properies at
High Temperatures

Clptmization and Assessment of e
Heutrorics and Fusl Cycls Peformance of
the Transalomic Pover Motien Sait
Rieactor Design

Fiobwist Siicon Carbide Cladding Tor LWR
Application - Cormosion and Iradiation Frool
Teal of Low GostInnovations in T
Researeh Reactor

Legacy Metal Fusl Data Exploration for
Commercial Scalks-Up

High Efficiancy Heal Exchangarfor High
Ternpershure and Hgh Fressure Applications

High efficiency and ow cosl hermal energy
SHOrage Sysiem
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Paciic Horttwest Mabonal
Labcralory

Angorne National Laboraiory

ik Ridge Mational Laboratory

Massachusats Insliube
of Tehrcdogy

Angorne Mational
Laboralonyiidaho hatonal

Labcralory

Argonne Mational Laboratory

Argonne Mational Laborabory



Eadistion Aging of Muckssr Power Flant Commponents  ORNL

iathodology Tor At ng Containemem Setam
Principal Duskgn Criteria for Meavy Matal Fast Reactor  pML
Sysimms

'm Dyramic Matural Convection Syedem INL

¥ L Synthask of Molben Chlonida Salt Fast Bsactor Fusd

it Park, NY St from Spend Mucear Fuel INL{
- & ofan i Mech Soaroe
Fansiin & Associatos LL g =
Nerri TermAssessmet Copabity forLead-an Sodkan- v FY 2017 NEVouchers:
- ko Farit Raagbars ;

(GAE Systani ing Humae Factors Engmering for theMdovataDignat | : _
syke | Comtrol Sysiems —Improved Strabegies for Dperations _'
INIE AT [Bachear Energy & dvanced Miockeling s . :
Simuletice] Therere e boid s Test 5 ard for Fhaorice anaL e

=

INL
Corwersion of Light Wister Beactor Spent Muchs: fesl FETIL
1o Fluo ricke Salt Fusl
Evalustion of Poywer Fhaidic Pummping Techmology for T

Ieboltan Salt Reactor Apphcations

it
il i Rkt e Taren
ﬁ"a Eb A e

SR | soe LLC
Camden, NI Smiall hochular Feacbor- 160 Prisnary Floew Staldity ORNL

WWTSA™ [Wviagral boltan Salt Aaacton] FusdSal

Proparty Confimation: Trermalconductity amd s
Vistosity
Fual Salt Characterization AL

Duke Energy | Chorlotte, North Coroling
Elyslomindustries | Boston, Mossachusehs
Exelon Corparation | Chiraga, Mimals
Fiibe Energy, in, | Huntsilie, Alabome
Sopthern Company | Blemingfam, Alabama
TerrePower, LLC | BeMevae, Weskinghon
Terrestrial Energy U5A Ld, | Mew ¥ork, New York
ThorCon L4 | Stevenson, Woshingtan
Tronsatomic Power Covpovirtion | Combricge, Mass pecfusetts

AREVA NP, Ine. | tynchburg, Wirgimka
BWN Technmlogies, e, | Dpachburg, Wieginia
Duke Energy | Chorlotte, North Coroling
Kairos Power | Cakiens, Coliforniz
SrarCare Nuckear | Manteeal, Canada
X-Energy, LLC | Greenbelt, Morpland

Advanced Reactar Coacepts, LLE | Chewy Chase, Morpland
Columbiz Basin Consaiting Group, LLC | Kennewdick, Wesfinghon
Duke Energy | Chivlatte, Novth Coroling
Elpsiumindusteies | Basfon, Mossachusetts
Exmlar Corporetian | Chivaga, Mimals
Gemeral Atomics | Son Diego, Cofiformia
General Electric-Hitachi | Wilmimgton, North Caroling
Hydromine, inc. | Mew Fork Sy, New York
Okla, g, | Sunmpvale, Califormie
Sovthern Company | Brmingfram, dlabama
TerroPower, LLE | Bellevue, Wshington
Wastinghouse Electric Co,, LLE | Cramberry Tavwnsii, Pennspdvanio
Wote: GAIN. DOE NTDs, EPRI and NEI partcapate in all of the TWG teams
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TWGs Solicited for RD&D Needs mé—l—ﬂ

« Mot all advanced reactor technologies are equally mature, and therefore
have different RD&D pnonties, as well as material needs

AR
Fuels, malerials, chemistry
T-H and sristy lesting
b

andor development for nudear grade oomponenls
Famserve off high-nasary LEY

Walkdaton of analysis methods
Agvanced modeling & smukion loois

Structures

— (Graphite, ferritic martensitic (HT-9),
Fuel

— TRISO, metal (U / U-Pu-Zr), others?

Cladding
— 5iC composites, FeCrAl

Components
— Valves, grids, pipes

Demonstration of production, characteristics, and irradiation performance
all needed to bring these materials [ components to market

“=GAIN

Where can GAIN Assist in Additive Manufacturing?
Modeling and Simulation Expertise Unique Facilities

[ §]w [l

Fundamental (small and
macroscals) mod-sim of key
phenomena &.g., creep
Materfals feedback on
performance (neufromnics,

for process aptimizafion &
mafenal gualification

Mafenal science
Mafenal parfomrmance
needs

Frocess developmen!
Mafenal qualfication

Li .

Cod nd standards
Experirmental design and
testing

4-195

Fuel manufacturing
Material production
Additfve manufacturing
demonstration facities
Material properbies snd

chan =l

Fost iradiation
@xarmingion
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— *~GAIN

b, s b s e

Nuclear Science User Facilities Provides Access
to Unique Facilities Dedicated to Material Science
« Provide irradiation (test reactor), PIE, modeling and simulation
« Co-existence and collaboration with GAIN Initiative
— GAIN "customers’ directed to NSUF as appropnate
— Advanced nuclear indusiry needs communicated to NSUF
— NSUF offers fundamental materials science capability (lower TRL) to
support current and advanced reactors
+ Awarded Projects on Advanced Manufactunng
* Enhancing Irradiation Tolerance of Steels via Manostructuring by Innovative
Manufacturing Technigues
» Irradiation Performance Testing of Specimens Produced by Commercially

Available Additive Manufacturing Techniques Irradiation Testing of LWR
Additively /5

anufactured Materials Radiation Effects on Zirconium &
Produced by Powder Bed Fusion Additive Manufacturing Processes

«  Addifive manufacturing of thermal sensors for in-pile thermal conductivity
s asurement

« Radiation Effects on Optical Fiber Sensor Fused Smart Alloy Parts with Graded
Alloy Composition Manufactured by Additive Manufacturing Processes

— ~GAIN

Future Activities 2017-2018 v

Workshops:
= Enabling Advanced Reactors for the Market
Molten Salt R or Workshop; Octobe :
ap Analysis on Standards and Codes needed for Advanced Reactors
llow-on modeling and simulation workshops/demonstrations: TBD
Advanced Manufacturing: TED

Database/catalog:

« Develop a list of historical : ced-reactor documents to
support knowledge transfar; facilitate to key documents
through QST

Develop and initiate the process to remove AT designation on
high pricrity docun squestad by industry

Networking:
= Create directory of advanced nuclear developers

| §|w [l pain.inl gov
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Gateway for Accelerated Innovation in Nuclear

G NAue lear aln.anl gav
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420 AM Qualification Paradigm Similarities for Fuel and Components (Isabella
van Rooyen, INL)

ADDITIVE MANUFACTURING
QUALIFICATION PARADIGM
SIMILARITIES FOR FUEL &
COMPONENTS

Isabella J. van Rooyen
Distinguished Staff Sclentist and Principle Investigator
Fuels Design and Development Depariment

November 29, 2017

/

Idha Mofignal

i
oporaiory FILACOIN-17-43443

WAL Aditivie Maresta chining for Raasectior W ale als & Canngon ents, Mevembar 29, 2017, MORTH BETHES DA, WD
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Some Content Presented Previously

« CAES Materials Initiative Working Meeting, August 7-8, 2017, Boise
State University

« Advanced Manufacturing & Supply Chain Innovation Nuclear Energy
Leadership Summit and Showcase, October 3-4, 2017, Idaho Falls, ID

+ University of Idaho, October 24, 2017, Idahe Falls, 1D

= Energy |-Corps Cohort 6 Graduation 2017, November 14, 2017,
WashingtonDC

« TREAT LEU Conversion Technical Integration Meeting, February 24,
2016

= American Nuclear Society Winter Conference, October 287 — Nov 2nd,
2017, Washington DC

HRLE Adkfitive Wanutachring for Raacor M atenals & Components:, Hovember 28 3017 HORTH BETHESDS, WD 2

— - —
N RN m_ku-arhlwlldmhr,.

Outline

- Background: Nuclear Fuels and Materials Division

« Applications of Additive Manufacturing in Nuclear Industry

- Benefits of Additive Manufacturing and Technologies

+ Example of Conventional Qualification Approach

- Additive Manufacturing Qualification Approach??

+ Advanced Manufacturing Research Projects and Selected Results
Fabrication of graphite component, UO; fuel pellet and UO,
dispersed in graphite
Additive Manufacturing as an Alternative Fabrication technigue for
Uranium Silicide Fuel
Functional Graded Material/Components

+ Research Opportunities

- Acknowledgements

HRE Arkiitve Marutacurngfor Reador Malenals & Camponents, Novembar 28, 2047 NOATH BETHESDS, W0
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Nuclear Fuels and Materials Division Strategy
""\<d____,___ Focus on implementing goal-orented,

sclence-based approach

Fabncation

Predmadiation
Characfenzation

Pect-imadiatian
Charactanzaan

o

Integrate all aspects of fuel R&D to understand the
behavior of the fuel system

= =
HRE Ardtive Marutacuringfor ReadorMalenals & Camponents, November 28, 2047 HOATH BETHESDS, w0

N 2

Applications of “Additive Manufacturing” in
Nuclear Industry

Design
Thin-thick Fuel Container

Gradient compasition (//—_
Structural Parts

Integrated systems —
Protetyping
Fabrication
Cladding
Walding
Movel Alloy Development
Measurement
Repair

IR Akt bararahinin g for R st M atc ads & Co i on nts, Mevsan b 20, 2117, MORTH BETHESDS, WD
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Why Additive Manufacturing (AM)?

v
¥

SN Y

Carefully engineered material properties

Repeatable high quality process
Reduce High Entry Cost

+ Expensive materials Piextler Supply chain

= Waste ) .

+  Development time & time to market Radiologic Controls
Free complexity Paradigm
Customization . . g
Design for function Design Paradigm Shift
CAD models

Containment of Radiological Material

Additive Manufacturing technologies?

SN Y

Directed Energy Deposition (Powder Feed)
Powder Bed Fusion

Binder Jet, Aerosol Jet
Ultrasonic AM
Robocasting or Direct Ink Writing (DIW)

HRE Adtive Marutacuring for ReadorMalenals & Camponents, Novembar 26, 2047 HOATH BETHESDS, w0 ¢

L TR

Example of Fuel System Qualification Approach

ey [l e

[ wtisim | [ [ Wigbea ]|

P [ ] fe ]

HRE Arkiitve Marutacurng for Reacor Malenials & Camponents, Novembar 28, 2047 NOATH BETHESDS, w0 7
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Product and Process Qualification

HRE Ardtive Marutacuringfor ReadorMalenals & Camponents, Novembar 28, 2017 HOATH BETHESDS, w0 &

"wm&wwu:!

Decrease Development and Qualification Process

Dies g ard
Characterication 1 Irradiation Test X irrodiotion Tests S Irrodiotion Tests 4 bradiation Tests (LTAs]
hﬁm" [1.5 Years] {3 Vears) {7.5 Vears) |8 Vears)
— ) — ] —)
Phase 1 Phase 2 Phase 3 Phase 4
Fusal Candicate Concept Definitian Dasign Imaroramrent Ful Qualification
Seldaction and Feasibiliy and Evabuation and Demanstration
Histarical Data /
C) <>

{5 Years]
_

Phases 1,2 and 3
Decreased davelopment time

- WAL Adkitive Manutacurng o FeepdorNaterials & Camponents: November 26, 2017.NORTH BETHES DA, WD ©
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Nuclear AM Qualification Approaches??

-,

Fuel “Meat™: Material type:
+«  Metallic «  Metallic
+  Ceramic - Ceramic
+ Composite . Composite
and
Fuel Clad: or
«  Metallic 777 Location in Reactor:
Ceramic « Core
+ Composite Low Flux, Temperature

and
Fuel element components:

+  Metallic
«  Ceramic
«  Composite

HRE Ardtive Marutacuring for ReadorMalenals & Camponents, November 28, 2047 HOATH BETHESDS, w0 1F

N 2

Fabrication Process Parameters for Mechanical
- and Property Design Lo

= Mamphoiogy
- Compasition

+ Spaed

« Sutace firsh

+ Dimessianal

+ FRaw malerial
+ failability of faciity and powders
« Pt fabricafian ireafment

+  (3as, Air, Water,
+  Fission products

26, 2047, MORTH BETHESDw, WO 11

KRG Aditive pfor Raacor Lye
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Advanced Manufacturing Research Projects and

Selected Results - >
®___ZIIT£I‘3:|1E F-.rﬂa;:,-___'“ﬂ::l G?Mdad by De3E Gl:rnrnaraaizah
2 y

RN LED Gt~ A i

Composite (Graphite-UQ;) - Direct Fabrication of U-X fuel
Fuel using Additive Manufacturing
U, Pellets Processes

Graphite components «  Developed Hybrid Additive
Functional graded coatings Manufacturing Technigue

and fuel components

Fuel and Clad integrated — T
fabrication @: Hﬂﬁaﬁéﬁg L::"glru R

— Embedded thermocouplesin

" Proposal 2018 Fuing. - :
(—\'_ A fuel, layers (cladding), fuel clad
\;iz'———_ _MEETERCS or structural components using
[ «  Functionally Graded Materials ] additive manufacturing

technigues

HRAL &dditive Warurbacuring for Raacor AL 26, 047, NOATH BETHESDw, W0 2

- . \‘ Mmzamfwlm‘

1) Fabrication of Graphite component, UO, fuel
pellet and UO,dispersed in Graphite

Invention disclosure (BA-880): March 2015
* Proof of Principle Surrogate Feasibility: June 2015
+ Purchased LENS MR-7: Feb 2016
+ Provisional Patent: July 2016
+ Patent submitted: July 2017
(Izabela J van Rogoyen, Sean Mormrell)
Problem Statement and Novelty

Increased graphite content improve thermal conductivity and neutronic performance
{decreased fuel content): decreased clad temperatures

LEU fuel designs and fabrication precesses, resin additions necessary (both exfrusion
and compacticn processes)

13
PRl dedciifea M anufectuing far R ea clor Wakanaks & Companaria HesmBer=l 3097, WORTHEETHESDA, WD
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2) Additive Manufacturing as an Alternative
Fabrication technique for Uranium Silicide Fuel
+ DOE Technology Commercialization Fund (Awarded July 2016)

+ Energy I-Corps Commercialization Fund {Awarded October 2017)

+ CRADA with Westinghouse February 2017

+ |nvention disclosure: BA-894 March 2016,

+ Provisional Patent March 2017
- Patent submission in process, November 2017

({lzabella J van Rooyen, Clemente Parga)

MRC Adriiren N anufachring far R eaciar Walarials B Companenis, Hosamier 53, 2007, NORTHEETHESDA, ND W

E "\‘ m&tnmfwlld:uﬂ:r‘

AMAFT Technology

AMAFT process, Integrated Meodular Additive Manufacturing
+ directly fransferming varigus U-based input materials
« final form accident tolerant nuclear fuel
+ multiphe integrated reactions

Final Product

/ BN secondary
6 Producis

] 1““"“:&

| e

KRG Aditive pfor Raacor & 28, 2017.HORTH BETHES DA, WD
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AMAFT Value Proposition

+ Reduce costof nuclear fuel for fabricators 20%
+ End user recenes benefits from: Fuel effickency, reduced operating costs, redeced capital

costs
Pressing mums
of Grinding

Bundle ,

.--"'/;

HRE Ardtive Marutacuringfor ReadorMalenals & Camponents, November 28, 2017 HOATH BETHESDS, w0

N 2

AMAFT Process: Direct Fabrication of U;Si,

- Advantages of U;Si;
High atomic density!
Improved thermal conductivity?
Irradiation stability limiting fuel swelling®

T T
Theorelical density |giem?) 10.96 1232

Thearetical uranium number density |atomicm?) 244 = 1032 268 = 107=

Thermsal conductivity (Wim K 400=1200"C) 825 13223
1865

Melting point {"C) 2,547
« Conventional method to produce U;Si, — powder metallurgical method

Arc melting
Challenging to achieve a pure phase (U,Si, USi, and U.Si,)

Extensive preparation process with laborious work.

26, B047.MORTH BETHESDw, W0 17

KRG Aditive pfor Raacor Lye
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Experiments to Establish Process to Fabricate
U,Si,

- Bench Top

i Experiments

Phase B : Fhase C:
Uranium=based s Integrated
compounds Process

Phase A : Uranium
Surrogates

e

HRE Aty for Reador aC I 26, 3047, NOATH BETHESDw, WO "¢

S, LV |

Experiments with U-surrogates
B

TT0.25 " 4785 " 320.84 "

Tetragonal Tatragonal ' Tatragonal - CeySi; and Zr;Siy:
1885 " 1390 2,925 " Crystal Structure
122% 596" 583"

+ CeySi Melt point
-A3 86 ¢ 805" 84 55°
« CeySkh melt
T 1 . congruently like UsSi;
150° & 118.74"
Tata notxaaiabia

«  Zr-Sl and Ce-5Si binary phase diagrams share many similarities with the U-Si:
&.g. multiple intermediate phases, multiple eutectic points

< ZrFy: Thermodynamic stability closely resembles UF,

HRC Adaithe Mararacianing for Rasctos Mobe s & C is, M 20, 2017, MORTH BETHESDA, WD
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Progress on Experiments

» Phase 0: Objective to vernify laser intensity, test experimental set-up
+ Phase 1: Successfully formed Zr.Si; by means of laser synthesis

* Phase 2: Direct formation of Zr,Si: by means of laser synthesis

+ Phase 3: Planned Qctober 2017 - January 2018

LiySly
i
. Er{S] I n
- - [ -

20um = il L=
Back-scatler  eledion  micrograph Back-scaler aleciron micrograph R0 analysis displaying the
dizplaving the formation of ZrSis displaying the formatan af ZriSis Tormation of ZrSiz (induses r@ain
Data vakdated by X-ray difftacticn Diata validated by X-ray dffraction. maunty

m

WAL Adiive bariacuning for Faector Mot als & Camg on ents, Novem bar 29, 2017, NORTH BETHESDA, WD
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AMAFT Current Status and Partnership Needs

Currentstatus Key partnership needs
* Technology Commercialization Fund Topic 1 B
(2016/2017) will submit Topic 2 in 2018 with e
Westinghouse * Modular Integrated Equipment Manufacturer
« Converting provisional patent inte a non- (Concept to Production Equipment)
provisional patent (in process) « Qualification Process Methodology
* Input into developing INL's rapidly growing * AMAFT Process Modeling & Froperly
vanced manufacturing strategy Madaling
* Highlighted other products (included in « Other Advanced Fuel Fabricators

provisional patent) now being further explored
(£raSiz)
* Invited speaker:
Advanced Manufacturing and Supply Chain
Inncvatian Mueckear Enﬂ%-'_lim Ii Suninnit
Ia:nll:ll Showcase, October L2017, 1
alls,

University of ldaho, October 24, 2017
Lawrence Livermone Mational Laboratory, 2018
Invited by NRC November 2017

* Four Publications

HRC Addiie barataciringfor Foaecton M eten el s & Coonng on ents, Movembar 30, 2017, HORTH BETHESDA, WD
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AMAFT Publications

+ Featured n an arbiche by Joseph Campbed, |NL's Nuclw Sclence [ .. o e () ) ]
and Technology communications, on % September 2017
muc:-wwe l.IEL I'.-'I&hlu FAET URING F' G-EESE I'.-'II:.‘-"v.fEE

i v, ind I

HMOUSTRY-LADORATORY
TEAM

lab-oraton 1ear'nr

: Presented a paper at the American Muclear Society Winter B
Conference, October 28th — Nov 2nd, 2017, Washingten D.C., TAFTETIAL UL AAAITAC TG
Jhenathan Rosales, |sabells van Reayen, and Clamente Parga, e e
*Characterization of U 15i; Sl.ll'ﬂg‘aiE'S along the Developmentof an —: —
Adcitive Manulachmg Pracess

« Imvited fo publish articls in JOM, a publication of the Minerals,
Matats and Materlal Saclety, Jhonathan Rosales, |sabella J van =
Roayen, Subhashish Meher, Rida Heggen, Clamants Parga, and
Jason Harp, "Effect of Ha h Si content on U, Sléfual

Micrastreciure,” accepted for publicatan Dctaber 2017,
= Bril)

J Drah-'li Fh.D. thess, Jhenathan Rasales, “Characterizaflon of e
Dirme ddlh‘ani&cmrtd UsSiz Surragates to Predict U:Si; e e
Microstructures,” Nuclear Engine Sciences, University of o
Flenda, Eup-crvmrl::f |sabela ) van awm[mlmahd
completion February 204 8)

WAL Adiive bariacuning for Faector Mot als & Camg on ents, Novem bar 29, 2017, NORTH BETHESDA, WD

- G

Energy I-Corps Cohort 5: Team 4 AMAFT

« Allow the fuel vendor to decrease capital
and production costs by directly
transforming easily available input
materials into final form accident tolerant
nuclear fuel

Isabella van Rooyen (Principle Investigatar)
Ed Lahoda {Industry lead: Westinghouse)
George Griffith (Entrepreneurial Lead)

it was a surprise fo leam how critical partnerships would be to the overall
commercialization process. We need partners to help with gualification,
standards, process development, and characterization,” Van Rooyen
said. “Energy I-Corps was an opportunity to think outside the box from our
normal everyday research mindset.”

=
WRC Addiive Warataciiningfor Foaecton M eten el s & Coonng on ents, Movembser 30, 2017, HORTH BETHESDS, WD
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Customer Discovery: Energy I-Corps

Customers T
Westinghouse based on accident tolerant fuel investment
High walue fuel fabrication s an re-cpening market for fuel fabricators {other fuel)

Partners
Powder supplier cooperation
Eguipment Developer

H
WAL Adiive bariacuning for Faector Mot als & Camg on ents, Novem bar 29, 2017, NORTH BETHESDA, WD

E "\‘ m&tnmfwlld:uﬂ:r‘

3) Functional Graded Materials/Components

Graded interface approach: -

+ Mo gap for accuracy

+" Fine balance for expansion differences
v Carefully engineered material properties
v Repeatable high quality process

—_— Examplas:
+" SIC/Cu graded material
« T

[ -H. Ling, Jourresl of Huclesr rastarinln, 500 [I003} 122-15%]
[amennces i Liser Deposition Techupingy B0l & ppicaions A Gy, T, Uarohiee, [, Keoker,
ALAC Corrierencs ]

[U WanRnayes LOADFY 3]

2=
WRC Addiive Warataciiningfor Foaecton M eten el s & Coonng on ents, Movembser 30, 2017, HORTH BETHESDS, WD
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Current Research & Collaboration Opportunities

= MNew process modelling

= 3Surrogate applicability and property behavior

= Irradiation behavior prediction

* Process parameter optimization

= Process automation (novel hybrid processes)

« Energy Source

= Handling of U-compounds in the novel hybrid processes
« Scale up optimization

= Supply chain of powders

WAL Adiive bariacuning for Faector Mot als & Camg on ents, Novem bar 29, 2017, NORTH BETHESDA, WD

\' mm-nmfwlliuwr‘

Additional Qualification Challenge Questions

« Role of Surrogates in Qualification Process

- Integrated Product and Process Qualification

« Gradient Material Qualification

- Novel Integrated process Hybrid Equipment Qualification
= Capturing of lessons learned from other industries

« Relevancy of other industries’ development and
qualification processes

- Embedded Products (sensor) Qualification

WRC Addiive Warataciiningfor Foaecton M eten el s & Coonng on ents, Movembser 30, 2017, HORTH BETHESDS, WD
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~
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=
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421 Comparisons Between 316L SS Made Using Multiple LPBF Systems (Sam
Pratt, NSWC)

Comparisons Between 316L Stainless
Steel Made Using Multiple Laser
Powder Bed Fusion Systems

MME A Caroline Scheck and Bryan Kessel
= il Virval Surface Warfare Center Carderock
WARFARE CENTERS
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Background

*  Processqualification is a focus area for the Nawvy

— Interested in understanding how usage of different additive manufacturing
systams [mpacts rasults

= MavalSurface Warfare Centers maintainfour laser powderbed fusion systems
from three differant manufacturers

*  Project purpose was to, when a reasonable effort was made to maintain
general consistency across systems, examine:

— Mechanical, microstructural, and corrosion variation
— Identify issues in set-up across systems

* Scope was not intended to keep parameters consistent across systems or
controlvariation

* Results to inform process gualification and Navy knowledge

3
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ME_A_ Laser Powder Bed Fusion Systems

SAANTARE CENTERS

Machines

< System A
*  SystemB
«  Systemi

Processing Parameters
*  Default parameter sets for 31655% were used on all systems, no attempt was made to
correlate parameters between systems
= Raster patkerns, power, traval speed, atc. wera uniqua to each system
= Argon EMiTenment

3 Powder Suppliers

+ Systemn B and System € used the recommended original equipment manufacturer (JEM)
powders (powder B and powder C)

+ System A used powder B and an a non-0EM alternate powder (powder X)
* 31655 argon atomized powders, siring varied
*  Powders bought in single lots, virgin powder used for all builds

Build Design

Primary Specimens
+  Tensileto be tested machined and
as=puiit)

= Round, vertical, net shape

— Round, vertical, pre-machine

= Flat, wertical, net shape

— Flat, wertical, pre-maching

= Flat, horizontal, pre-machine
+ Corrosion

Lt

+  Torsion

While specimens hove some
dimensions, different CAD files were
designed for each specimen to aid in

placement

4-215



NAVSEA Build Design

SAANTARE CENTERS

specimens were designed to fit an the smallest biild
platfarm [System A)

Larger systems located specimens in center of build
platforms

Solid support structures necessary to prevent build failures

2 build cycles/system B L6 sanasy
) Small buld platicrm
Specimen removal
= Band saw
* EDM

| Unusad build
b= platform area

Large badld platiarm Parial build

= Premature stop
b -

sERTARE CEWTERS

M/s_?_g_ Machined Verses As-Built (Strength)

1L
Average D.2%YS Stdley Of Mote
System A (powder X) 388 13 *  Figures show machined and as-
System A (powder B) 452 8 busilt properties disregarding
Systern B{powder B) 516 2 Lelati\re location on béu:::d.::::liatfalrm
o te
mey o cas 2 elfween sys I'lI'IEEI'I U1 Oy ClEs
. *  Machined specimens were
designed with extra material to
Average0.2%Ys Stolev achiewe stame dimensions as as-
Systam A [powder X] 357 40 bullt specimens post machining
Systemn A (powder B} 445 73
Systam B [powdar B) 519 11 Results
System C [povedar ©) cag 5 +  System A& showed maore varability
in machined specimens verses as-
: built
D S +  System B shows conslstent
Systam A [powder X} ] ey properties regardless of machined
Systermn A (powder B} -7 Ga or as-built surface
Systern B | poweder B) 3 [
Systern C | poweder C) 4 -6

7
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\:\i.77:] Repeatability by Location (Strength)

ARNFARE CENTINS

Machined
e Of Mote
g oo *  Results are from two different build
£ oo cycles on System A
B = =
. [T T f | ‘] *  Each build cycles used identical
. ol €| processing parameters
£ 00 *  Only change was powder [powder X
& w0 verses powder B
|
o S¥stemA- . SystemA-
pawckr & power B Results
*  Reduction in properties due to impact
As-Built of powder variability cnly

E:_Jcmﬂ *  Results indicate system has repeatable
g‘w processing ability based on lacation

080008005 &

made at the same

& 100 build platfoem
i 100 Iecation
S g
Symbern A - Gymtmm A -
poveder ¥ * poveder B 3
Microstructure
Systern A—powder B Systam B AysternC

Top-down

s Significantvariaticn in macrostructures obsensgsd across systems

*  arious indications (incomplete fusion, cracks, unmelted powder, etc.) seen in
LSystem A - indicates non-optimized processing parameters

Transverse
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NAVSEA Microstructure

SAANTARE CENTERS

Systam &—powder B System B Systam

Sub
StruCtuTe

+  Images taken from center of specimen

*  Transwerse orientation

NAVSEA Microstructure

sERTARE CEWTERS

SystemA-unmelted powder SystemA -

SyatemC

11
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Corrosion — Initial Results

Wes Passivation: 3 Weaks Salt Fog Testing

¥

[T

Passivatad: 3 Weaks

Results

*+  Resultsin-progress

*  Preliminary results indicate
accelerated corrosion on System A
samples (non-optimized parameters)

Conclusions

*  Purpose of project was to examine major differences across AM laser
powder bed fusion systems when default processing parameter sets were
Lsed

— Default systern parameters may not be optimized for material properties

— Evenwhen not processing parameters are not optimized, tested specimens
indicate general consistency over multiple bulld eycles

Continuing Work

*  Mechanical property variation across systems

*  Mechanical property variation within systems (two build cycles) by
location

*  Scanning electron microscopy evaluation

*  Powder characterization

4-219



ABSTRACT: Abstract: Matal powder bed fusion (PBF) additive manutactuning {AM) systems fabricats
material laver-by-layer using an energy source that selectively melts or sinters raw powder feedstock, There
are multiple original equipment manufacturers (OEMs) for PBF systems and each OEM utilizes its own
unique software, system controls, processing pamameter options, ofc. that can result in material and
mechanical variation. This project focuses on the results from using three different OEM PBF systems to
fabricate 3161 austenitic stainless steel; the purpose 15 understanding vanability when & reasonable attempt
15 made to maintain consistency berween build files and using OEM recommended system processing
paramerers and raw materials. Results include powder feedstock characterization, mechanical and corrosion
testing, and microstructural feature comparisons between fabricated coupons from cach system.

Destribufion Statement A Appraved for publc redease’ disfribuban is unbrmiled

4 .22 Qualification and Certification of Metallic Components for NAVSEA (Justin
Rettaliata, NAVSEA)

SEA

NAVAL SEASYSTEMS COMMAND

Qualification and Certification
of Metallic Components for
NAVSEA

Dr. Justin Rettaliata
Additive Manufacturing Technical Warrant Holder
NAVSEA QST
259 November 2017
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NAVEEA Department .le the Navy Addtltwe
e o coe Manufacturing Implementation

+  Maintain momentum and broaden our efforts across the NR&DE
« Assist, accelerate, and enable AN implementation to all naval communities
(Operational, Logistics, technical, etc)

Devalop the ability ta gualify and
certify AM parts

NAVSEA AM Strategy

+  Develop & align engineering and acquisition competency and expertise to:
= Ensune AM ship and weapon $yslenm components ane safe, rallable and effective
= Leverage AM as anather manufactunng technigues ‘in the tacl bax’
+  Grow AM knowladge basethrough invesimants and collaboration
+ Push AM capabiifies and authorities to walerlrant (depals and shipyards), afloal, etc
— Employ AM in maintenance & repair
—  Expand the curent use of AM fos rapid design develapment, pretetyping & tacking
= ldentty necessary SETIREAD imsestment to enable AM capabdties for the NAVSEA enterprse
= Connect AW digitel backbone applicalion with cybersecunty strategy

+  Work with Directorates and PEOs to identify areas for application that improve
capability and/or reduce cost

« [Establish the processes, specifications and standards for use of AM for ship ]

acquisition, design, maintenance, and operational suppaort.

+  Coordinate & collaborate with NAVAIR and other SYSCOMs for Dol AM
objectives and investment

Operationalize AM in support of the Fleet where it makes sense.
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%.\,72.] Enabling AM Utilization Shipboard

HANAL BEA WERTEMS COMMEHG

+ Current Fleet Memo (Jan 2015) specifies that no AM printed
component can be installed shipboard w/o Departure from
Specification (DFS)

= Design, Practice and Criteria Manual for AM - FY18 release

+ Establisha“Green Box" Category for AM components
— "Category” of components that are low-riskflow criticality
Appraval Authority delegated down te CHENG (Waterfront or Ship).
— Materials:
+  Polymer (substitute w' lke materials or better)
+ Matal
= Criteably (a5 defined by NAVSEA SO800-AB-MAN-010, sectan E. 3, NAVEEA-Tallored System

Safety Risk Matrix)

= Lawal T- Could result in injungiiness resuiting in no kst work days, or damage axcaeding 510,000 but less
than 3100,000; of ririmal emironmental damage, requinng no rastoratian

= N Could resats ininjurgilness requining only Tirst aid of less; o damage less than$ 10,000, and no
emaranmanial damapa B e hara
= Fire/Smake/Texcity Conssderation
* AELitems
= COSALitams
= Wolumea Limitafian
= Shorage requirements

Dissibution & A= App | fco Pabilic Release 4

MAVSEA Laser Powder Bed Fusion Process
Specification

NAVESEA Laser Powder Bed Fusion Requirement Draft Specification requirements
include:

« ldentification of essential elements
*  Process gualification through standard test array(s) and first article fabrication

*  Process conired plans o include: 1) digital file handling precedures, 2) builkd
fabrication and feedstock handling procedures, 3) AM eguipment maintenance control
plan

«  Performance qualification

Informed by:

*  Platform specific reguirements (such as for Friction Stir Welding)

+  Leveraging indusiry and outside the DOD specifications where possible
= Current specs/standards are immature

— Some NAVSEA requirements may not be applicable outside of the Navy
(SUBSAFE, Fire, Smoke, Toxicity (FST), ete.)
«  Leveraging existing NAVSEA specs (NAVIEA Tech Pub 300 -Casting, NAVSEA
Tech Pub 248 - Welding and Brazing)

Emphasis on leveraging ongoing work while ensuring requinsments aré suited 1o NAVSEA
operating environments : ‘Geling o yes with gualification and centification

Diswibution & A~ fpp | fow Pruibilic Aelnose
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m,ﬁlsf,q Naval Sea Systems Command Qualification Efforts

HANAL BEA WERTEMS COMMEHG

-

Part Demonstrations

Ll

Ll

MAVSEA Is currently warking through 2 part demonstrations for parts
produced utilizing the powder bed fusion process

= 316L stainless steel and 17-4 PH stainless stesl

Part demonstrations are being used as an opportunity to test/exercise the
requirements in the draft PBF process specification

It is anticipated that the number of PEF/DMLS parts that are proposed as
engineering changes to the fleet will continue to increase; current part
demaos provide the opportunity to explore the unique path to qualification
and certification of AM parts from the standpoint of the NAVSEA Tech
Authority process

Db lbhition & A~ App | fowr Pl Beloase

1%\ 73:] Development of Industry Standards

HANAL BE& NERTEMS COMMEHG

NAVSEA has representation on Standard Development Organization
committees to aid in the incorporation of Naval specific requirements

into industry standards
— AWS D20 PEF specification

Farticipation in the America Makes and ANSI Additive Manufacturing
Standardization Collaborative (AMSC)

—  Co-chair for Process Control working group

— Participation in Qualfication/Cedification working group

Diteibution & a- App | fow Pruibilic Aelnose
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Long Term Goal: Rapid Qualification of Metallic AM parts

AVSEA

HANAL BEA WERTEMS COMMEHG

Liilization af a tiesed guakfication approach to acheve rapid, reduced cost qualification of &AM parts
by beveraging in-sdu manitaring and process modeling.

What does NAVSEA need to accomplish this goal?

Technical: Cultural: Contracting/Approval

‘alidated in-situ manitoring - Use of model based Machanism:
. S&Eﬁgﬁmlmtcﬂﬁgmm mﬂqﬁhﬂf aumr;l p— - mia the Hﬁ'nt:;a; |:_|rc:-c;|aa
- i siu m m ifferant o tiers’
Velidofed process models piace of traditional NDE + Identtygeps
et o - Drive fer agility and «  Identify areas thet can
Acceptable material adaptahility within a be accelerated
properties for a given material [ i e e + Removsany
and process systemiframewaork roadblocks
IMatenal and Process
specifications forall AM
Materiats and Processes
Tiers of criticality forimaking
different qual requirements
Diseibution 3 - fippromd for Paibiic Belense
Questions?
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4.23

Informatics in AM Qualification: Incorporating Databases, Simulation, &

Analysis (Paul Witherell, NIST)

Informatics in AM Qualification: Incorporating
Databases, Simulation and Analysis

This presentation explores the following concepts

* The de facto approach to qualification has manufacturers blanket testing
parts and coupons
* Modeling has not matured enough to provide an
exclusive alternative for qualification of mission-critical
parts
* When used/applied correctly, databases, modeling and
simulation have a role to play in AM part qualification

Paul Witherel|
Systems Integration Division
Engineering Lab

Mational Institute of Standards and Technology

| NIST Smart Manufacturing Strategy and Future —

ision for Additive Manufacturing

Manufacturing is changing
New types of measurement and standards needsexist
NIST is addressing those needs with Smart Manufacturing programs

Additive Manufacturing is Central to this Vision

AM allows U.S. manufacturers to make innovative and complex parts that
are difficult or impossible to make with conventional manufactunng
technigues

While AM has great potential, it also has challenging problems thatlimit
its current adoption by U_S. industry

Working with a variety of partners — internal and external — NIST
measurement science research aims to provide needed standards and
methods to rapidly qualify and certify AM parts and materials for
demanding applications

_
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Measurement Science for Additive Manufacturing

i

Uncertainties in powder charactenistics coupled with uncertainties in
the AM process lead 1o uncertaintes in the final product

e :
"
Diazign ard Plarm ing Murenal Chascantan

Process Monianng snd Conkrol

TwliScation

Measurement Science, throughmetrics, models, verification, and validation methods, can be
used to reduce uncertaintiesin direct part manufacturing. Integrated througha digital thread,
we pursue partqualification.

Buska g baaradl
SYSEEITIS INLEEra

tion ror Additive Manuracturing
Verification and Validation "'"“"""""""“'_”_""'"__,,
2 promcts information by Hiroughan and o : ﬂ?‘?fwk:"_ﬂ@“:ﬁ !
WO Feop et maerim it s, = =
infrastructureto
support AM data

btassan damadniand seppart the fiow
sndiraraparencyof informatios.

Composability . - e
fransganment 10 iwvarug imiur-domain dagen denciss = -] 1|
e (S ] | ol
N

Modularity 2 E=

T T B 0o @ in g pabl it e Tow eaar-

lntempe" H"w f_‘\ ﬂr m
: : "';;-!-=' %
iradaparadent ded nnipn throsghaus the

s vy s S e e e
.-"'..
Fundarmental

=] |- - -
building blocks Metrics/Models T = - - ..:::.._'..'
ofam | i deiasipenety, | TEREL = e I
information mrartarisl, sacts, and procestat s s
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What am | designing for, what am | qualifying for

Topokgcal optislzatien P ier 0 posithon ratks

Powder bed system

* AM Informationcan
be classified into

= Design/Geometry
— Maternial
B ;rﬂﬁﬂss Fogdbak conirol #stees
— Part =
TJarwon bbb
= R
Al machies
=Design/Geometry=> “Materiar “Processe
o 1 ] et Coupanvest
@ A qualified part is one that falls within the range of all critical
i design tolerances, has the specified surface attributes, and
Wirtual laspectian

maintains part integrity and stability during any functional

m . f tests, as determined by the customer.

<Part/Qualification: hiaps e mpldmpkingtar b fargices
<Part/Qualitication: a-medam-mekdmaking-trand

Measurements for Qualification

Information includes any process measuraments and mechanical testing or *MNOE on
the manufactured part and the results of these tests

<Ultrasonic testing>

<Grain morphology= <Industrial €T scanning>

<Tensile strength> MDE (Non-Destructive Evaluation)
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Qualification through Brute Force

Current Mindset

+ We need test specimens for each direction
to ensure we are getting the properties we
desire.

+ |'ve calibrated this machine for this part,
now don't touch it!

+ |'ve developed this model that almost
exactly predicts my part's performance.

Do all parts need the same rigor?

Risk of Functional Failure

Level of Criticality
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When is a part satisfactorily “qualified”?

* What is qualification?
* What is necessary to qualify against the customers’ (functional) needs
+ What part/process characteristics are most likely to lead to failure?

* What are the failure modes that will determine how the performance of the part is
measured?

* What datais necessary to "establish pedigree”?
+ What is good data or an established/quality dataset?

= Does this have to be done for all parts? Only differentgeometries? Only
different maintenance cycles? Only different machines?

What do these b__u_i_lds have in cummun? -

i E Y o
-All built by an aerospace manufacturer
All built using AM processes

-All require qualification
All in a database
- Other than that, not much

What can you learn from them?
Mot a whole lot

Cobalt Chrome ABS Plastic (Honeycomb)
EQS 3D Systems Cube

Support
Graded 55
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What do these builds have in cummun'? -

B - AECE T At P

~All built by an aerospace manufacturer
-All built using AM processes
-All require qualification
-All in a database
-All built in metals
-All built using a fusion process

What can you learn from them?
Some insight into how metals are processed differently

WA i
L]

e e e Support
' Graded S5

SENVOL
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= How do we move the line? —

i
'

Q

»nes o

£ - qﬁ L Designing fur.‘
‘i‘\i"/ mechanical loading
E Level of Criticality
What do these builds have in common? -

-All built by an aerospace manufacturer
All built using AM processes
-All require qualification
All'in a database
All built in metals
-All built using a fusion process
-All built with laser powder bed fusion process
-Multiples of each part built

Risk of Functional Failure

What can you learn from them?
Gain significant insight into process and machine capabilities

How?
B . e e gg e
EQS

P (£

4-231



esign Allowables in AM:
Establishing Material-Process-Structure Relationships

* Look to establish
repeatable
correlations = h
between |
processed e
material and: I

* surfacefinish =
* microstructure |

* tensile strength Ea
« etc.

NIST Additive Manufacturing Material Database - AMMD -

Goal: Todevelop an open database S R—
system setfor: B RS == v
—deep understanding of AM
geometry-material-process-property
relationships

—better AM process controland
optimization

Features:
— Lifecycle and value chain data
— Openly accessible
— Community effort of data curation
— Consensus/co-developed schema
— Integrafion support for data analytics

AM Materials Database
https:/fammd.nist.gov
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= What can we do to push the line further.—

Risk of Functional Failure

j ¥
e ] AM-specific designing
o for mechanical
loading

m Level of Criticality
| Incorporating Modeling and Simulation in!o—

Qualification
R tor T * Leverage analytics to predict/correct process and
ilalalla) part performance
EEEEEN _ * Increased control over data/performance
i N ;e o correlations
' PR + Ability correlate part/build data with different

- 1 | failure modes
| ' * Inline/offline capability
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Predictive and Performance Modeling -

* Information-centric models to
represent advanced process
* Physics-based models
* Empirical models
* Statistical models

* Use analytics to predict/correct —
process performance ,

* Inline/offline capability

o i

=

i
K .'
* nereased control over data _
* Ability correlate part/build data H
with different failure modes ‘
#

m

" Fil o - - e

14

Feedback for Process ! !
Planning and Control T e

* Dataanalytics allows observationsto
be made based on previous parts
* Design of Experiments-Adjust T
process parameters where

appropriate based on observed y
trends -

» Optimization- Identify best ' ,
parameter values based on

evaluated data sets 9
* Trial and Error- Adjustaccordingly 1 ,
based on measured results and E ™
EEAEEER

observed magnitudes

| Substrate

* Feedback controlloops beginning to

processtime

ETTLEVZrage measured dataduring .(L_ .!r’; _‘l'/\ .
vt --- W
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Deployment of Simulation Tools [RIEEREE

* Simulation
increasingly used by
manufacturers

* Models incorporated
into design and
analysis tools

* Distortion Prediction
* Residual Stress
Prediction

Pan Computing

AUTODESK

Characterization, UQ, & Composability -

of Powder Bed Fusion Process Models

Addressing
Uncertaintyin
Models

Modaling Digcretlzation
Errurn Errars

does it come from? —"’:— «R —
THEQRY / \
cComM ATIONAL
UHSE““T'DNE m‘rHEl.u.ncm_ sk Emm
!.IDI:IELB //

VALIDATION VERIFICATION

How large iz the
error in these

Obsarvalional
Emors

models and where

T, e, B Wiomer, 0, Ghattas, Computer predichiore with quantrhed
arcertainty, arl, SUAKA Bieaw s, 2010, £3]9), po1-3
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Characterizing Predictive Models

Froguctizn proosm

Characterization of predictive models ] W r———

|l e
can increase utility o R _
* Uncertainty Quantification to better i . 1*“-“’-"“ N T e
characterize unknowns -] |"'""""‘m"""
*  Feedin new datasets z 3 lw“‘“"m
*  Globalsurrogates can be derived from T |= atlenal|_,| Ot
local surrogates across design spaces L | Moge pn
* Allow neighboringevents, and e
additional data, to provide Ay —
further context et et b o bt £l D, % 2025
«  Well-defined domains support
composability
«  Mew analysis capabilities
¥ M : - [rI—
Reference Models still neaded { S— — S

*  AM Bench Lf”ﬁ_:

[r——
e v 1
1 |
X
L =

Model Appropriateness

Emerging Theme:

“Model appropriateness was defined by stating the problem to be solved, with the intended
use of the model being the pivotal event. The elements of model appropriateness were
identified with the type of model (descriptive vs. predictive) determining which elements of
model appropriateness need to be executed.”

Eme 1 Wilkame Pl KimH, Lane IR, Liukdl, CoopaneiiBy, <ot s(eopranmess
and papalatanphanracokinetic medeling.”] ClinPhanmacal 1003 gt |Er6L0-2

* What is a "critical” part? What is failure?

* What is its “critical” function? What am | testing for?

= Qualify the material, qualify the process, or qualify the part?
* How and when can | use my datato help?

* How and when can | use my models to help?

£
R X-WAVE [\mm.tm INc.
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| Takeaways —

» Qualification is in the “eye of the beholder” and subject to the criticality of
the part and risk of functional failure

* Databases are coming, but they can only offer so much

* There is something to be said for consistency in model development
» Expanded sampling by incorporating other models
* Larger data sets

* There is a role for modeling and simulation in qualification, but
* Contextmust be understood
* Limitations must be properly observed
* Uncertainty must be embraced

There is a role for analysis, -

and that role is highly |
dependent on application 3
context, risk of failure, an
level of criticality

lure

al Fa

-~

"
This role can be satisfied o o

with material databases, v ('Y a =

design allowables, and

modeling and simulation Level of Criticality

_

Risk anunctianI
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ﬁ

Questions?

Contact:
Paul Witherell
paul.witherell@nist.gov

424 Ultrasonic Additive Manufacturing & other AM Processes for Nuclear

Component Manufacture (S. Suresh Babu, ORNL/UTK)

Ultrasonic
Additive
Manufacturing &
other AM
Processes for
Nuclear
Component
Manufacture
Sudarsanam Suresh Babu &

Collaborators from Fabrisonic,
EPRI, ORNL, OSU and UTK

NRC Public meeting on additive
manufacturing for reactor materials
and components

Movember 28-29, 2017

B CAFETMIAT oF Advanced VK GE
@EHERG’? L1.1r'l|'.'!;.'.'..|'|nn ;’LE:,L,L\.|I[E!,EJ._J.
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Outline: 17+3 mins Q/A

* Motivation

+ Ultrasonic Additive
Manufacturing (UAM)
— Case Study 1: HFIR Control
Plates
* Direct Energy Deposition
Process
— Case Study 2: Dissimilar
Material Joints

» Future Directions

AM Process
Flow

s
Fundamental
Understanding
Science
& Technology |

MNew Energy
Applications

* Summary

Motivation Reactor
. . Pressure

« Additive manufacturing Vessels —

has emerged as potential ~ Dissimilar

Material Joints

route for manufacturing
nuclear power
components with
dissimilar materials.

= Other applications
~ Caontrolrods

| Dty T P Nt
1 s s e

Fat Eddires

Wanufschuring by
Gibemon, Apasn

3

ol Bhickiy

~ Spray nozzles Courtesy: EPRI

-~ Cooling channels

— Instrumentation
* What do we need?
— Process optimization GNF2 High Perfoimance Spacer
— In-situ and Ex-situ Complex
CQualification with and Geometry Fuel
without radiation Assembly

Structures

4-239
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Ultrasonic additive manufacturing is
based on solid-state welding.

Ti-Al Builds

ALDED Layer-1

Cp-Th Lawer-1

Base plate: 'niil_!ing'fbr flatness il 101

* How can we do In-situ process Sridharan et al (2016)
qualification? % OAK RIDGE

- Nazianal Laberwiery

High-frequency (20 kHz) displacement
data processes can be used for in-situ
process qualification.

in situ velocity measurements of very high %" oo Band]
power ultrasonic additive manufacturing using
a photonic Doppler velocimeter

D R. Foster®, G. A Taber', 5. 5. Babu™ and G. 5. Dachn®

Amplituds / abauniis
=

;
“naal D [Accumutating | "
' ‘[ drenion) E
Ll i | . T E
£
Mutal tap UDL‘:‘:I-:: 7 é
L |Rodling direction| i iy g
Clase-up of welding anes E 1 H

Shimuzu et al (2014)

BF Gm ai ed AF
Timm i [T 1] o4 (=17

o8 gt
Frequarcy / i

» Let us consider an application case study: % OAK RIDGE

- Nazianal Laberwiery
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Ultrasonic additive manufacturing was

successfully used to for prototype with
embedded neutron absorbers.
Hehr et al (2017)

Placement was
. designed based on
'i neutran-material
- interaction
etcn calculations

Fig. 1. Simple schamabs ol HAM .

* Current work: Ex-situ Qualification after irradiation y o, g;pc:

- Nazianal Laberwiery

Anisotropic properties in Al-Al and Al-Fe
builds are correlated to interface
microstructures.

- e a B EEEEREY

' i i Sridharan etal (2017
« ORNL's multi-scale ex-situ ridharan et al (2017)

characterization tools .l o
were used to attain these T :
process-structure-property . Ty - —
correlations. ' i \ Mz
* How about after neutron -" — “ -
" - ” Slnm [\
radiation exposure? P —

- Nazianal Laberwiery
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Engnnecng sirass, MBn

Preliminary results: After irradiation
campaign (0.913 dpa), base material
UAM joints were tested.

220|
200

- HFIR

160

10|

120 —— :

100 e g
w | - Basematerial

1]

o) §

n

" 15 i 15

- Base material shows
neutron hardening.

* How about the UAM
builds? Time, strailg=DAK RIDGE

Anisotropic properties still persist,
however, neutron irradiation effects can
be obhserved.

Load-displacement Curves Non-irradiated (x-direction)
g X-HFIR___—Neck
o — T UE | Ty
= 30 flwe | \
g a0l [p—_ [,  YHFR
F el XN ¥

1504 J :
Eu ' I!:' Meck F ::
E w04 § |

1 ¥

= 507 / / Z Irradiatad {x-direction)
L | __j;.-"'Z-HFIF'.

Displacement, mm

* What is the role of post-
process heat treatment
(180°C/8h)? % QuxRipe
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Complex strain transients (Luders
band) were observed during tensile
testing of aged samples.

Load-displacement Curves MNon-irradiated (y-direction)
300

m K'HFIR_ — "\{_HF'R

L 50 UE T,

ﬂ- { (-/;’Ll: Naclcx__l
/0 [ —

2 ' Y

o 190 ] Neck

g

& 100 Rl o

E f ]

= 504 r|

(i { Z-HFIR

%80 02 04 0B 08 10 12 14
Digplacemeant, mm
+ Interpretation: Crystallographic
texture may play a rale.

+ Datawill be used for qualifications
of the hybrid parts.

L1

. OAK RIDGE
Nacianal Laberatery

Laser Direct Energy Deposition (DED)
process is widely used in gas turbine
industries for repair.

H-c:“ I
i ]
Dapmiian sarde “'! L \l
" Zx
et
T Fro-allwged of masd
— _\_ T ——
S ™ Pawisilase
"/ wiert
Wangs sy
— - iy i
8 Camcnanof Far Motea

Image coutesy of Kely, 5, (2004)

Tharmal and Microstructure Modeling .
of Metal Deposition Processes with Courtesy: Sridharan and Jordon (ORML)

Application to TRGAkY

* Process has ability to transition from one alloy to another
easily (up to four). Can we extend this process for
designing and fabrication of dissimilar metal transition joints
within reactor pressure vessels? - e s
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Using computational thermodynamic
and kinetic ICME tools, Cr-Mo to 316L
transition joint was designed.

Change in Carbon Chemical potential and
CTE 2% a Munction of grade length
=

EIE- -
= M) - Liraakad roguom =
] =l Il
=
= T « Transition joint was fabricated
using the following parameters
Sl §| 2| cototregon Al g ravel speed: B00mm/min
L = — Step over 0.5mm
' ot — Power 400W
LT , ~ Powder feed rate: 5g/min
'''''' * Preheat maintained at 300:C
Sirdharan et al {201 7l Using a hot plate
» Did we achieve the transition? % OAK RIDGE

MNasianal Laberaiscy

DED process allowed us to fabricate
transition joints with controlled
compositions and phase variations.

- - e ————————
Hawe  d0B AWALEL Gradad Zane A
M P B _ | Giodei7ess |
. - BB = A
v +|
wied

i ¥

» Gradual transition from BCC to [ S -
FCC structure was achieved. -

« How does this complex
microstructure behave under ALY
loading conditions? o ohtoect il
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Transition joint shows typical strain
partitioning due to transformation of
austenite (FCC) to martensite (BCC/BCT).

- Auahem:l.a - Faerrile
* We are using this data to design and test
new generation of transition joints. % OAK RIDGE

:::::::::::::::

Future Directions (1): Develop datasets
for traditional qualifications.

I:ln!li
Post

WEI d

aludy
Future

m

esting case

IIEﬂlI'T‘ﬂHt

ASME

RAateral
“"m’;';'::’ Comment:
irradiation I need to change this to with

out colors to Improve readability

« How about component level gualifications?

:::::::::::::::
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Future Directions (2): Develop in-situ
monitoring, modeling and process
based qualifications

T T i
% g

Firmi Pl

-
\.\-\_\_\_\_" —
A

wdnine DO Spacii
Frab ey wrllmerriaedy

TR Wea b

R\“ 013 e,
Research by Popp E'——I

(2015) proved that —

cubes are not s e Corerirt

satisfactory qualification

artifacts!
Requires integration of tools for ¥ OAK RIDGE
modeling, making and measuring. F Ml Lok vy

Performance
Summary a“d i.‘-wtﬂ]mtionﬁ_f__-_-ﬁf"-.‘-‘_ “om Geometry
Conclusions ey
. Qualification ¥+ A Materials
* Information Infrastructure for AM IESTRK
of complex components: Controta ¥/~ *Process

interaction between geometry, Errvironmant
materials, processes, controls,
qualification, certification and
performance under service

+ Itis possible to ICME models,
extend in-situ and ex-situ
characterization to develop rapid
qualification methodologies for

both fusion and solid-state AM - —

processes. g
E—

« Case studies were presented in e g | e o wtscaton s vtsosen

support of the same notion. and Performance o

¥ OAK RIDCE

- Nazianal Laberwiery
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4.25 Standardization in Additive Manufacturing: Challenges in Structural
Inteqgrity Assurance (Douqg Wells, NASA-MSFC)

ace Administration

Standardization in Additive Manufacturing:
Challenges in Structural Integrity Assurance

Doug Wells
NASA MSFC
Huntsville AL

Additive Manufacturing
For Reactor Materials and Components
Public Meeting

NRC Headquarters, Bethesda, MD
November 28-29, 2017

@’ Structural Integrity in Additive Manufacturing

+ NASAIs integrating critical AM parts into human-rated flight
systems: Space Launch System : : Orion Spacecraft : :
Commercial Crew

Ensuring structural integrity is the highest challenge -
Quality Assurance and standardization are fundamental to this endeavor.
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@ Summary of Topics

1. Additive Manufacturing Standards Landscape .

2. Integration of structural integrity rationale in AM i,,‘

3. Process qualifications — standardization )
4. Material property transferability __,f,‘ :u"
5. NDE standardization status in AM s “_:
6. Impending, near-term reliance on computed tomography 1::?4’:_1 i ;:I
7. Coming reliance on in-situ monitoring e ﬂﬁl

@’ Standardization in Additive Manufacturing

America Makes/ANS| Additive flanufacturing Standardization Collaborative
AMSC
Focused on identifying gaps in AM standardization

Int=rnational American .
A5TH Organization Society of 4
Interraticral For Mechanical 7X ; I IE

Standardizanion Enginzers Ll Lol Lo Lol

i IEE !:I-lollll

American

SAE Interraticral Wielding Fetitite of — At
e Society Electrical and —

Electranics Engineers

PC -
Association for
M I TA -\ Awsaciation
the Advancement i i P
MEBILAL AMAGING of medical MM. c e Q c
MICAL ARG El=ctromics .
amerien oo TN

Instrumentation "
nchistrles

metal Powder
noustries
Fedearation
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@ Standardization in Additive Manufacturing

- General Eequirements o

_ e
- MERCARRENY

@ = Mg irasenn bevied by MSFCSTD-3716

NMASA-MSFC Technical Standards for L-PBF
« MSFC-STD-3716
« MSFC-SPEC-3717

AT TR [ W e 11 0 I-!
] ,.
P 2
T e, - Dwa
EXil0 Tis -

Fourslatiznal Process Comtrols
i
L
gl 13 @ i
H E i
M

EMI
MEFC TECHNICAL STANDARD

MESFC TECHNICAL STANDARD

"'“N':L'"f;jl}:;'if‘l?l';':; VELY SPECIFICATION FOR -
SPACEFLIGHT HARDWARE BY Qlﬂ‘mlrr::_{:ll;?m ];.)J-' £
" TV F At =
LASER POWDER BED FUSION LASER POWIDER BEL FLSION g
IN METALS METALLURGICAL PROCESSES k5
i
-
E
Agrerred b P . v =
@' Integration of Structural Integrity

+ AM components often require a more integrated approach to substantiate
the rationale for structural integrity

* Not a new concept--basics of fracture control--AM atypically complex

» Developing a structural integrity rationale from multiple mitigations to guard
against multiple risks is new to many.

* Fracture control challenges are more frequent

MSFC-STD-3716: Standard for Additively

Manufactured Spaceflight Hardware by

Laser Powder Bed Fusion in Metals

* AM Part Production Plan required to
illuminate risks

+ Includes the Integrated Structural
Integrity Rationale— a concise summary
of how structural integrity is assured
commensurate with the part's risk
classification
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@ Integrated Structural Integrity Rationale

Risks

Mitigations Process Escapes
Process Controls Physical defects (cracks, voids)
Process gi"]i:i;; _“‘) Material capability debits
Qualifications High structural demand
Process Witness Testing Complex geometry
NDE: CT, RT, PT, ET, UT Surface quality
Part Acceptance Tests Uninspectable volume
(dimensional, proof, leak) and surface
PPA assessment \ /

\ /

A

@' Process Qualification

Standardization Need: Definition of a Qualified AM Process

MSFC-SPEC-3717: Specification for Control and Qualification of Laser Powder Bed Fusion
Metallurgical Processes

+ Defines a Qualified Metallurgical Process (QMP) (represents a first attempt)

» Consensus Standards are beginning to establish definitions and requirements
A Qualified AM Process is critical to knowing

+ Consistency of process over time and across platforms,

— Individual machine capability

+ What material condition is characterized/represented in design data

+ What material condition is expected in parts

+ Transferability and equivalence in material structural performance

et
b7 = High Energy
= Kievhole poriity

= Chverkeating furming

E' Nominal
W Bomding hot wigd
@ Bowmding cobd irial
.
*, Prociss Linsil Bosnedasy
Eold = Chuside Basardary = defiets

i + Low En il A Varkyon Boundary due w0 pan Senmal Msony
% . mgr',?rw * Mist sty within Frogess Limit Bounidary

An - Huilt

M
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@ Defining a Qualified AM Process

Need consensus definitions of AM process quality for consistency

@' Material Property Transferability

Powder controls

Process parameters

Chamber environment

Material integrity / acceptable defect state

Microstructure evolution

Mechanical properties

Surface quality and detail resclution

Variability across build volume

Variability with part/bed thermal history
The first question to ask relative to any data, parts, or products from AM:

How was the AM process qualified?

Contour Integrity Reference Part

Build Quality Reference Part

Coming hurdle: Accommodating adaptive AMprocesses
+ Move from qualifying process to qualifying algorithm
+ Increased reliance on pre-production article evaluations .

Standardization Need: Establishing Material Property Transferability

Ll

Ll

Critical aspects in structural integrity:

Ll

Ll

[l

Evaluation of standard specimens for mechanical properties in tensile, fatigue, and fracture mechanics
developed by AM processes
— Standard specimens will be used to establish engineering design values
How do properties vary within AM parts?
Essential to association of process gualification to part qualification
Critical to know properties within part are represented by characterization

ASTM F42.01 Work lterm WEA45228: Orientation and Location
Dependence Mechanical Properties for Metal Addtive Manufaciuring

Witness specimen correlation
“Influence factors” in AM materials

- Thermal history in build |l<* £F

+ Surfacetexture 'Ef;
« Thinsection capability

Capability and reliability of thermal post- v
processing to homogenize and control a 'k.-
g,

Exciscdl sampks

microstructural evolution to lessen
transferability risk.
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@’ NDE Standardization in AM

Standardization Need: Non-destructive Evaluation for AM

EOQ7.10 Work ltem — WKA47031: Standard Guide for Nondestructive Testing of Metal Additively Manufactured
Aerospace Parts After Build

F42.01 Work Iltem — WK56649: Standard Fractice/Guide for Intentionally Seeding Replica into Additively
Manufactured (AM) Structures

High Priority: Defect Catalog for AM

* Analogous to references used to identify defects in
casting or welding

+ Correlation of defect type to AM process, NDE
method, and reliability of detection

« Correlation of defect risk to structural integrity

_ ) Zerg-volume
e damage Horizontal Lack-of-Fusion Lack-of-Fusionafter HIF
s "

Vierrtical Lack-of-Fusion Layer, “Multi-si
e :- L8 £
b
.

o

B

| R HoLW Dl g e

Spofier ¥

) »

@’ Near-term Reliance on CT

Standardization Need: Computed Tomography (CT) with Quantified Reliability

For aerospace, CT is not an industry standard technique with quantified reliability for detection of defects—
Probability of Detection (POD)

Current state of the art: reliance on Representative Quality Indicators (RCils)

+ See ASTM E1817 Standard Practice for Controlling Quality of Radiological Examination by Using Representative Guality
Indicafors (RQis)

MSFC ModularCT Reference Standard

AM Complications forCT:

» Penetration vs resolution

+ Complex AM geometry

« Low-volume defects

+ Physics: beam hardening, edge artifacts, etc.
+ Makes generalization difficult

Planned work in E07.01 Radiography

+  Build on 2D CT and DR standards

+ Application to structural integrity requirements such as POD methods may require broader cooperative
efforts

MNumerical CT simulations may help with defining detection capability and uncertaintyguantification,
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@’ Coming Reliance on In-Situ Monitoring

How to approach in-situ monitoring of AM processes?
* Harnessing the technology is only half the battle
— Detectors, data stream, data storage, computations
» Second half of the battle is quantifying in-situ process monitoring reliability

Community must realize passive in-situ monitoring is an NDE technique
1. Understand physical basis for measured phenomena
2. Proven causal correlation from measured phenomena to a well-defined defect state

3. Proven level of reliability for detection of the defective process state
— False negatives and false positives — understanding and balance is needed

Closed loop in-situ monitoring adds significantly to the reliabilitychallenge
* No longer a NDE technique — may not be non-destructive

= Establishing the reliability of the algorithm used to interact and intervene in the AM
process adds considerable complexity over passive systems

@’ Final Summary

1. Additive Manufacturing Standards Landscape
— Diverse and developing rapidly, still limited in detail for structural integnity challenges
2. Integration of structural integrity rationale in AM
— Essential to understanding risks on a part-by-partbasis
3. Process gualifications — standardization
- AM process qualification needs standard definition
4. Material property transferability

—  Applicability of design values depends upon methods to understand property
transferability from coupon to part

5. NDE standardization status in AM

—  Primary, quantifiable reference for structural integnity. Active work items inEO7
6. Near-term reliance on computed tomography

— Needs methodologies to quantify reliability, particularly for low-volume defects
7. Coming reliance on in-situ monitoring

— Potential great enabler for structural integrity, but caution required.
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Example of development: In-Situ Monitoring @

Additive Manufacturing Qualification Process

Acceptabile SLM Process i
Operating “Window* ]

Statistical Analysisand Integration

Analysis Methodmlogy for
Component Predicting Functional
Application Performance Variation
integrated Cuslity
AssurpnceApproach
ﬂERmETJ’ Usedwih Pemesson Mk Hgle
ROCKETIVNVNE CAS LDl S0 T A BREIGS 127 Puliis Aslaass it
Example of development: In-Situ Monitoring @

Pore Area and Flaw Type
versus SLM Parameters

AERG}ETJ Weedwih Pemmisson Mk Hgle
ROCKE TIXVANE

Do Dty St e R A B For et Ruluasa .
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Example of development: In-Situ Monitoring

vz CFF-Hom s gt

Similarizy

liabe ArabusMsthosciory * Unigue part signatures are generated for DOE
processing condition and identified as discernably
different than the nominal response

SyTearmi Hme warpng

Iff//I +  Methodology to establish contrallimits around the

neminal part signature

Unique Signatures Generated and Discernable For Each DOE Processing Condition

-
HAEROIET |

ROCKE TINVNE

Thank You

Additive Manufacturing at MSFC
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4.26 NDE & Inspection Challenges for Additively Manufactured Components

(Jess Waller, NASA-WSTF)

NDE and Inspection Challenges
for Additively Manufactured
Components

Jess M. Waller + NASA-JSC WSTF

MRC Additive Manufacturing Public Meeting
Sessiond

Tuesday, Nov, 28, 2017
1330 Eastern Time
UTC-05:00

BACKGROUND

= On paper, the merits of additive manufacturing are compelling.
For example, because of real (and perceived) gains:
— reduced waste
— simpler (fewer welds) yet highly optimized designs (topology optimization)
— reduced production lead time
— lighter weight
AM parts are being actively considered at NASA and its
commercial space partners for flight critical rocket engine and
structural applications.
» However, numerous technology gaps prevent full, reliable, and safe
use of this technology. Important technology gaps are:
— integrated process control {in-situ monitoring during build)
— material property controls (input materials, qualified material processes)
— mature process-structure property correlations (design allowables data)
— mature effect-of-defect (includes fracture mechanics)
— mature quality control measures {includes NDE tailored to AM))
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Metallic Aerospace AM Parts — Example 1

MNASA's rocket injectors
manufactured with traditional
processes would take more than a
year to make, but with new 3D
printing processes, the parts can be
made m less than four months,

with a 70 percent reduction in

cost. F = |

Using traditional manufacturing 28-element Inconel® 625 fuel injector built using
methods, 163 individual parts an laser powder bed fusion (L-PBF) process

would be made and then
assembled. But with 3D printing
technology, fewer parts (2) were
required, saving time and money
and allowing engineers to build
parts with enhanced performance
and are less prone to failure.

Metallic Aerospace AM Parts — Example 2

f@] GE Aviation will install 19 fuel nozzlesinto each
= Leading Edge Aviation Propulsion (LEAP) jet engine
manufactred by CFM International, whichis a joint venture
between GE and France's Snecma. CFM has orders for G000
LEAP=

Lighter —the weight of these nozzles will be 25% lighter
than its predecessorpart,

Simpler design — reduced the number of brazes and welds
from 25 to5.

New design features—mote intricate cooling pathways and
support ligaments will result in $X higher durability vs.
conventionalmanufacturing.

“Taday, post-build inspectionprocedures accawitfor as much as GE Leap Engine fise]

235 percentof the time required fo produce an additively nizzle. CoCr material
manmifactured engine compaonent, ” said Greg Mottis, GE fabricated by direct mefal
Aviation's business development leader for AML “By conducting 2= melting (DMLM),
thase inspection procedureswhile the component is being built, gﬁf ;ﬂsﬁm :?:

fwel will expedire production rates for GE's additive o T
manmifacturedengine components like the LEAP fuel nozzle.” 4
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BACKGROUND

+ America Makes, ANSI, ASTM, NASA and others are providing

key leadership in an effort linking government and industry resources
to speed adoption of aerospace AM parts.

+ Participants include government agencies (NASA, USAF, NIST,
FAA), industry (commercial aerospace, NDE manufacturers, AM
equipment manufacturers), standards ﬂrganizatinns and academia.

@ TEM v s =::=.':r:4: s -

WL A PO

@@Ofam @ & -

asnomEr_{  memTamer P AL E T

* NDE is identified as a universal need for all aspects of additive
manufacturing.

Key Documentsto Improve Reliability and Safety of Metal AM Parts

NASA —
Additive Manufacturing -

Roadmap andNDE-related =

Technology Gaps @ )

Figniaeivg aisl L piaki Slailaal
Fen Adibinely Mamixdured
Spocrlighi [landeae
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Key NASA AN Qualification & Certification Documentslsent)

ety et [ JUly 2015
Spocciiphi Hardwase
e e

(= k1]
A TEEERE AL STANDARD

SPECIFICATION FOR

MSIE TECIERICAL STANIMARD
STANDARD FOR ADDITIVELY

MANUFACTURED released CONTROL AND
SPACEFLM:HT HARIMY ARE BY CRIALIFICATION Of
Cctober 18, 2017 LASER POWISER BT FUSION

LASER POWDHER BED FUSION

IN METALS METALLURGICAL PROCESSES

AFRL-EX-WF-TR-1004-0162

Contact: Evgueni Todorov (EWI)
= Early results on NDE application

AMERN A MAKES: NATHINAL ATTTIVE
MIANTTACTURING l?"‘m'l?lm EXSTITUTE (AN t'D M‘{ are dﬂmmﬂntﬂd'
N Mamatnctrrd Ay Strwnares * Report has a ranking system

based on geometric complexity

Lipuem T we . Brgen i ‘mit Chororn Mliodile Jomdatlinn sod vhemn 3 holln

e of AM parts to direct NDE
efforts.
e * Approach laid out for future
work based on CT and PCRTand
R - r——— other NDE techniques,

AN TTRCE WESEARCH LSO TR

SEATEREALS ANT ALANT T AL TURDSG MREL TORATE
WELHT FATTEEROS ATR FORDT RASE. Ol 48015 "5
AR POk MATERITL € aRikissh
RITED STATES AR FORCE

4-259



USAF/AFRL-RX-WP-TR-2014-0162 NDE of Complex AM Structures

Effect of AM Part Complexity on NDE

Most NDE techniques can be used for Complexity Groups? 1 (Simple Tools and
Components) and 2 {Optimized Standard Parts), some for Group 3 {(Embedded
Features): only Process Compensated Resonanee Testing and Computed Tomography
can be used for Groups 4 (Design-to-Constraint Parts) and 5 (Free-Form Lattice

Structures): !

¥ Kerbew, © Mool P Hascoet, 1Y, Manyfoerwdng Complicny Evaluanion for Addime ang Subrrocrive Processen Applioation g
ro Hybedd Moduiar Toofing, CCyN, Nantss, France, pp $19-350, Sepoaraber 10, 2008

USAF/AFRL-RX-WP-TR-2014-0162 NDE of Complex AM Structures

NDE options for
design-to-constraint
parts and lattice
structures: LT, PCRT
and CT/puCT

§K}!‘I’tl:l.ﬂ slopnal, P, Hascoet, 1Y, Mamycraring O

Corpasriry il

NDE Technigne 1 3 3 Fi r i

VT ¥ ¥ [l i ——

LT HA HA ¥ ¥ ¥a | | Sowening

T Y ¥ Gl e — —

FCRT T T ¥ _x il | ware
rastrictions (9.2
compressar hlades i

EIT T Y HA WA KA | Sacoung, e
restTictions.

ACTFD ¥ ¥ P NA KA Iiv:'hn--'l
MUCTOHTTR TS
and or sireaes

ET T E ol WA WA |

AEC T b il KA BA

PALIT T F B NA MA

UT T 3 [l HA MA

BT ¥ ¥ P 7. T N

NFay T T ki i | Tl |

Moy Misrs CT ¥ ¥ T | ¥ v ]

Ky

V= Vs, echrague applicable
P = Pewichle w0 apply iockmiqee grom oot comdibemy
MA = Technigre Han applicable
Nz
(3 Craby nedaces pavidisg pood acoeus for applicason and clesnng
{h] Areas whive shadawring of a0t beam is oo a8 nase

i) Exferml sorfices asad miemal werfaces whene scotvs Grough comdeit or geides cam b provided

i) Areas wheee Lage manber af sxpouryihon e o reqrned

Apphcatien fo Hybead Modnlar Tooling, IROCyN, Nantes, France, pp. 515530, September 10, 3008
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MNASA/TM-2014-218560 / NDE of AM State-of-the-Discipline Report

Contacts: Jess Baller (WSTF); James

ST — Walker (MSFC); Eric Burke (LaRC);

@ Ken Hodges (MAF), Brad Parker

H ctive Evaluation of Additive (GSFC/]

i * Industry, government and academia

L — were asked to share their NDE

et e e, ot e experience on AM parts,

f_'f:‘“" I * NDE state-of-the-art was

et e P documented.

T + NASAAgency efforts catalogued
through 2014.

pascrenns: » NIST and USAF additive

h— manufacturing roadmaps were

surveyed and a technology gap
R analysis performed.

"

MASA Agency & Prime Contractor Activity, ca. 2014

Reertrant Tis-d fube fora  #
cryogenic thermal switchfior the
AETRO-H Adisbatic
angine Tor5L3 Demagretization Refrigerator

EBF wira-fied syshern during
parakolic Tight besting

conel Foge-2 baflke for -
Fa-akernent Inconel 625 Tuel
injehor

o

A - e il Beropt Hockeldyres HL-10 engne Dymshcsidernet Hockstdyne  Spacel Sun!rl:lrc-:urrbi.shun
ISRL regokth stichaes thnst chamnber assemblyand mector F-1B gas generalor mecior chamber for Cragon 2

12
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MASA Agency & Prime Contractor Activity, Recent

: J
¢ -

JPL Mars Science Laboratory Cokd
Encoder Shaf fabricated by
gradient addive processes

MSFC rockst engine fuel
turbopump

y |
"E’ﬁ-‘,?

: >

“ el

'?'.""-'::" ;?':"'-"i'-. P
gl :

Additive Manulacturing Siruchural inbegrity
Fritiafive (ANESI Aoy T8 powder Teedstock
wanabiity

MEFC coppser combustion chamber
Imer for extremne iemperature and
pressurs applicabons

WAS4 Space Technology Mission
Dreclorate-sponsored Cube Cuest
chalenge for a flight-quakfisd cubesat
[=howwm: cubesat with an Inconel 712

addinely marufachored difuser sechion J
resachion chambser, and rezzia) M5FC Space Laurch System
MASA's RE-26 core slageengine 13
camfication lesling

FaSA-cponsored 3-0 Ponled Habdat
Chalenge DesignCompetition

NASATM-2014-218560 NDE of AM Technology Gap Analysis

NDE-related Technology Gaps:

first « Develop a defects catalogue
* Develop in-process NIDE to improve feedback control. maximize
part quality and consistency, and obtain ready-for-use pars
Develop post-process NDE of finished parts
Develop voluntary consensus standards. for NDE of AM parts
Develop better physics-hased process models using and
corroborated by NDE
Use NDE to understand scatter in design allowables database
generation activities (process-structure-property correlation)
* Fabricate AM physical) reference samples to demonstrate NDE
capability for specific defect types
* Apply NDE to understand effect-of-defect. and establish
acceptance limits for specific defect types and defect sizes

last « Develop NDE-based qualification and certification protocals for
flight hardware (screen out critical defects) 14

somewhere
in the middle
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MDE Challenges for AMparts

AM challenges for NDE specialist:

* Complex geometry (see AFRL-RX-WP-TR-2014-0162)

* Deeply embedded flaws and internal features

= Rough as-built surface (interferes with PT,ET)

* Vamable grain structure or metastable microstructure

= Lack of physical reference standards with same material and processing
history as AM parts {demonstrate NDE capability)

* Lack of effect-of-defect studies (use sacrificial defect samples)

= Methods to seed flaws are still being developed

= High part anisotropy with 2D planar defects perpendicular to Z-direction

« Critical flaw types, sizes and distributions not established

* Defect terminology harmonization still occurring

= Little {any?) probability of detection (POD)data

= Lack of written NDE procedures for AM parts {area of focus today)

« Lack of mature in-process monitoring techniques

* Process-specific defects can be produced, some unigue to AM 15

Develop a defect catalogue
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NASA/TM-2014-218560 NDE of AM Technology Gap Analysis

» * Develop a defects catalogue

* Develop in-process NIDE to improve feedback control, maximize
part quality and consistency, and obtain ready-for-use certified parts

* Develop post-process NDE of finished parts

* Develop valuntary consensus standards, for NDE of AM parts

* Develop better physics-hased process models using and
corroborated by NDE

* Use NDE to understand scatter in design allowables database.
generation activities (process-structure-property correlation)

* Fabricate AM physical| reference samples to demonstrate NDE
capability forspecific defecttypes

« Apply NDE to understand effect-of-defect, and establish acceptance
limits for specific defect types and defect sizes

* Develop NDE-based qualification and certification protocols for

flight hardware (screen out critical defects)
17

Defects— Effectof Process®

While certain AM flaws
(e.g., voids and porosity)
can be characterized

using existing standards

Uniqua to AM

for welded or cast parts, | .

other AM flaws (layer, i

cmss 1&}-‘&1‘, Il Fouen

. Lick of pecmetricsl scussosheres in part

unconsolidated and ] -
Florr-wniform il bessd ond 8 o chaesorstic

trapped powder) are e o

N Tasetalhe i betbons
unique toAM Lot -
R Uncorsslidated powdar | s

and new NDE A N
Pk e rrun

methods are Mg Develop

needed. ] bl '-,__,; new
Laryer 1
Cros layar | NDE
Posouily |
Poor maics Frh . /meth ods
Trapged povd [

8 150 TC 161 1049, Addve mamfachiag — Generd pinciples — Mondestuctive evatuation of sidiive mesfacoeed prodics, 18

mder development
Mot DED = Direcied Ensrgy Deposinon . PRF = Powder Bed Fouon
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Typical PEF and DED Defects

Also interested in (gas) porosity and voids due to structural implications

Note; proposednew definitions in ISO/ASTM 32900 Terminology,

Lack affirion (LOF: m—in oo by mwemple maling md crbemes fateren §hedporiad ratal and proly depe et Tl

F2 prrariy, e Soeed dwing procanTg or rebvenMel povt-procemsp bRt remes n the mead B #ha ooclet, fu poros tv oeoon becrss et maisl s dinotved o e bl
bl which e o of wiurics wpon coshay (o foom soepiy pocksts ia { he okl fed matarh] G porsiiy on (b Eates-2 30 itk with o prachals sartss. BB awibod, whis povosiy
wads rhapart inbaes evelph il ey, Liks vedll, @3 $S4nay oMt 5Pt 10Tl thae iy daie

i, — Mmrs el doring Pha bedd proces (hat s sty o Tkl with poribBy oo whaly an-saimed o Sl powdsr o Wi aestie) pockets Vol s Siiict from g porsaiy,
sl wa the vaialt of bol of fasiza 2ad ikipgeed bvws pandlle] o4 papsadoniy 1o rhe bl dawi e Vodds socawiap 105 eeffesar ey, e dad datibaicd aeds 1 paT od oo Ll
Mgl b chead visary. Vedli aae slie Akt e Snsdtevaly sbded spen sl (hor iebas waighl. Liks e pewcany, vedlh camis 1 podt vo'le b rhan Ry e 19

Typical PBF Defects of Interest

Lack of Fusion(LOF) Trapped Powder
Also have unconsolidated powder, lack of geometrical accuracy/steps
in the part, reduced mechanical properties, inclusions, gas porosity,

voids, and poor or rough surface finish 2
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Use of NDE to Detect Defects of Interest

TAELE 4.3 Apgplication of HDT to Detect Addithee Manudaciuring Defect Classes ¢

Cowared in this Guide Mok coverad in this Guide
CTRT

Defect Class CRIDR ECT METY FCRT FT T uT AE LT HD T ¥T
Surlacn o X X - o . X
Porosity i X H b L] g ] X
Cracking X X * X0 X X X X x X
Lack of Fusion X x= X xe X X x x
Densitys e a .
Inclusiones ® X b X
Residual Stoss " %a4 2 X
Hmlic Sealing . . . X

a [T Fetussli: = e CT, = Ci T Or= Dpup.um'qy ECT -ina_»,-

WmtTled:mrLT m:mu‘r- Magreic Farbcls Tasting, KO = Neuiron Difaction, POAT =

Process Companealed
Resoranos Testing, PT = Penevant Testng, RT = Radographic Tesiing, TT = Themographi: Tesing, UT = Lirasonic Testing, VT = Visual Testing.

C mmmu

y helplul whan WS Of canibes plae geometry parts] for underl ang over@il, or ofter infeeral leature nol
am:uueml.l:‘r F‘T-nr'u'l'|mmmww|
Mﬂﬂﬂtl‘mtm
cracks ol
£ ¥ g enough o Gause 3 leak of pressus drop across the part.
&

(Aechimedes principie).
# Cinally wanstions will anky show o insged rgions having squivalant Fickrss.

¢ Pesidual siress can Ba aseased i g Irom martace posl g i weample, pasning)

Defect Causes

* Bulk Defects
+  Lack of Fusion
+ Horizontal Lack of Fusion
Defect
«  |nsufficient Power
+  Laser Attenuation
+  Spatter
+  Vertical Lack of Fusion Defect
+ Lame Hateh Spacing o
h rtFeed

+  Spherical Poros ity
+  Keyhole
+  Welding Defects
+  Cracking
. Surfaoe Defects
Worm Track
«  High Energy Core Parameters
«  Re-coater Blade interactions
+ Core Bleed Through
= Small Core et

»  Owerhanging Surface
+  Rough Surface

. ser Aftenuation .
S'I-:I [silx;rhan ing Surfaces Parameters
+  Skin Separation . In.
»  Sub-Surface Defects In PI'D.CESS Annmal}"
* Detached Skin « Material Property
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Defect Consequences

* Bulk Defects
+ Lack of Fusion
» Horizontal Lack of Fusion
Defect

s Insufficient Power
= Laser Attenuation
= Splatter

* Vertical Lack of Fusion Defect

« Large Hatch Spacing o
+ 3h n%eed 1
+  Spherical Poros ity

1 N.Il_‘.i-.l .

*  Keyhole
= Welding Defects
+  Cracking
+ SurfaceDefects
+  Worm Track
= High Energy Core Parameters

* Re-coater Blade interactions
+ Core Bleed Through

«  Small Core Offset

«  Owerhanging Surface

-  Rough Surface + Degradation of Mechanical
= Laser Attenuation Properties
. Contoyebanging Surfaces + Minor or No Observedeffecton
«  Sub-Surface Defects performance
s Detached Skin +  Dut of Tolerance 23
+  Unknown

NDE of AM
Voluntary Consensus Standards
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NASA/TM-2014-218560 NDE of AM Technology Gap Analysis

* Develop a defects catalogue
‘- Develop in-process NIDE to improve feedback control, maximize part
quality and consistency, and obtain ready-for-use parts
: * Develop post-process NDE of finished parts
* Develop voluntary consensus standaids, for NDE of AM parts
* Develop better physics-based process models using and corroborated
by NDE '
* Use NDE to understand scatter in design allowables database.
generation activities (process-structure-property correlation)
+ Fabricate AM physical, reference samples to demonstrate NDE
capability for specific defect types
* Apply NDE to understand effect-of-defect, and establish acceptance
limits for specific defect types and defect sizes

* Develop NDE-based qualification and certification protocols for flight
hardware (screen out critical defects)

26

MDE of AM Parts relative to Life Cycle

+  In-process monitoring/ optimization
+  Post-manufacturing inspection
+  Recerving inspection

26
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America Makes & ANSI AMSC Roadmap

hitps:\fwww.ansi.org’standards activities’standards boards panels/amsciamsc-roadmap:

. * Tabte of Cornens
M. AmericaMakes ANST P scmowesgmenns
Sl 4 s e e bl | dewrue St L et P Esecinive Semmarny
r Summary Table of Gaps and Recommendations
= [ 1 nimdectios
& 11 situational Assescment for A
& 12 Roadmap Background ard Ctjectives
& 13 How the Foadmap Was Developed
& L4 Roadmap Swchue
= ' 15 Dverview of SD0s in the Al Space
Standardization Roadmap for | =@ 2 Ge anatsts of Staadands ard Specifications

Additive Manufacturing i ;1’ Design
%P 27 Process and Maerials

= 23 Qualification & Certitication

VERSION 1.0 [ 231 resduciion

=P 232 emitied Guidance Dooamenes

= 233 User GooupIrduesry Parspactives on
e

T 24 Nendensuctive Evaluation (NDE)
P 241 ivedustion
P 242 Comman Delece Catalog Using &

Common Languaps for &k Fabnicatad Pars
[F 243 Test Meshods o Best Practios Guides
PRERARED BY THE Toor WD of AM Parts
Amarca Makes & ANS] Additive Merdecturng P 244D il BT ol Wlaal
Stnndnrdization Gollakcrative (\MSCH poli = b
[P 245 Deta fusion

FERRALIARY 3047
= 25 maintenance

AMSCNDE Standards Gaps

Gaps Identified by NDE Working Group

F42 action
Gap NDEL: *
| Terminoclogy for AM Flaws Detectable by NDE
Methods
& F42 - WK568649
Gap NDEZ:
Design and Manufacture of Artifacts or
Phantoms to Demonstrate NDE Capability
Gap NDES:
Data Fusion ¥ EO07 = WK4T031
F
Gap NDE3: *
Guide for the Application of NDE to
Objects Produced by AM Processes
Gap NDE3:
Dimensional Metrology of -
Internal Features EO7 WK
authorized
| Gap D22: In-Process Monitaring
Gap DLE: MewDimensioning and owerlap
Talerancing Requirements In-5itw Maonitoring standard

in progress mawved tn AMSC Procass El:lntmlgg
* = high priority
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Gap NDE3: ASTM EO7.10WHKA7031 balloting status

il

Tk T Ml 471

Drates Judy B3, 307
Slandard Guide for Neadesiruclive Teating of Vielal Additively
Manufaciurad Asaspace Pars Afler Faild

o | | =] E{: = e
CT, ET, P [ = ==
MET, '__- -. =5 L __'.:_'_ = _.-n. 1
PCRT, PT, = EEEEE=E 2
RIL,TTad |S|EFEEBEEEELSE
uT E SR 1EEEEEE LS
sections = e 5
Em=|~-|0]:
- = [+ ]

= ANSI/America Makes AMSC Gap NDE3
+  ECT section added
*  Re-balloted 7/14/27, closing date 8/14/17

29
= 1 negative/7 comments being resolved/incorporated

Gap NDE2: ASTM F42 Work [tem WK56649

«  ASTM F42 Work Item WK S6649; Standard Guide for Intentionally Seeding
Flaws in Additively Manufactured (AM) Paris (Technical Contact: Steve James)

\ﬂh-ﬁ:slmrummfw} - A Q e &
ASTM WESEE4D

Hess Guide for Standard Practice’Gulde Tor Inbentionally Sesding
Farws in Addtively Manufacturad [AM) Parts

eyl g g e |

Frrbrmad Cemar

e mEg e X

The voe Brair oy * virnan e AETH Commres

30

hittp s e st contorkbames AW K44 him
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Gap NDE2: ASTM F42 Work ltem WKS6645

«  ASTMF42 Work ltem WES6649; Standard Guide for Intentionally Seeding
Floaws in Additively Manufactired (AM) Paris (Technical Contact: Steve James)

T

— = : ;;

mE we = =
mn R g -
= E e
z e = . Ir ==m|
—- E= =
L = ; ‘I-.'Tl
*  In CA memberreview
*  discussed at the ASTM FA42/180TC 261 meeting in September
* Plans are n work to initiate balloting in F42 this vear
#

Gap NDEL: ASTMFA2 Terminology for AM Flaws Detectable by MDE

NASA

Proposed Terminology:

+  Requestmade for an editorial comparison of defect terms already in ASTM.

+ Goalis to use terminology that already exists to save time and effort needed versus
developingnew definitions.

* F42 and IS0 TC 261 are considering balloting of the above terms in the
ASTM/SIO 52000 terminology standard, and to put these terms highon the list 32
for consideration.
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Round Robin Testing
1) Physical Reference Standards
2) Effect-of-Defect

Develop a defects catalogue

Develop in-process NIDE to improve feedback control, maximize part
guality and consistency, and obtain ready-for-use parts

Develop post-process NDE of finished parts

Develop voluntary consensus standards. for NDE of AM parts
Develop better physics-hased process models using and corroborated
by NDE

Use NDE to understand scatter in design allowables database.
generation activities {process-structure-property correlation)
Fabricate AM physical| reference samples to demonstrate NDE
capability for specific defect types

......

limits for specific defect types and defect sizes
Develop NDE-based qualification and certification proteeols for flight

hardware (screen out critical defects)
34
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ASTM WEAY031RoundRobin Testing

Coordinatedby 5. James {Aerojet Rocketdyne)

Electron BeamFreeform Laser-PBF Laser-PEF
Fabrication &EE!F3]| {L-PEF) (L-PEBF)
MASALARC Gong Airbus Incodemail
Inconel 625 ancopper Ti-BAl-4Vbars Al-5-10Mgdog banes A5 OMg cylinders

CenceptLaserinconel 718 inserts (B) -sm:a .

wil diflaren! processng histany UTC/Sowhem R h

Incane! 718 and ThSA-4V dogbanes

il

Concepilaser ncanel 718 prisms Electron Beam-PBF
for GT capability demonstration (E-FEBF)
CalRAaM

Ti-BAl-4V doghones

R

!Lha.mtmzed e date by various NDE methoeds (CT, DIC, PT, PCRT, BT, UT)

ASTM WEATO031 Round Robin Testing

Coordinated by S. James {Aerojet Rocketdyne) and J. Waller (NASAWSTF)

HEX Samples SLM Electron Beam-PBF
InconelT18 (L-PEF) {E-PBF)
in bwe different buld arentabans Inconel B25 PTeheeis Mat-L-Check
| S2HEPTRT panels
wi' EDM notches

DRODC Porosity Directed Energy Deposition

Standards &DED
414 steel. 0-10% porosity MASAMSFCAES plasiic parts with

optimal and off-optimal settings (T. Prater)

3
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ASTM WEAT031 Round Robin Testing

Coordinated by B. Dutton (MTC)

Starartefacts Adr foil

(L-FEF) {L-FBF)
Ine e, Tigakdy Inconel
Starartefact

(E-PEF)

Ti-BA -y

Auranum planned

ASTM Round Robin Report being compiled by 5. James
{post review copy on WK47031 CA in December) 37

ASTM WEAVO31Effort: CT of Concept Laser Samples in North America

CT Round Rabin Testing [Previsusty Evaluated) EBroposedScheduls
Euraps; The Fraunhofer Development Center X-
ray Technology, Yion, GE JHUSPL TI3 - &1
Japan; Jaxa
Pianned Evaluation (12) MASA LaLld L
M America; MASAMSFC, LMCO, Prait & -
WhinetUTC, NASA SSFC Bowng (iwo UTAS 84 - 83
lecations), GE Aviation, JHUAPL, Yxlen, UTAS, P 820 - 104
EW1, Vibrant EVYI
- A EWI 1008 — 10720
Samples will be shipped as one set Bo=ing 10025 - 11/8
Two Week loan pericd
Fresentfindings at WH47031 Link Call MASA RUERERR
Fravide presentstion to WHK47031 AF 126 = 1220
Ship to mext participant on list NI 1117

Listwith addresses willaccompanythe samples

38
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ASTM WE47031 Round Robin Activities / Sept. 27, 2017 telecon

SeptemberWebmeeting Round Robin Sample Activity

Vibrant stamsed the group on PCRT evaluation of three groups of CalRAM Tig-4 tensile
dogbones made using an E-PBF process: 1) 10, 7-cm nominal dogbones, 2) 13.6-cm
nominal dogbones, and 3) 13 .6-cm lack of fusion (LOF ) group (area of LOF in dog bone
gange section), P I—

PASSIFAIL 18800 wking Mahakarabs-
Tagurd SyatamMTS) e o

+ 1 ke b Empers

e 5 Cophm

IR G 38

ASTM WEA7031 Round Robin Activities / Sept. 27, 2017 telecon

SeptemberWebmeeting Round Robin Sample A ctivity (oot}

+ Southem Researchreported on process-structure-property comelation and low-cost NDE
alternatives on nominal and off-nominal AM sacrificial tensile specimens made with two
common alloys (Inconel® 718 and T-6ARV, plus wrought controls). So far, Inconel®
{Cluster A) specimens have been machined from rectangular bar stock in two
orentations (parallel and perpendicular to the build direction) and characterized by BT,
UT, and high temperature Digital Image Correlation(DIC),

ARA frin Pl Wit sakraticn ‘Wiright Srsin Fe Wasslartion
W Laad (500 i L] [5308]

high temp DIC
* The next teleconwill be November 15,2017 at 11:00 am. EST 47
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ASTM EOY. I0WEAYO031 Round Robin Testing Online Collaboration Area

Working dratis of the Standard Guide, meeting minutes, and round-robin
testing activity presentations are posted on-line:

M conanoration area

Callahersiion 3 WEATON
Py AR ARV s e o A M balectasnd et PRem U] @ Dagec

]

e 2000 By [—— ]
by AN ¢ Wor bt o B
wmr AN Webearding

Janawy AHT Webreeting [ere——

Rezured Erddn Towing miormation
i A P eviin e

41

Plirerada 2THG B

Qualification & Certification
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Qualification & Certification/NASAMSFC Guidance

Contact: Doug Wells (MSFC)

oo il S Provides a consistent framework for
= the development, production, and
s evaluation of AM spaceflight parts.
MSFC T * All Class Aand B parts are expected
e @ e to receive comprehensive NDE for
‘;"::H” ——— T surface and volumetric defects within
S mmEmmms the limitations of technique and part
SESEC T II.:ITI-:.III STANDARD Emm .
TR = Mot clear that defect sizes from
—_— " CONTROL AND NASA-STD-5009 are applicable to
— QUALIFICATION OF
LASER POWDER BED FUSION AM hardware .
METALLURGICAL PROCESSES £« NDE procedural details
and effect-of-defect =
I are still emerging i
§NAKA-S.'I‘D—!-I:I:I‘? Nemdesrrue thae Evaluaron Requisomanrs for
e A e Fracoue- Crincal Merailic Componeus 43

Fracture Critical Metal AW Fart Requirements

Fracture cnitical damage tolerant metal AM hardware must meet
NDE requirements given in NASA-STD-5009¢%; however, the 5009

90/95 POD flaw types and sizes are generally inappropriate for AM.

Tl 1 b el & sl S B Wracomen § ks M s S 1
[ R R YIS P e e
A4 TR - rike oo = S
e SR R N MNP,
P I P ol beigsimd 511\ oy silen i, = iy
Fordomn, B = - ) ey I [ i,
e | Taamms | T e | — e v
s = S ———————
TPHCTHUCTIVE EVALUATHIS HEGH TR ST 1N S—— i T e [
BT A R TRAL ME LI CUSiFISES TS THLN b = = = b
T B LR I - '
" wramanan | s
T L =pt e
= I =¥l R
] P
]

WL R AR A ST DT R T
ML P

44
# NASA STD- 4009, Nemaclestractive Evaluarion Roguirowsants for Fractuee-Crinical Merailic Componts
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Qualification & Certification/MASAMSFC Guidance

LAYkl [ATHT
SESFC TECRDEC AL STAND AT MR TECHSK AL STANDAKD
STANDARD FOR ADIMTIVELY SPECIFICATION FUOR
MANUFACTURELD CONTROL AND
SPACEFLHGHT HARIMWARE BY AIUTALTFRCA TICH Of
LASER MOWDER BED FIUISION LASER MOYWDER BED FUSION
IN METALS METALLURGICAL PROCESSES

Lists process and part production control Contains procedures forimplementing
requirements: the requirements in 3616

—  Chmlified Metallurgical Process —  Qmalified Metallurgical Process

—  Equipment Comtrol —  Equipment Control

—  Personme] Trabdng —  Persobmel Tranbsg

—  Material Property Design Viles

—  Part Design and Prodsstion Control Requirsments 45

Owverview of MSFC-STD-3716 Standard

) Ll Bequiremanis ,—_‘1

MEPC-SPRC-171T

Process Controls provide the basis for
reliable part design and production

Fomdaiional Froge ss Congrols

Part Production Controls are typical of

“*F <S>
aerospace operations and include design, part
classification, pre-production and production

. . . P i
controls | “‘“x,:'_
A Ml hiey pean o QS mrvek e e -

Pari Proshuctiom Uil

Py
- . - o Toerr )

L] fizs PI pacpuingmants brviad by SETC-STT- 5755 with procsbanss in MEFC-S90C-171

B Negarn ke of drcasnal sl NDE decisional P'Dil-'lt A5
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Qualification & Certification/NASAMSFC Guidance

NASA AM Part
Classification A-B-C

Comprehensive
NDE required
for surface and §“>.,:
volumetric
defects

Class | | Clags | | Clasa || Cliss Claga || Clisa || Class || Class Clis | | Class
Al Al Al Ad Bl BX B3 B4 Cl 2

I WASA clhusifications shouH nct bo be confused with those used in the ASTM [ntermational standards for AM parts, such a= F3055
Srowdmd Specifcarion for Adaiive Mamyfactaring Nocke! Aley (UING NO77 81 winh Pevg'er Bed Furion The ASTM chaser ae
used to fepresent part processng ooy md are ureelated. a7
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Any Questions?

Point of contact for
govermnment-industry round
rokin testing:

Joss\Waller
HaSA White Sands TestFacility
Telephone: (575) 524-5248

Jigs M Walerness goyv

Or agreat place to getinvolvedevenif you've 48
been doing this for awhile

427 Measurement Science for Metals-Based Additive Manufacturing (Kevin
Jurrens, NIST)

7_*

Measurement Science for Metals-
Based Additive Manufacturing

Kevin Jurrens
Deputy Chief, Intelligent Systems Division

Engineering Laboratory
Mational Institute of Standards and Technology (MNIST)

4-280



National Institute of Standards and -

Technology (NIST)

» National Metrology Institute for the
United States

« Mission:
Topromote U.S. innovation and
industrial competitiveness by
advancing measurement
science, standards, and
technology in ways that
enhance economic security and

] = §
E improve our quality of life -
Role of NIST Research Laboratories -

« Emphasis on | and non-proprietary,
standardized metrology methods that address a broad class of
measurement challenges

- Emphasis on rigorous and generic procedures to characterize
inty that comply with international

standards
* Long-term commitment, expertise, and peutrality essential for

harmonized and unbiased national and international standards

* Leverage NIST core competences in measurement science,
llity, and development and use of standards --

as well as specific expertise in measurements and standards for
manufacturlng systems, processes, and equipment

m » Measurements and Standards
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Why Focus on Additive Manufacturing?

Definition: The process of joining materials,

usualhlr Iaqﬂrer upon |a1y|ler; to make Dbjects « AM prD\"idefv rapid art-to-part Capahﬂity‘ of
from 3D model data.

fabricating complex, high-value, highly-
customized parts — significant revolutionary
potential for U.5. manufacturing

* Worldwide AM products and services - 5.1 B
(Wohler's report)

* 5 fold growth in the past 6 years!
* U5, market for AM is currently about 5 2 B

* Metal-based AM is still in its infancy far
applications in aerospace, biomedical, dental,
and automotive industries

* Much momentum and rapid changes - the
AM industry is poised for growth, innovations,
and new products

Measurement Science Needs for AM

Major barriers to broad adoption of AM include:

= '.| + Limited material types and unknown / non-uniform
+ + — properties

+ Lack of process repeatability and inconsistent system
Uncertainties in feedstock materal characteristics coupled with = ; - Ty L
uncertaintiesin the AM progess lead to uncerainties in the final product [l e
+ Consensus protocols and test data for qualification and

\ certification do not exist
AmmesicaMakes + Insufficlent part accuracy without significant post-
b - __“ processing
— + Insufficient surface finish
+ Lack of AM standards
+ Insufficient data to develop robust material specifications

+ Meed for improved non-destructive evaluation methods
for complex defeacts and part geometry

+ Reguirementsfor secondary post-processing

+ Lack of AM-specific design tools [ design guidelinesto
take advantage of new AM capabilities
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NIST Measurement Science for Additive

Manufacturing (MSAM) Program

* Measurement sclence advancements in four program thrust areas
* Focus on metals-based AM processes and systems
* Goal: Enable rapid design-to-product transformation

Laser
Powder
Bed
Fusion
Process

MSAM Projects

Characterization of Additive
Manufacturing Materials

Deliver new standardized feedstock
and AkA-built material
characteripation methads, exemplar
data, and databases to accelerate the
design and use of addithe
manufaciissing parts in high-
performance applicatians {e.g., ortical
parts i high-stress appliications such

Program thrusts:
* Characterization of AM Materials

» Qualification of AM Materials,
Processes, and Parts

* Real-Time Monitoring and Control
of AM Processes

* SystemsIntegration for AM

Real-Time Monitoring and
Control of Additive
Manufacturing Processes

Develop process metrology, ine
proces sending methods, and real-
timi process contro approaches ta
masimize part guality and prosdiscticn
thraughput in Additive Manufacturing

(kAL
as turbine blades ar engine
campansnts)].
Qualification for Additive F
Manufacturing Materials, Systems Integration far [ .
Processes, and Parts Additive Manufacturing u IM__L:'_F:._

Develop test metheds snd
protocols, provide reference
data, and establish
requirements to recuce the cast
anad time to quesldy &M
materials, processas, and parts

h_

Defiver an infermation aystems
architecture, including metrics,
nfarmaticn madals, and
walidation mathads to sharten
the design-to-praduct cycle
i in additive manufacieing
(AR,
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* Additive Manufacturing Research Center (AMRC)

* Commercial AM platforms {
« EOSM270, EOSM290
* Optomec LENS MRY, ExOne

* AM Metrology Testbed (AMMT)

* Powder Characterization Laboratory
* Dynamic imaging for particle size distribution
* Laser flash for thermal properties
* Rheometer and powder spreading test platform

* Post-processing and testing facilities

* High temperature heat treatmentfurnace, electrical
discharge machining

» X-ray computed tomography, white light interferometry,

nteractions and Collaborations

« NIST internal collaborations

+ Materials Measurements Laboratory= AM materizl property measurements, material testingand modeling

+ Centerfor Meutron Research =neutronimaging, residual stress measurements

* Physical Measurements Laboratory = thermal emissivity measurements for AM processes, laser power measurements
L]

Infarmation Technology Laboratory — statistical analyzis of AM Round Robin studies, AWM Materials Database
development

* Manufacturing Extension Partnership= industry cutreach
+ Office of Advanced Manufacturing Programs=Measurement science for advanced manufacturing awards

* Consortia: America Makes, Additive Manufacturing Consortium, GO Additive, AM-Bench

* Roadmapping Activities: America Makes, ANSI/AMSC, DoD/SOCOM, AMTech
* Federal collaborators: LLuL, ORNL, CIA, BIS, GAD, DARPA, AFRL, ARL, MRL, NSF. NASA, DOE, FAA

* Industry: Gt Aviztion and GE Global Research, Honeywell Asrospace, Pratt & Whitney, Carpenter Powder, NCMS, APL,
ExOne, Morthstar, Nikon, Xometry, TA Instruments, 3DSIM, Sigmalabs, Granta, EWI, and others

* Academia: cmu, Virginla Tech, MC State, Penn State, Rutgers, UT Austin, U of Arkansas, U of Alabama, NIU, U of
Michigan, U of Louisville, U of Mebraska, U Mass, UNCC, UDC, U of Maryland, Purdue, and others

* Local outreach: mational iMaker Faire, Capltel Hill Maker Faire, US Science and Engineering Festlval
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* New methods and tools

* Round robin studies /
trusted data

* Technical basis and content
for AM standards

* Publications

a

* Powder Characterization
o Methods

MIST AM Euild
A Teat Cinin

= T AM Materials
Pilot Database

B
2
a
i

ample Research Results

Reference datato
validate physics-
based models

Surface Characterization Methods

Additive Manufa L]rlng Metrology Testbed

Traceable powder be
density measurements

| Publications (2014-2017) —

* 17 journal papers in
Additive Manufacturing

Rapid Prototyping lournal

lournal of Materials Research

lournal of Mechanical Design

- - - - - - - - - -

MIST Journal of Research

* 9 NIST publications and reports

ASTM Journal of Testing and Evaluation

Journal of Manufacturing Science and Engineering
lournal of Materials Engineering and Perfarmance

Journal of Measurement Science and Technalogy

Journal for Smart and Sustainable Manufacturing Systems

* 41 conference proceedings

L]

® ® = ®

Solid Freeform Fabrication Symposium

ASPE

MSET

T3

ASME/IDETCCIE; ASME MSEC; ASME IMECE,
ASME AMZD

* 3 Book Chapters

https://www.nist.gov/topics/additive-manufacturing/am-publications
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Role of Additive Manufacturing Standards -

* Standards can be used for (among others):
* specifying requirements
* communicating guidance
* documenting best practices
* defining test methods and protocols
* documenting technical data
» accelerating the adoption of new technologies

* Certifying bodies typically reference publicly
available standardsin their procedures

* Standards development in the U.S. is conducted
through voluntary participation and consensus

Multiple Standards Bodies Relevant to Additive Manufacturing -

* ASTM Committee F42 on Additive Manufacturing Technologies
* 1SO Technical Committee 261 on Additive Manufacturing

* ASME Y14.46 Committee on Geometric Dimensioning &
Tolerancing (GD&T) Requirements for Additive Manufacturing

* SAE Aerospace Material Specifications for Additive e
Manufacturing (AMS-AM) Committee All of These
« AWS D20 Committee on Additive Manufacturing Ffforts

* |SOTC184 / SC4, STEP-based data representation for AM
* ASME B46 Project Team 53, Surface Finish for AM
*» <others — the list is growing> —

Some Challenges: high risk of duplication of efforts and overlapping content; potential for
inconsistencies or even contradictions; conflicting standards create ambiguity and confusion;
increased requirements for communication and coordination; need for liaisons; limited resources
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Additive Manufacturing Standards Collaborative (A

* Purpose: coordinate and accelerate development of additive
manufacturing standards consistent with stakeholder needs and facilitate
growth of the additive manufacturing industry

* AMSC launched in March 2016 following two planning meetings

* Facilitated by American National Standards Institute (ANSI) through
cooperative agreement with America Makes

* Phase 1 Outcome: “Standardization Roadmap for Additive
Manufacturing” released in February 2017
* B8 gapsidentified; 18 high priority, 51 mediurm priority, 19 low priority; 57 require R&D
* Phase 2 AMSC Kick-Off in September 2017 - currently active and new
participants welcome

IST Perspectives on AM Standards

* MIST has been influential in leading and developing AM standards from the start
+ Contributions to more than 40 AM standards activities across 7 standards bodies

* Multiple leadership roles in ANSI Additive Manufacturing Standards Collaborative

= MIST will continue to support AM standardsdevelopment through measurementscience
research and service on standards committees

* NIST Motivations:
* High guality, technically accurate standards
* Usable and high impact standards that meet stakeholder needs
+ |ntegrated and cohesive set of standards: consistent, non-contradictory, non-overlapping
* Mo duplication of effort
* Use of existing standards, modified for AM when necessary

* Coordination, communication, and cooperation are necessary among AM users,
standards bodies, and regulatory agencies

+ AMSC establishedin 2016 to serve this role; NIST contributes to the coordination and
Mmunlcation
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Conclusion -

* MSAM program is addressing high priority pre-competitive
challenges faced by the metal AM industry

* Program develops metrology driven methods and tools for the
benefit and use of AM stakeholders

* Results of the research activities are publicly disseminated broadly
throughout the AM community

* Results of the research activities are used as the basis for new AM
standards

* Program’s world-class staff and facilities are widely recognized for
their critical contributions to AM field

_
?ﬁ

Questions and Discussion

Contact:
Kevin Jurrens
kevin.jurrens@nist.gov
Office: 301-975-5486

_
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What is Measurement Science? -

* Development of performance metrics, measurement and testing
methods, predictive modeling and simulation tools, knowledge modeling,
protocols, technical data, and reference materialsand artifacts

* Conduct of inter-comparison studies and calibrations

= Evaluation of technologies, systems, and practices, including uncertainty
analysis

* Development of the technical basis for standards, codes, and practices—
in many instances via testbeds, consortia, standards development
organizations, and/or other partnerships with industry and academia

- NIST Influence on AM Standards —

* |dentify standards needs and priorities through workshops and
industry meetings

* Develop technical basis for standards through measurement
science research

* Draft content and starting point for development of documentary
standards

* Serve on standards committees
* Leadership roles
* Technical standards development
« Strategic planning / big picture view

* Support the coordination, facilitation, and communication

m among standards groups
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= NIST Contributions to AM Standards —

Technical basis, content, and leadership for AM standards

+  MSAM program has contributed, by leading or participating, in over 40 AM standards either developed or in
development across 7 5D0s
*  Technical leadershipin
+  Multiple efforts in ASTW Committee F42 and ISO TC 261
+  ASME ¥14.46 on Product Definition and GDET for AM
*  Participationin
*  SAE AM-AMS committes, Aerospace Material Specifications for Additive Manufacturing
AWS D20 committee on Additive Manufacturing
ISOTC184 / SC4, STEP-based data representation for AM
ASME B46 Project Team 53, Surface finish for AM
ASME VEVY 50 Subcommittee on Advanced Manufacturing

+  Multiple leadership positions in ANSI Additive Manufacturing Standards Collaborative (AMSC)

- - - -

ASTM Committee F42 on Additive _

Manufacturing Technologies

* Establishedin January 2009 to address high-priority standards needs

* F42 subcommittees:
* Terminology
* Test Methods
* Materials and Processes
* Design (including data formats) ul '
* Environment, Health, and Safety el
* U.S. Technical Advisory Group (TAG) to I1SO TC 261

* F42 roster: ~400 members; 22 countries represented

* Status: 17 approved standards; 25+ work items in development

m » http://www.astm.org/COMMITTEE/F42.htm
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ISO Technical Committee 261 on —

Additive Manufacturing

» TC261 Working Groups established for:

* WG1 - Terminology

* WG2 = Methods, Processes, and Materials
* WGE3 = Test Methods

* WG4 — Data and Design

» 22 Participating (P) countries:

= USA, UK, France, Germany, Denmark, Russia, Japan, South Korea, Belgium,
Metherlands, Ireland, Poland, China, Canada, Finland, Sweden, Norway, Switzerland,
Singapore, Spain, Iltaly, Czech Republic

* 6 Observing (O) countries:
* Austria, Romania, Iran, New Zealand, South Africa, Israel

Formal Agreement Established between -

ASTM F42 and ISO Technical Committee 261

* Formal collaboration established between ASTM and ISO (first of its
kind!) for joint development of AM standards

* Results in co-branded I1SO and ASTM standards (same content, no need
for future harmonization)

* Guiding principles and specific procedures for how ASTM and 1SO will
cooperate and work together are defined in the “Joint Plan for Standards
Development”

* One set of AM standards to be used all over the world; commeon standards

roadmap and organizational structure; use and build upon existing standards,
madified for AM when necessary; co-located meetings; emphasis on joint

m standards development and joint working groups; etc,
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Additive Manufacturing Standards Structure
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F42 and ISO TC261

« Terminology
+ Standard test artifacts

* Requirements for purchased AM parts

* Design guidelines

= Specification for extrusion-based AM of

plastic materials

= Practice for metal powder bed fusion to
meet rigid quality requirements
* Specific design guidelines for powder bed

fusion

+ Qualification, quality assurance, and post
processing of powder bed fusion metallic

parts

Joint Development of AM Standards by AS

General Top-Lavel
AM Standards

+ ereral corcepts

v COMMon reguinamants
+ arerally spplcable

Category AM
Standards
Specdic to material
category of procass
cabegory

Specialized AM
Standards

Sesazifes to matarial,
process, or application

* Nondestructive testing for AM parts

* Intentional seeding of flaws in AM parts

* Anisotropy effects in mechanical
properties of AM parts

* Conducting round robin studies

* Additive manufacturing format support for

solid modeling

* AM of stainless steel alloy with powder

bed fusion

* Specification of metal powders
* Design of functionally-graded AM parts
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ASME Y14.46 Standards Committee -

* Geometric Dimensioning & Tolerancing (GD&T) requirements that
are unique to additive manufacturing

* Builds on long-standing expertise and several GD&T standards
developed by ASME Y14 committee

* GD&T:the language for communicating geometric tolerance
specification and design intent between:

g
a
24y . W1 NATE
AR gy,
DL (AN \".I' ' TIn o VR~ 2% MAT1, 5% WAT2
- 8
5 Lo ¥
- _ o
- 0 |
T
UHLESS CTHERWISE SFECFIED: s
CAD GEOMETRY 5 BASKC i
04 A B g
. _ Jw?*“ -

* Free-form complex surfaces

* Internal features / lattice
structures

* Support structures

* Build direction dependent
properties

* Multiple materials / functionally-
gradient materials

* As-built assemblies
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4.28 America Makes and ANSI Additive Manufacturing Standardization
Collaborative (AMSC) (Jim McCabe, ANSI)

America Makes & ANSI Additive
Manufacturing Standardization
Collaborative (AMSC)

Overview

Jim McCabe, Senior Director, Standards
Facilitation

American Mational Standards Institute

MR 2merica Makes @__

The Need for a Standardization Roadmap
for Additive Manufacturing

* A number of standards developing organizations (5D0s) are
engaged in standards-setting for various aspects of additive
manufacturing (AM)

* Coordination is needed to maintain a consistent,
harmonized, and non-contradictory set of AM standards and
specifications

* Prior to 2016, there was no process for identifying priorities
and interdependencies in the development of AM standards

and specs

MR 2merica Makes @__

WREC Novemiber 159, 2017 —slide 2
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America Makes & ANSI AdditiveManufacturing
Standardization Collaborative (AMSC)

* Phase One launched March 31, 2016; Phase Two launched
September 7, 2017

* America Makes is the nation’s leading and collaborative
partner in AM and 3D printing technology research,
discovery, creation, and innovation

* AMS| is the national coordinating body for voluntary
standardization in the United States, with a history of
serving as a neutral facilitator to identify standards needs

* Mational Institute of Standards and Technology (MI5T), U.5.
Department of Defense (DoD), Federal Aviation
Administration (FAA), several 5D0s, were instrumental in

formation of AMSC
MR mericaMakes @:__

MR Novernber 29, 2017 —slide3

AMSC Purpose

* Tocoordinate and accelerate the development of
industry-wide additive manufacturing standards and
specifications, consistent with stakeholder needs, and
thereby facilitate the growth of the additive
manufacturing industry

= AMSC's charter does not include developing standards
or specifications; rather, the hope is to help drive
coordinated activity among SDOs

MR rerica Makes (—_I_A‘Sl:__

HRC Novemier 19, 2017 - slided
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AMSC Objectives

= Coordinate and provide input to AM SDOs
= Encourage liaisons between them

= Clarify the current standards landscape
= Avoid duplication of effort

= Drive coordinated standards activity

= Better inform decision-making on resource allocation for
standards participation

= Establish a common framework of AM standards and specs

= Provide subject matter experts to work with SDOs to
accelerate the development of AM standards and specs

MR mericaMakes @:__

HRC Novernber 19, 3017 —slide 5

AMSC Participation

Participation is open to additive manufacturing stakeholders that
have operations in the U.5.

= List of participating organizations posted online
*  Membershipin America Makes and ANS| is not a prerequisite

= Membersinclude:
= Original Equipment Manufacturers {OEMs)
* Feedstock Material Producers
= User Stakeholders - Industry and Government
* R&D Community - Academia and Government
= 5D0s

*  More than 260 individuals from 150 public- and private-sector
organizations involved in phase one

* Drew heavily from aerospace, defense and madical sectors
= Most work done via online meetings

MR rerica Makes @__

WREC Novemiber 159, 2017 —slide 6
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AMSC Leadership

= Chair - Jim Williams (All Points Additive)

= Vice Chair - Lauralyn McDaniel (SME)

= Staff - Jim McCabe, Sarah Bloomquist (ANSI)

= Sponsor - Rob Gorham, John Wilczynski (America Makes)

= Activities overseen by the America Makes Additive
Manufacturing Standards, Specs, and Data Schemas
Advisory Group

MR mericaMakes @:__

HRC Noverniber 19, 3017 —slide 7

AMSC Deliverables

= AMSC Standardization Roadmap for Additive
Manufacturmq, Version 1.0 (February 2017)

Identifies existing standards and specifications, as well as those
in development, assesses gaps, and makes recommendations for
priority areas where there is a perceived need for additional
standardization

* AMSC Standards Landscape

A list of standards that are directly or peripherally related to the
issues described in the roadmap

= Both available as free downloads on www.ansi.org/amsc

MR rerica Makes (ﬂ—__l‘_ﬂ:__

HRC Novemiber 159, 2017 —slide B
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AMSC Roadmap Organization
“life cycle assessment of an AM part”

= Design
= Process and Materials
* Precursor Materials
* ProcessControl
* Post-processing
* Finished Material Properties

Qualification & Certification
* Nondestructive Evaluation
* Maintenance

MR mericaMakes @ .

MR Noverber 29, 2017 —slided

Phase One Promotion & Phase Two Goals

* Promoting the roadmap at industry events

* Meeting with SDOs to discuss actions to implement roadmap
recommendations

Phase Two Goals
* Provide an update on gaps already identified
* |dentify potentially overlooked gaps

* Discuss needs of other industries (e.g., ground vehicles/heavy
equipment, energy, industrial & commercial machinery,
electronics)

* Expand discussion of other materials (e.g., polymers)
« Targeting publication of roadmap version 2.0 end of June 2018

MR rerica Makes @ =

HRC Novemnber 15, 2017 - slide 10

4-298



Roadmap Layout

= Summary Table of Gaps and Recommendations
= Introductory Information / Overview of SDO work

programs

= Gap Analysis of Standards and Specifications

= MNext Steps
= Glossary

M 2rverica Makes

MR Novernber 19, 2017 —slide 11

(st __

Examples of SDOs Already Involved or
Getting Involved in AM Standardization

ALTM
ternational
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Organization of Topical Areas

Describe the relevant subtopics and issues
Identify published or in development standards and specs

State any standards gap(s)

= A*gap” means no publishedstandard or specification exists that
covers the particular issue in question

Make a recommendation(s) how to fill the gap(s)
Determine if additional R&D is needed
Establish the priority for action (high, medium, or low)

Identify an organization(s) that potentially can address
the gap both for R&D and developing the standard

MR mericaMakes @:__

HRC Novernber 19, 2017 —slide13

Sample Gap Statement
(simple example)

Gap M1: AM Analyses in RCM and CBM. Standards for AM analyses in
Reliability Centered Maintenance (RCM) and Conditioned Based Maintenance
[CBM+) are needed.

RED Needed: No

Recommendation: Update SAE JA1012 RCM, a guide to provide analytics for
AM trade-offs in RCM and CBM+.

Briority: Medium

NEW for Phase 2: Status of Progress: Closed (completed), or usinga traffic
light analogy, Green (moving forward), Yellow (delayed), Red (at a standstill),
Mot Started, or Unknown

MEW for Phase 2: Update: Marrative text describing what action, if any, has
been taken by an 50O or other erganization in relation to the gap since
roadmap version 1.0 was publishedin February 2017

Organization: SAE, 150, ASTM

MR rerica Makes @__

HRC November 15, 2017 —slide 12
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AMSC Gaps Breakdown - Version 1.0

Section High Medium Low
{ﬂ -2 years) {2 5 years) {5+ years)

Design

Precursor Materials 1 4

Process Control 4 2 5 17
Post-processing ] 4 2 1]
Finished Material Properties 2 3 [1] 5
Quallfication & Certification 5 & 4 15
Mondestructive Evaluation 2 3 o 3
Maintenance o 2 o 2
Total 13 a3l 13 89

* 58 gapsrequire additional research and development (RED)

M 2rverica Makes @\___

HRC Noverber 19, 2017 —slide 15

High Priority Gaps - Version 1.0

= D4: Application-Specific Design Guidelines

= D14: Designing to be Cleaned

= D17: Contents of a TDP

= D18: New Dimensioning and Tolerancing Requirements

= D19: Organization Schema Requirement

= PM5: Feedstock Sampling

* PC2: Machine Calibration and Preventative Maintenance
« PC7: Recycle & Re-use of Materials

= PC9: Environmental Conditions: Effects on Materials

= PC14: Environmental Health and Safety: Protection of
Machine Operators

MR 2merica Makes @\___

HRC November 15, 2017 - slide 16
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High Priority Gaps (contd.)

* FMP3: Cleanliness of Medical AM Parts

* FMP4: Design Allowables (Material Properties)

= QC1: Harmonization of AM Q&C Terminology

= QC2: Qualification Standards by Part Categories

= QC4: DoD Source (i.e., Vendor) Approval Process for AM
Produced Parts

= QC9: Personnel Training for Image Data Set Processing
= QC10: Verification of 3D Model

* MNDE1: Terminology for the |dentification of AM Flaws
Detectable by NDE Methods

= NDE3: Standard Guide for the Application of NDE to
Objects Produced by AM Processes

MR mericaMakes @:__

HRC Noverniper 19, 3017 —slide 17

Design WG
Co-Chairs: John Schmelzle, NAVAIR; Paul Witherell, NIST

= Design Guides
» Design Tools
= Design for Specific Applications

= Design for Assembly
= Design for Printed Electronics

* Design for Medical
= Design Documentation

= Design Verification and Validation

MR rerica Makes (—_I_A‘Sl;__

WRC Novemiber 19, 2017 —slide 18
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Precursor Materials WG
Co-Chairs: Jim Adams, MPIF; Justin Whiting, NIST

= Storage, Handling and Transportation

= Characterization
= Chemical composition
Flowability
= Spreadability
= Density (apparent vs. tapped)
Particle Size and Particle Size Distribution
= Particle Morphology
= Feedstock Sampling
Hollow Particles and Hollow Particles with Entrapped Gas

= AM Process-Specific Metal Powder Specifications

MR mericaMakes @:__

HRC Noverniper 19, 3017 —slide 19

Process Control WG

Co-Chairs: Susan Hovanec, NAVSEA: Justin Rettaliata,
NAVSEA

* Digital Format and Digital System Control

* Machine Calibration and Preventative Maintenance
#  Machine Qualification

* Parameter Control

»  Adverse Machine Environmental Conditions: Effect on
Component Quality

* Precursor Material Handling: Use, Re-use, Mixing, and
Recycling Powder
* Precursor Material Flow Monitoring

* Environmental Health and Safety: Protection of Machine
Operators

* Configuration Management: Cybersecurity
* Process Monitoring

MR rerica Makes @__

WRC Novemiber 19, 2017 —slide 20
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Post-processing WG
Co-Chairs: Dave Winchester, MITRE; Jing Zhang, IUPUI

Heat Treatment (metals)

Hot Isostatic Pressing (HIP) (metals)

Surface Finish (Surface Texture) (metals, polymers)
Machining (metals, polymers)

Post-curing Methods (polymers)

MR mericaMakes @:__

HRC Noverniper 19, 3017 —slide 21

Finished Material Properties WG
Co-Chairs: Mohsen Seifi, ASTM International; Roger
Narayan, UNC/NCSU

= Mechanical Properties

= Component Testing

= Bio-compatibility & Cleanliness of Medical Devices
= Chemistry

= Design Allowables

= Microstructure

MR rerica Makes (ﬂ—__l‘_ﬂ:__

WRC Novemiber 19, 2017 —slide 22
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Qualification & Certification WG

Co-Chairs: Rachael Andrulonis, Wichita State Univ-NIAR;
Jessica Coughlin, Naval Nuclear Laboratory

* |dentified Guidance Documents
* FDA Guidance on Technical Considerations for AMDevices
* Lockheed Martin AM Supplier Quality Checklist
* Aerospace Corp Mission Assurance InformationWorkshop

= Composite Materials Handbook-17 (CMH-17) & Metallic
Materials Properties Development and Standardization (MMPDS)
Handbook

= AWS D20

* NASA Marshall Space Flight Center Draft Standard for Laser
Powder Bed Fusion AM

* ASME Y14.46
= User-Group/Industry Perspectives on Q&C
MR mericaMakes @

HRC Novernber 19, 1017 —slide 23 I

Nondestructive Evaluation (NDE) WG

Co-Chairs: Patrick Howard, GE Aviation; Steve James,
Aerojet Rocketdyne

Scope: MDE of Finished Parts (NDE for Process Monitoring under
Process Control WG)

* Common Defects Catalog Using a Common Language for AM
Fabricated Parts

. Test Methods or Best Practice Guides for NDE of AM Parts
* Dimensional Metrology of Internal Features
* Data Fusion

MR rerica Makes (—_I_A‘Sl:__

HRC November 15, 2017 —slide 24
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Maintenance WG

Co-Chairs: David Coyle, NAVSUP WSS; Carlo Canetta,
MITRE

= Standard Repair Procedures

= Standard Technical Inspection Processes

= Model-Based Inspection

= Standards for Tracking Maintenance Operations
* Cybersecurity for Maintenance

= Finishing and Assembly, Welding, Grinding, Coating,
Plating

MR mericaMakes @:__

HRC Noverniper 19, 3017 —slide 25

Polymers WG

Co-Chairs: Jim Williams, All Points Additive; Doug
Greenwood, NAVAIR

= Consider the need to enhance content on polymers
across the AMSC roadmap

= New text or gaps identified by the Polymers WG will be
shared with the other applicable WGs

MR rerica Makes (—_I_A‘Sl;__

WRC Novemiber 19, 2017 —slide 26
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Medical WG

Co-Chairs: Lauralyn McDaniel, SME; and Dan Fritzinger, Johnson
and Johnson

* Because of resource considerations, the medical sector
determined during phase one to meet as a sector to
look at horizontal topics across the WGs

* |t will continue to do so in phase two

MR mericaMakes @:__

HRC Novernber 19, 2017 —slide 27

Questions

= More Information / To Get Involved www.ansi.org/amsc

AW,

MR rerica Makes @__

WRC Novemiber 19, 2017 —slide 28

4-307



4.29 ASME Additive Manufacturing Standards (Kate Hyam, ASME)

SME

SET I G THE STANDARD

ASME Additive Manufacturing
Standards

November, 2017

Kathryn Hyam
Project Engineering Manager
ASME Nuclear and Standardization S&C

Additive Manufacturing For Reactor Materials & Components
Cat 3 Public Meeting
November 28-29 2017
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New Activities Related to Manufacturing

* Y14.46 — Product Definition for Additive Manufacturing
* ¥14.47 - Model Organization Schema Practices
* ¥14.48 - Universal Direction and Load Indicators

* B46 - Classification and Designation of Surface Qualities — for items
made by additive manufacturing

* B89.4.23- 201x X-ray Computed Tomography (CT) Performance
Evaluation Standard

* V&YV 50 — Verification and Validation in Computational Modeling for
Advanced Manufacturing

* Model Based Enterprise (MBE)

* Pressure Retaining Equipment — Additive Manufacturing 2 {’@I‘E

Y14 Engineering Product Definition and Related
Documentation Practices

* Charter: The development and maintenance of national standards for
defining and documenting a product throughout its life cycle and
related certification activities. This shall be accomplished by:

1. recognizing the continuing need for existing standards regardless of the
source medium (e.g., paper, film, and digital) or method of preparation
(e.g., manual or computer generated);

2. providing standardizationwhere a variety of practices exist within industry
and government;

3. providing standards for new conceptsand technologies; and
4. supporting and coordinating development and harmonizing of standards

with responsible standardization bodies, including ANSI, 150, and

government agencies.
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Y14.46 — Product Definition for Additive Manufacturing

* Charter: Standardization of dimensioning and tolerancing methods,
systems, and indications on engineering product definition digital
data sets promotes uniform practices and should facilitate a common
interpretation of these requirements

* Subcommittee formed in in October 2014

* 25 members from throughout industry and academia, with
collaborating government agencies:
* NIST
* S Army
+ NAVAIR
+ Office of Maval Research

o |

e
FEFTING THE FTANGAER
—

Y14.46 — Product Definition for Additive Manufacturing

* Supplements the requirements of Y14.5 and it addresses methods to
control the product definition for Additive Manufacturing such as
supporting structures, assemblies, embedded components, test
coupons and heterogeneous materials. The standard establishes
methods to specify AM process specific characteristics (e.g. build
orientation and placement) that affect the product definition.

* Document was recently published as a DRAFT STANDARDS FOR TRIAL
USE.

* A free Webinar is scheduled for January 10, 2018 on the document
https://shop.asme.org/Registrations/Conference/Y1446JAN18
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Y14.47 - 3D Model Data Organization Schema Practices

» The Standard establishes a schema for organizing information in a
model within a digital product definition data set when conveying the
product definition in a Model Based Enterprise (MBE). The schema
defines a common practice to improve design productivity and to
deliver consistent data content and structure to consumers of the
data.

* This schema document was developed to provide a set of reference
standards and guidelines for the CAD user. The Draft is based on
Appendix B of MIL-STD-31000A, Technical Data Packages (TDP).

* The need for this standard was identified in the ANSI/America Makes
gap analysis.

o |

e
FEFTING THE FTANGAER
—

Y14.47 - 3D Model Data Organization Schema Practices

* The Subcommittee was formed in October 2013.
* There are 23 members on the subcommittee.

* The document has been Standards Committee approved but
recently received a Public Review comment. Subcommittee met in
October 2017 and has prepared a resolution of the comments. Will
be balloted again.

* Once ANSI approved, this standard is expected to be published in

the first half of 2018.
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Y14.48 - Universal Direction and Load Indicators

* Charter: Standardization of methods to unambiguously define and specify
directions, directional requirements, loads, and loading requirementsin
product definition data sets.

* The standard will add more tools for the designer to address direction on
their drawing and model (e.g., direction of the Additive Manufacture
build).

* Subcommittee formed in October 2016

* Eight Members on the Subcommittee

* Held their first face-to-face SC meeting in October 2017

* Aninitial draft was prepared by a volunteer and will be reviewed by the

subcommittee.

B46 - Classification and Designation of Surface Qualities

» B46.1 defines surface texture and its constituents: roughness,
waviness and lay, and parameters for quantifying surface texture.

* The terms and ratings in this standard relate to surfaces produced
by such means as abrading, casting, coating, cutting, etching, plastic
deformation, sintering, wear, erosion, etc.

* The current measurement and analysis methods were developed
primarily to characterize surfaces created by conventional
machining and grinding. The surfaces created by Additive
Manufacturing have distinctly different geometric characteristics.

BEFTING THE FTANSAND
—
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B46 - Project Team 53
Surface Finish for Additive Manufacturing

* Formed in October 2015 in response to an identified need noted in
the ANSI/America makes gap analysis.

» A survey was sent to related ASME committees and other requesting
input on Surface Finish needs in the Additive Manufacturing field. The
Survey results have been compiled and are being analyzed.

* The Project Team usually hold two face-to-face meetings a year and
teleconference in between meetings

* Work is currently focused on two documents: White paper and
Functional Correlation document

o |

e
FEFTING THE FTANGAER
—

B89 — Dimensional Metrology

* Charter: The calibration, performance evaluation, uncertainty
evaluation, and specification of dimensional measuring instruments
and gages and the methods of their use for measuring various
geometrical characteristics such as lengths, plane surfaces, angles,
circles, cylinders, cones, spheres, and tori, as well as profiles.

» Standards, Guidelines and Technical Papers on the following:

= B89 Division 1 - Length
* BB9 Division 3 - Geometry
* BBO Division 4 - Coordinate Measuring Technology

B89 Division 5 - General Principles and Definitions

B89 Division 6 - Environment

B89 Division 7 - Measurement Uncertainty

L]

BEFTING THE FTANSAND
—
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B89.4.23 - X-ray Computed Tomography (CT)
Performance Evaluation Standard

* This standard specifies the dimensional measurement accuracy of X-ray
computed tomography (CT) systems for point-to-point length
measurements of homogeneous materials.

* The Standardis applicable to dimensional measurements made at the
surface of the workpiece, i.e. at the workpiece material—air interface,
including those of internal cavities. The evaluation of workpieces
composed of multiple materials or of “density gradient” measurements,

e.g., gradual density variations within the material, is outside the scope of
this Standard.

* The document is approximately 85-90% complete and should be balloted

after the next face-to-face meeting in April 2018.
ASME

FFTAING THE RTANSAN

Verification & Validation of Computational Modeling

* Charter: Coordinate, promote, and foster the development of
standards that provide procedures for assessing and dqua ntifying the
accuracy and credibility of computational models and simulations.

* V&V Subcommittees
1. W&\ 10 Verification and Validation in Computational Solid Mechanics

2. Vav %{] Verification and Validation in Computational Fluid Dynamics and Heat
Transfer

3. W&V 30 Verification and Validation in Computational Simulation of Nuclear System
Thermal Fluids Behavior

4, W&V 40 Verification and Validation in Computational Modeling of Medical Devices

5. W&V 50 Verification and Validation of Computational Modeling for Advanced
Manufacturing

6. W&V 60 Verification and Validation of Computational Modeling in Energy Systems

ASME

FTFTAING THE BTAN
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V&YV 50 — Computational Modeling for Advanced
Manufacturing

* Charter: To provide procedures for verification, validation, and uncertainty
guantification in modeling and computational simulation for advanced
manufacturing.

* Subcommittee was formed in March 2016 and currently about 33 members
including members from FDA, FAA, and NASA, as well as major National Labs

* V&V 50 Subgroups - recently formed on:

1. Terminology, Concepts, Relationships and Taxonomy for VVUQ in Additive
Manufacturing

V&V Interactions with the Model Life Cycle
VVUQ Challenges and Methods in Systems of Models
VVUQ, Methods in Data-driven and Hybrid models

VVUQ Applicationsin Process Technologies F {’@I‘E

nvewN

FFTAING THE RTANSAN

Model Based Enterprise (MBE)

* Proposed Charter: Development of standards that provide rules,
guidance, and examples for the creation and use of model-based
digital datasets, data models, and related topics within a Model-
Based Enterprise (MBE).

* Concern use of the model from cradle to grave — from the concept
stage, through design, to manufacturing, inspection, to customer
feedback and retirement

* The MBE effort supports Additive Manufacturing

ASME

FFTAING THE RTANSAN
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Pressure Retaining Equipment — Additive Manufacturing

* The Board on Pressure Technology Codes & Standards (BPTCS) and
the Board on Nuclear Codes and Standards (BNCS) have identified the
potential need/use of Additive Manufacturing (3D Printing) as a
process for the construction of pressure equipment.

* BPTCS/BNCS have formed a Special Committee on Use of Additive
Manufacturing for Pressure Equipment

(fﬁg'-“"

Questions?
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4.30 BPTCS/BNCS Special Committee on use of Additive Manufacturing (Dave
Rudland, NRC)

Frodeciing Fropls sl M Exvdrminent

BPTCS/BNCS Special Committee on Use
of Additive Manufacturing

Remarks by

David L. Rudland
Senior Level Advisor for Materials
Office of Nuclear Reactor Regulation

1.5, Muclear Regulatory Commission

Who and What

* BPTCS— Board on Pressure Technology Codes and
Standards

— Management of all ASME activities related to codes,
standards, guidelines, and accreditation programs
directly applicable to nonnuclear pressure containing
equipment

* BNCS — Board of Nuclear Codes and Standards

= Management of all ASME activities related to codes,
standards and guides directly applicable to nuclear
facilities and technology

2 USNRC

[EPRSEE SRErPAY S——
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Charter

* Special committee appointed June 2017

* Todevelop a technical baseline to support
development of a proposed Boiler and Pressure Vessel
standard or guideline addressing the pressure integrity
governing the construction of pressure retaining
equipment by additive manufacturing processes

— Construction, as used in this Charter, is limited to materials,
design, fabrication, examination, inspection, and testing.

L USNRC

LSS A Y oS —

Scope

» Perform gap analysis, evaluate results, and make
recommendations for potential incorporation of
additive manufacturing (AM) processes in ASME
Codes to construct pressure retaining equipment.

R USNRC

[ A P S—
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Current Activities

« Will recommend a multi-year task plan for developing
baseline to support standards development

* The plan will include

— Development of relevant data and other information required to
camplete the gap analysis, evaluate results, and make
recommendations

— Current, nationally recognized AM standards will be used to
support the deliverable
— Input will be requested from BPY service committees
* MDE (BPVV)
* Welding Brazing and Fusing [BPW 1X)
+ Materials (BPVII)

* USNRC

LS AT oS- N—

Current Activities

* Preparation of future ASME requirements for AM pressure
equipment will consider information or data from the
America Makes* and ANSI standards effort.

+ Committee will be meeting on a regular basis and will be
looking for subject matter experts for the committee—
NRC staff will be represented

* The final approved revisions or additions to the Boiler and
Pressure Vessel Code will be applicable to Nuclear and
non-nuclear pressure vessels and components

*America Makes is the natlon’s leading and collaborative partner in additive
manufacturing (AM) and 3D printing (3DP] te chnology research, discovery,
creation, and innovation.

2 USNRC

[EPRSE AREPY S —
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4.31 The Status of Global Additive Manufacturing Standardization to Support
Q&C (Mohsen Seifi, ASTM)

A5TM INTERMATHIMNAL

The Status of Global Additive
Manufactunng Standardization
to Support Q&C

Diresior, Additive Manulaclunng Programs

Bma
tel: +1.610.832.8511 cell: 1.216.755.4434

Topics (ﬂg[pa
1

% About ASTM

* AM Programs

** AM Center of Excellence

+{* Standardization Activities (ASTM F42/1SO 261)
*$* Proficiency Testing Program (PTP)

** ASTM WK49229/JG61 at F42/TC261- (measurement of

Crientaticn/Location Dependent Mechanical Properties for Metal Ab)
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About ASTM?

A Proven and Practical System
— Established in 1898
- 148 Committees & 12 500+ Standards
‘Newest F48 Exoskeletons and Exosuils
- 33,000 members
— 8.000+ International Members from 135 counfries
- 5,100 ASTM standards used in 75 countries R
_ Accreditation: —
— American National Standards Institute (ANSI)
— Standard Council of Canada (SCC)
— Process complies with WTO principles: Annex 4 of WTOVTET Agreement

+  Development and delivery of inffermation made uncomplicated
+ A common sense approach: industry driven

+  Consansis based approach

+  Market relevant globally

* Mo project costs

RANTY iriprians

Over a Century of Openness (ﬂgly

How We Work

— Provide Infrastructure and Tools

- Templates, Online balloting, Online
collaboration areas, meetings support,
managers, administrative suppor, editors,
promabanal suppson

— Industry comes Together:
- Exchange expartise and knowledge

— Partizipating in & ranspanent process — cpen
to anyone, anywhers

— Development, Delivery, &
Implementation

- Pregrams & Sendsces for Integration,
Imiplementation and Access

— Activities are Industry-driven

— Staff doas nob wiite standards, remain
neutral

BT ryporsl
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ASTM’'s Membership Globally 45[9?

Il Ein ASTM Mambors and MOU Paimness

Tuie
s B =5 o Pariners Oy
AT rh mnesany o . ASTM kamizais Oy
T S W O M
T e B e
BAITY Enpos ]
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ASTM Landscape Analysis on Workforce/Education

Process the Nexight Team followed
when conducting the Landscape
Analysis

1, The focus was mainly on Al workforce
activities from 2016-2017.

2. AM research and development (R&D) activities
were considered out-of-scope for the analysis,

3. Once we had collected AM workforce
education activities using the parameters
previously deseribed, these activities were
reszarchedin detail and organized intothe
“AM Waorkforce Framework for Global 3D
Printing Technologies: AWM Workforce
Development Structure” matrix (=)

4%’:"}1':“““ NEXIGHT GROUP

AM W orkforce Development Activities from (gg}y
ASTM Landscape Analysis (National)

w LIS o

U.5.-based organizationsin e
23 states

key activities or offerings for
AM workforce development

drgantation

12 11111

BAITY Fyreorsl
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AM Workforce Development Activities from ﬂg#f
ASTM Landscape Analysis (International)

e —

57

international organizationsin
16 countries, including the
Eurapean Union (EU) "l’

76

key activities or offerings for
AM workforce development

Internationsl Degeninatiom Induded in Arshnis

= i £ o i
2 § 2 = 3 s - = E B 2 -
Country 3 5 £ E E = ?— E Iz g ¥ E % E 2z
£ 3 H = & P oA i
estry I : B ¢ 16
Gademis ¢ 3 @ i i T ¥ 3§ &
Brali-
Moapeoat 2 1 1 5 : & 15
Govemmen 1 1 3 i ]
‘EE"" 5 4 : oz a3 2 & 1 2 B or 2 5 1 &
BAITY ey ¥

AM Workforce Development Activities:

Top-Level AM Technologies

L5, AM Worktorce Development International AM Waorkforce
Activities: Top-Level AM Development Activities: Top-Level
Technologies AM Technologies

] H] o 1 I 1 2 %l o1 @ o1 ox o= a

Terminglogy w4 Teimiseiogy W 13

B hgciics w19 Banifrarinn  — 1.9

iDEspuscies ® 10 Itepiwion @ LI

it e Propany [P} lass o (13 e acuen ProprpfFliusss O
Suery oo 3.7 suery W L4

Harrd Cormmmrcstion Merderch (W1 LS s Corsarnc o St 5] 08

Softeere —— 10.1 Fafeain —— 17.9
Al o 19 BMACain  om— ]
DwraFeiran — 5 Deafrrruty o %4
Dt (1 e o e il SO 57 et i T Dasnigm o A [ DR, 333
o kg Teghogy or L.

Tasx Fbicructe, Artiacrs, o Pomceck o 5.7 Taax Pbicuncl, Aniacne, o Ponocok e 5

it — T Wt o 5

bl rat iorwl g ickes S— 0.5 Owel #Ficpripe o doror

%:‘mmm” NEXIGHT GROUP
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Education/Training webinar series ﬂﬂp’

Additive Manufacturing (AM) Webinar Series

Includes Six Courses:

Course1: Principles of Additive Manufacturing (David Bourell)

+ Session1: Intro toAM

+  Session 2 AM Process

«  Spssiond Matenals fardhd

Course 2: Designfor AM (David Bosen)

Course 3: Metal AM Processing (Erank Meding)

+ Session1: Powder Bed Fusion

+  Sassion 2 Dwected Energy Depastion

Course 4: Polymer AM Processing(Kaiman Migler)

Course 5: Non-destructive Testing of AM Metal Parts (JessWaller)

+ Sasslen 1 Nen-destructive Tesbng of AM Matal Pans (1)

+ Session 2: Non-destructive Testing of AM Metal Parts(2)

Course 6: Powder Characterization (Justin Whiting, Ed Garbocz)

»  Sesslen: Charactenzation and anslysis of powder far Al

+  Session 2 Size and Shape Charactenzaban of Metallic Powder far
Adative Manufactunng Using Nevel Technlgues

\Wabinar Diabas: Octobar 24, 2017 — Fabruary 27, 2018

ASTM Additive Manufacturing Initiatives gg}y

ADDITIVE MANUFACTURING PROGRAMS

Training/Education
Products/Services
Internaticral Partnerships

Canter of Excellencea
Standard Development

Global A ST Hubfar AM T Coard et Hands-on Prodickncy Program Axin

B (o O ovsum ARNEE Gars [r——— Wi ki

Platform for Limgon hetween AITC S Co-opak niemahps ILSFourd Rabin Europm

other Pillars Eympasia for Sasnianian tyiiabty Seath Amaca
BRITY rwrpory
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ASMC Roadmap Focus Areas ﬂgﬂf

Of that total 829 gaps:

+ 19 gaps/recommendations have been
identified as high priority,

+« 51 as medium priority,

+« 19 as low priority.

« ASTM is already positioned to address
B2 gapsin conjunction with 150,

Akt e Pk g el - el
BAITY ey

AR mericaMokes (ansi

Example Gap Statement- Precursor Materials (ﬂg#f

Gap PM2: Spreadability. There is no known description of spreadability or
standard for how to quantitatively assess powder spreadability.

R&D Needed: Yes. R&D is needed to measure and quantify spreadability, as
well as to correlate powder characteristics with spreadability

Recommendation: A standard should be created that guides the measurement
of a powder's spreadability. This standard may be comprised of a series of tests
that together describe a powder's spreading performance

Priority: Medium

Organization: [SO/ASTM, NIST

M. smerica Makes @_:___

Ao o o by el el
BRITY rwrporp
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Two NIST reports investigated ASTM standards &519,
relevance to AM (ASTM E28, E08, B09, D20, ...) I

NISTTH B85

Applicability of Existing Materials
Testing Standards for Additive
Manufacturing Materials

Pt s
[y
el a8 e

Materials Testing

Standards for Additive
Manuflacturing of Polymer

tam e Materials:

Stair al ibe Art snd Standaeds upplicshilEy
Aaren A1, Farsier

g g RS

. Inaitfuie af and v
BAFTY iriratonsl T bwrchogn Aabrrrigbeztom, LS Depraterd of Comegoe 15

Additive Manufacturing Sector: (QEIP},
[

Technical Committees relevant to AM
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ASTM Additive Manufacturing
Center of Excellence

Novembe
, Director of AM Programs
Christine DeJong, Dir Business Davelopment
Bran Meincke, VP of Business De ant
and Pat Picariello, Director perational Developments

A Hybrid
Imdustry-Liniversity
AM CoE

Aﬂ#} ASTM
INTERMATICMAL
Wl

AM CoE Vision & Mission =

WISHIN

ASTM AM CoE

Wigian & MEsion

The Cal m o

Thee Caf gegprarm Facilibabes
ol abearwtien snd coardinaiss
Esstman poverminenl, Jcacenis
and industny to adsancos: AN
akancdsrdization e espand
BETRA i vsir puatiing’s
capabilities.

o
kattar enable sffickm

Riribend peiyirdms,
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Why does ASTM want to create a CoE? e

. L e L S e ] AT bbb i by
e e e B85 ped el e e e e womebr e e e

Critical need to
develop the globally
accepted standards

Manufacturing

Critical nasd to
educate the next
generation of
manufacturing
professionals

Collaboratian

lamndard

Core/Major Activities of ASTM AM CoE o

Indusiry-University Collaborative Actvibes mnchude

Bussrh-irubng mateed lesting.
BRRGEE Bd TaOhy
o SR deiaDme

e mging) stendenle fo mxsalinass
. rarlrk-me shad prorraT deveicome

Dievplanng ol parresips lo eveop asd G,
ihs] rwnlAny et roos

Syl 48 & Goeeirtun gtk b ol
¥

Aodregsine wrandends and staradaszs e onsd gaoyam _-“f}
o e e e i e R ] 9 :
#
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What makes the ASTM CoE different from

existing AM centers?

Focusing on AM Standard
gaps

Evaluation and Selection Criteria

%
\ AM Sncior. proas
'''''''''''''''''''''''''''''''''''''''''''''''''''''' |
¥ J i
Y

] ‘ o

4-330

Transitioning R&D into
standards development
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AM CoE Review and Selection Processes =

1= ndapanden! reiew

23 papr redew panel masting
...... < Ma
Finsl dacminn
[ December 15, 5017

i S0 pom, ES
Do caimnbe 15, 2007
5l p.imi. EE e o Saap
i Intemst sl wshi nar
{ applicants |that have
wand & Linttar md
Faip. T
- Intanti.
P i Werammbaer 2, 2007
Korsmmber 27, 2007 e Sy, 1440 pm, ES
500 pm. EST \
....... & Snag
i Lettars rf intant
....................................................................................................... e Resnmbar 27, 207
1200 pm EST

«  Qver 80 inguiries

= 40 letter of intents: 23 universities, 17 companies/labs

« B countries: USA, Canada, Germany, UK, Australia, China,
Singapore, Mexico

Award Information =

Anticipated Funding Amount

Up to $250K annually for five years, provided from in-kind contributions
combined with funds, with the possibility of exceeding $250K from
pravided in-kind contributions

Award Period
Annually by calendar year, up to five years with annual reviews,
with a three-year base period and a two-year option period
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Global Representation:
(26 Countries Representedl)

ASTM F42 Fact Sheet 2017

Quick facts
Formed: 2008
Current Membership: 550+ members (Fastest growing TC acrces ASTH)
Sandards: 17 approved, 35 n developmaent
Mast bwlce & yvar, it mesting: JHUAPL, Apal Jo-8n 2048
Subcommitiees and Focus Areas

United St

i PARTMERSHIPS:
* MOU wsh SME
+  Farmier sy in Stondreds Deveigmaes (PEDGY & L TAG: 50 TC 261
+ Awerkea Mk Msubarsigp + MOL - Integraton of E&D 1o staadands
e T e— +  Farmier it IMF - File formar sandardiosnon

F42 Membership: True Exponential Growth! ‘HEIP}J
Similar trend on ISO TC261 |

Total Members

2017 520

2018 413 500

2016 360 400

2014 225 300

2013 162

2012 124 200

2011 112 100

2010 106 0

2009 76 2008 2010 2011 2012 2013 2014 2015 2016 2017
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Standardization Framework:
ASTM /1ISO TC261 Develops AM Standards ﬂg#f

Great collaborative coordination ta
s Rt avoid duplication and contradiction:

ASTM INTERMATICHAL
Helping our world work better

International

ISO Organization for

Standardization

Fardardy Yl——
. mlal by, T, HIN,

BAITY ey

Stakeholder Representation (examples) (ﬂg}p’

Government
Air Forca Research Lab (US), FaA (LS, FBILS), FDAUS), NASA (US), MaVAIR (LS)L NIST (US]

Academia
China .lllan;bmversln' {China), Cornell University (US), Dabontiont University (UK), Gacrgia inshitue of
Techrakomy li 5). Miwaukae School of Engineanng [U5), Marth Cargina Ureversity [US], Norwagan
Univarsity af Soance and Technalogy (Morway), Rochaster Institute. aof Tachnoiogy (US), Taxas Unvarsity al
ElPasa [US), Univarsity af Lousale (U5) Unwml'gufl'lamaru L= mwsla' af Nomingham (LK),
Univarsity af Taxas [US), Univaradad de faragrea (Spain), Umeversity af Ulistar (UK,

Industry
Arcanic [US), Arcam {Sweden), Arkama (Franca), Autodesk (US), BAE Systems (UK), Boeing (US), China
Muclaar Powar Enginaering Company (CHNPEC - China), EOS (Gamary), Evanik Degussa (Germany), GE
{UIS), GKM Aaraspace [US), GuFsream Asrmspaca (LUS). Haneywal (US), Lockhaed [US), Makanabsa
Balgium], Met-L-Fla, Inc. [U5), Nl:ﬂhmg Grumman [US), Objet Geomainas (Israel), Praft & Whitney {LS),
clis Rayca (US), Schiumbarger (US), Siemens (Germany), Stratasys (LIS)

Trade Associations

CECMO (EU), Rational Ceanter for Mamfacturing Eaencﬂl:IUS] Rapid Product Develapment Agsodation of
South Africa <hsm. Sooaty of Marufactunng Enginaers (U5
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Aerospace/Defense Stakeholders at F42 &519;
I

NST AERL, @ @

............ T o R -
L S EEINE _ ﬂ Ralls-Royce
ﬁﬂlﬂﬂﬂ'ﬁ ﬁ GE Awiation e
TINT _— Tchnulngies

[dstl] Honeywel m Gulfstream MITRE
lé}w £y ARCONIC

> (A AEROSPAGE _
L L THI © hens ey
AT P E—
-
wcm:n&?v'au o 1MCDDEHA.3D ‘ Fodne Tovee

fords HioreInes
MMOO b

i LW ‘ = Jre

Additive Manufacturing OEM Stakeholders at F42 QEIP?
|

& 45 40 ArcamEBM

e-Manufacturing Solutions

SLM 5. SoNcePTLAsER

SOLUTIONS

L EIDSsSYSTERMS

RENISHAW ¢ -

apply innovation™

TRUMPEF

Z Fraunhofer

T
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Polymer focused stakeholders at F42 ﬂﬂp’

I:II:EHFEEEII“S: DRUG ler
ARKEMA Svndords and Fehnatesy
| =] T !
R TR A _";nﬂlj'lﬂ HET-g_ il

G PPG Industries

’@-ﬂ@ w & stratasys

@ evonik

=]

CHARGHD DL PLASTHS

Medical focused stakeholders at F42 (ﬂﬁp’

PHILIPS
@

U [,
ZIMMER BIOMET strnykep’

o MicrolPort

Orthopedics

W WRIGHT
CUSED EXCELLENCE ¥  MEDICAL

VARJAN

(‘J_’, madical sysLams
./

FORT WAYHE METALS (‘) DEPuySynthes
| A T4 O7 MedTech e

BRITY rwrpory
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Automotive/machinery/tooling stakeholders at F42 ﬂg#f

‘ZI{EHHMEI'A[

F42.91 Terminology

Approved (1)

LSQUASTR] S2800 General principles -- Terminglogy

= = ]
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F42.01 Test Methods gg}y

Approved (3)
E2971 Practice for Reporting Data for Test Specimens Prepared by AM

F3122 Guide for Evaluating Mechanical Properties of Metal Materials Made via AM
Processes

LSQASTH 52800 Ganeral principles -- Terminclogy
LSOASTI 52821 Terminclogy for AM-Cocrdinate Systems and Test Methodologies

Under Development (4)

WEKESE49 / JG B0 - Practice for Intenticnally Seeding Flaws in (AM) Parts

WEA9220/ JG 61 - Orientaticn and Location Dependence Mechanical Testing for Matal AM
WHESSZST / JG 52 - General Principles — Standard Test Ariefacts for AM

268

WHKESE10 f JG 63 - Characterization of Powder Flow Properties

Joint Groups (7)
JGEG: NDT of additive manufactured producls

JGEE2: Guide for Conducting Round Robin Studies 51'3 keholders
JGEE: Technical specifications on metal powders

RANTY o

F42.04 Design gg}y

Approved(4)

1SCWASTIME2915 Specification for AM File Format (AMF) Version 1.2
ISCWASTM 52810 Guide for Design for Additive Manufacturing
JGET Design Guideline for Laser-based PBF of Polymers

JGST Design Guideline for Laser-based PBF of Metals

Under Development(4)

WK48549 Specification for AMF Support for Solid Modeling
WKE4856 Principles of Design Rules

JointGroups (4)
JG54; Design Rules
JGET: Design of Functionally Graded Materials 1 9 5

Stakeholders

FAITY Fyporsl
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F42.05 Materials and Processes:
Covers Metals and Polymers

Approved (9)
Specs:

FZ434 Spacificaian far A TI-6ALY wPowdar Bed Fusion

F3001 Specilicaion far A Ti-BAk4Y ELLwPowder Bed Fusion

EXB4 Spacificabon for AM 316 Steed Alloy wiPowder Bed Fusian
F3055 Specilicatians far AM INT1B wPowder Bed Fusion

EX)56 Spacificabons for AM INE2E wiPowder Bed Fusian
E2091F 2051 M Specfication for Powdar Bed Fusan of Plastic Materials

Guides.

EX)44 Gurde for Characterizing Propertes of Metal Powders Used for AM Procasses
F31ET Cuide for Directed Energy Deposition of Matak

ISCUASTM 52010 Gaide for AM, Ganeral Principles, Requirements for Purchased AM Parts

Under Development (6)

WHS1320 Cobalt-28 Chromium-6 Malybdenum Aloy with Pawder Bed Fusian

WHKSIETE Material Extrusion BasedAM of Flastic Matenals - Part 1, 2, 3 Feedstock mabanials, Equipment, Firal pans
WHE42 D AISI10Mg with Powder Bad Fusion

WHBISSZ Finished Part Properies . Standard Spedfication for THanhem Alaye Wa PEF

WHESZAE Facility Requirements far Matal Powdar Bed Fusion

WHSS240 Grippears of Control Rod Drive Mechanism (CROM) of Hudear Power Planls

Joint Groups (4)

JG5A; Slandard Practice for Metal PBF Process 1o Meet Critical Applcations

JGEE Qualification, Quality Assurance and Post Processing of PEF Metalkc Parls

JGEE: Tachnical Spacificaion an Metad Powders

JG-2 Pt Proces=ing Mathods- Standand specification for thenmal post-proeessing of metal pars va PBF

314

Stakeholders

RANTY irirsinnsl

ISOVASTM 52901:2016(E)

Standard Guide for

Additive Manufacturing — General Principles — Requirements
for Purchased AM Parts'

This Aancdand i issusd pnder e e desigration ESOVASTS 32901 2 she pemsber immsadincly following e fes pranon isdicaes e
yorr of sngnal sdepien oo in b case of eieon, 6 yoar of kel Renea.

2.3 ISOASTM Siomdard: ™'
ISERASTN 52021 Standand termincdogy Tor atdilive mass-
Iaciuring -~ Coardinsie syslems and iesi methodalogies

2.4 I8¢ Stawdard:"

L. Svaps

1.1 This decwmenl dofings and specilies riquircmdnts for
purchased pans made by addstive manufaciuring.

1.2 It goves guidelines for the clemenis o be excumged — jury 1 7206-3 Additive manuEscivring — General pringiples —
betwren the cusiomer and the pan provider at the tine of th Pant 3; Maan charactenatis wl comsponidig lesl meth-
order. inchuding the customer order informalson, pant definition ods
data, feedsiock requairements, final pan characieristics and
ﬂpﬂﬁ“. inspection requirements. and pan acceptance methe 3 ferms and delinitions

3.0 Iefidons For dhe parposes of this documend, the

1.3 It is applicable for use as o hasis to abinin parts made by
ihlitive manulacturing thal micl ninism acceplancs re-
quircmenis. More siringent pan requirements can be specified
\broangh b aaldition of one or mon: supplemenlary require-
menis ai ihe ime of the ander.

L4 Thiz intermationn stomdand was developed in oocar
e Witk fsleraarianaily recoprized peinciples an sromdarnd-
ization exfablished in the Decision oo Primciples for the
Ehevetoppeni of falermatéonnl Sandoen’s, Daides and Secows-
mendnrions ised by the Wisnkd Trade Crganizatiion Technical
Bieviers i Troe {THT) Copniltee

terms and definisons given in ISOGASTM 520000 and the
Frllorwsing apqly. -4

10 pre-stipement dosgpwection—inspection ceied out by the
pari produscer on the paris io be supplied sccordimg to the pari
delimiion of o Ihe 20 units in erder 1o verily thal tkese pars
are in complisnce with the onder reguinemenis.

312 gualificmiion parf—par fxbricaled prior o commenc-
iz, productsan which: is used o qualify specific sspecis of the
sl turing provess o parl charclonslics in order by use as
n basis 10 initinle produciion.

313 first prodaction porie—pant with the same geomeiny
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ISO/ASTM 52901 Presentation of general principles —
Requirements for purchased parts made by additive manufacturing

Al Typieal contenl of o parchas ordir

Al Part srdering information
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ISOITC 2641/ ASTM F42 /.G 56:
Process Characteristics and Performance: Standard Practice fer Metal PEF Process
to Meeat Critical Applications

Contents

P

i
¥
1 Scope. i
I Normative References 1
i
2

Z.1 ASTM Standard.
L2 150/ ASTM Stand
X3 150 daid:

E I T Tl T ——————
31 R iter Blads
37 Muchins Operater
3 Bmlid Programmer
4+ PEF Material Mentification,
5 Fesdstock and Powder Batches

&

1 Roquir

T (ualification

T-1 Pre-Bulld Chichs
74 Pertodlc Preventive Malntemance [3rd Party Acoreditation)
T3 Machineg, i

fi  Saftware Mackine Gperating Systens Control
9 Amxillary Tools and Contamynation

10 ™ .

Process and Part Qualifi

ing Plan

11 Esxternal Environmsatal Costrols
12 Digital Data Confignration Contral
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ISOITC 261/ ASTM F42 ) JG 56:
Procegs Characteristics and Performance: Standard Practice for Metal PEF
Process o Meet Critical Applications
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F42.05 Materials and Processes Sub-groups:
Approved last week in Stockholm ‘ﬂﬂy

F42.05
Materials and Pro
Chair Person

Secrelary

Chair: Shane Colins, Addibve Industies »  AutomotiveHeavy Machinery
Vice-Chair: Matt Donovan, Derdkon +  MNuclear?
Secretary: Ryan Spotts, Emerson
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ASTM Polymer AM Standards (published, QEIB’
drafts) [

1.

E30091: Standard Specibeabian for Pewder Bed Fusian of Plastic Matenats (Very general)

180/AS T DIS 52903-1; Standard specification for matenal extrusion based additve manufactuning of
plastic materials -- Part 1: Feedstock materials

: Standard specification for material extrusion based additive manufacturing of
plasbc materials -- Pan 2 Precess—Equipment

1SQIASTIMCD $2903-3: Standard SpeciSeatan far Material Extrusian Based Addtive Manufactiuring of
Plastic Materials — Fart 3: Part 3: Final parts

WES8167; Technical Design Guideline for Powder Bed Fusion, Part 2: Laser-based Powder Bad
Fusian of Palymers [Under ballot)

WK: Standard Specification fer Palykeiones Processed (PEEK, PAEK, PEKK)with Powder Bed Fusion
{Unger development)
ﬂﬁllh Dengmeien: S5%% 05N

Irsclisde Bailol Rationals Hare (Required for all Ballobs)

Standard Specification Tor
Palykrsanes Procesed with Pewder Bed Fasioe
i e il ke e el g T XCCYY, e i iy g e e

B T A e, B e, B i B R e
b B e g 4 e S e bl = b g o e ] e
wm——

i B ey PR

T T R

BAITY ey

/

NadCap AM Checklists LOCKHEED MARTIN _{~

Supplier Quality
= Surveyand Capability

AM Metals Powderbed and FDM Processes
Part categoryfocused

Focused on accepting the finished part
= Not Design /Program / Build Qualification
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Supporting NADCAP Accreditation Check list gg#f

F42.05 Material and Processes Mational Aerospace and Defense
L i Contractors Accreditation Program

Specifications and Practices

—WICSE233 Spacification far Pest Tharmal Pracessing of Matal Powder Bed Fusion Pars

—'WHHE2FR Practice for Metal Powder Reuse in the Powder Bad Fusion Frocass

—WICSEZET Practice for Digital Diata WeorkRow Controd far the Matal Powder Bed Fusion Procass

—WHEE2 M Practice | Guida for Storage of Bulld Cycle Tachnical Data

Guides for Metal Powder Bed Fusion

- WHSE9 Creating Faedsinok Spacificabans

- WKSB220 Spacilying Gases and Miltapan Generalons
— WHHEP Recamng and Storing of Metal Powders

- 'WKSE2Z3 Machine Clearing

- WEHER P4 Powdar Disposal

- WKSEIHSI0, (3 and PO

- 'WKSE228 Manufacturing Flan Tor Production Pams

- WHAES X Metalographic Parasity Evaluaban of Tesst Spacimans and Parts Drafts under
- WKSE230 Perscrnel Training Program DEU’EIDPH’IE nt

- WHSEY Mairtananca Schadules and Maintaining Machines
— WKSERID Cabbrating Machings and Subsystams

BAITY ey

F42.06 Environmental, Health and Safety ag}y

Subcommittee Chair: Taylor Valone (GE Additive)
Subcommittee Secretary: Ebrahim Asadi

One Approved Work Item —
Safety Defense

This guide will help users understand the nsks associated with different
types of AM technologies as well as understand the recommended PPE
and safety defenses ufilized to ensure the operations are completedin a
safe manner, Additionally, the guide will also help producers of the
equipment understand industry standards and leverage the hierarchy of
confrols to improve the safety of the machine operation.
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ASTM/ISO,/WD 529:201(E)

Additive manufacturing — Guideline for safety, hygiene and
environment — Requirements for metallic materials

4
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Additive manufacturing — Guideline for safety, hygiene and
environment — Requirements for metallic materials
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ASTM Additive Manufacturing Initiatives ﬂﬁ#f
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~ ADDITIVE MANUFACTURING PROGRAMS
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" Platformfor  LssonbeteendiTCe  coceed bismahes (S (T

What is the ASTM Proficiency Testing 4%:

—A program designed as a statistical gquality control tool - -
enabling participating laboratories to assess their i
performance in conducting ASTM or other commities
approved test methods, such as 150, IREN, UCR
AATCC, ete.

—ASTM provide management and the adminigtrative
support:
= Program registration, confract negotiations for
sample preparation and distribution, data collection
and generation of statistical summary reporis

—Geoordinate the preparation and distribution of test
samples
oTestsamples are prepared by cutside

contraciors
PTP's
— Cur program provides reperting Instructions, lab test exercising proficiency in
worksheets and electronic data report forms for aver 330 different test
submitting lab data, all accessible on the ASTM FTF methods
website portal

[

4-344



ASTM Proficiency Testing Program | %

New Proposed ASTM Proficiency Testing Program for Metal Powders
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Symposium on Fatigue and Fracture of Additively Manufactured Materials
and Components (E08, F42, NIST Sponsored)- Movember 15th - 16th, 2017 |

Topics to be addressed include:

« Applicability of existing fatigue and fracture test methods to AM materials

* Development of new fatigue and fracture test methods tor AM materals

* Fatigue and fracture behavior of components fabricated using AM

* Residual stress effects

« Effects of process and design parameters on fatigue and fracture behavior
* Process optimization to improve fatigue performance of AM materials

* Mondestructive evaluation of components fabricated using AM

* High-speed, low-cost nondestructive avaluation techniguas for AM

Challenging transition from coupon to real companent? (Not exclusive to AM)

=" g
i 2 o 4 :
7 d d = i - ——lpall I- - ;
e (ke ARSI o
I : - i .." I : i Torg view
i Tiap view B -
{“-'i.tn:n coupoan) | mmm .I b '{_'f{nh'mngnl} EL;E:‘T;L‘*I
« XCT results conducted on a witness couponand a Vo o e,
component made at the same time demonstrating T

challenging property/characteristics transfer from
witness coupon to the actual component

Colaborafive joint effart
that inchides confriba
Seifi et. al, JOM 69(3):439-455, March 2017 of coleagues at FAA.
HASA and MIST

Sl g
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and Location Dependence Mechanical Properties

Tests (l'l.l“ ,MFT} for  Matal Additive  Marfacturieg”  ASTM

Inbernaticrel, 2015,

Small samples : Micro-tensilefatigue ASTM WH49239, "cuds for Oreation ﬂslp’
|

Deformation measurements nsing ARAMIS system (Digiial
Inage Correlation) — —

- Tensile diagrams identical with standard tests Salic: aj propoional speciment: b short specimen

S N

Fatigua: a) force conroled, b) sirain controled

L

- Sample dimensions comparable to SPT disc [—' . ,—] I | I]
™ i 2"

~1
] {
-l

H

-

RANTY iriprians

Location-specific properties of welds ‘ﬂg}y

Cocation 0.2 Porcont Yioid (WPa)
Macro 486 + 12.4
23 mam fram cenber 426 + 59
17 mem from cenber 443 4 50
10 mm from center 4566 & GO
4 mm from center 550 & 67
Center 6764 29
Macro 684 4 38
22 mm from cenber 621+ 41
17 mm from cenber 821 £ 47
11 mm from center 60T & 38
& mm from center 690 £ 25
Cantor TS56 £ 29

LaVan and Sharpe, Experimrental Mechanmics, 39 (1999 210-216
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Comparison of standard and miniature specimens for AM-
produced Inconel 718 ﬂg#f

SE
] 17
RO.Z
3 0.5
&
Qrientation and Location Specific
SLMINTIS

SLM -

SOLUTIONS [

;r(- B oA=L '-—-..___if; ot
& o

11L&1 2L
FEL1_2F
TI&Z I —* e

haae BULEET
] 9 u 1k E F3 E ah l
Blrwin awbermster ()
J- Do, L1 ek, and ]. J. Lewsadwaki s AL "l asd @HMTEE FHT .IET.ERI’_{
Machacacel Tesmiog of Coamporsom Pocommed by Ml Additice g e SERVE
M faricag” Fapas Fom Eog Wi Soact, 1o eabaice, 2017 L ATETRATY

4-348



“Gaicka for | st
Local characterization of defects, A5TM WKA9229, "G for arariaticn and 4yl bl
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Thickness Effect on Defect Population
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4.32 Topics of Interest for AM of Reactor Materials and Components (Allen

Hiser, NRC)
N

Topics of Interest for
Additive Manufacturing of
Reactor Materials and Components

Allen Hiser

Division of Materials and License Renewal
Office of Nuclear Reactor Regulation

Movember 29, 2017

Topic Areas

+ Quality of AM materials and components for NPPs
+ Codes and standards aspects of AM

* Properties and structural performance

= Service performance [ aging degradation

+ Cyber security
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But First — For NRC Planning Purposes

Schedule for industry implementation of AM
— Topical report process
— License amendment process
- 10 CFR 5059 process

- Timing of plant-specific implementation vis-a-vis codes/standards action
and/or topical report approval will significantly affect review complexity

Volume of licensing actions
— Could lead to prioritization of reviews

Scope of actions that are of interest to NRC — similar to License
Renewal

= safety-related systems, structures, and components (S5Cs)

— all nonsafety-related S3Cs whose failure could adversely impact functionality
of safety-related S5Cs

— S3Cs relied on in certain safety analyses or plant evaluations for specific
NRC regulations

* SNRC

Quality of AM Parts for NPPs

e AM Build Process
- Critical parameters
— Directionality
- Uniformity
- Residual stresses
- Surface roughness
— Density
- Powder reuse

» Post-Build Processing

- Densification (e.g., Hot Isostatic Pressing)
- Annealing

- Surface processing

L USNRC
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Codes and Standards Aspects of AM

+ American Society of Mechanical Engineers
(ASME)

« ASTM International
» formerly American Society for Testing and Materials

« American National Standards Institute (ANSI)

« American Society for Nondestructive Testing
(ASNT)

« NACE International
+ formerly National Association of Corrosion Engineers

- * SNRC

Properties and Structural Performance

» Properties
— As-built
— After post-build processing
— Coupons vs. component
— Fatigue performance

— Comparison to conventional manufacturing
methods

« Defect Characteristics/Populations
= Type
— Size
— Density
— Impact on structural integrity

& L USNRC
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Properties and Structural Performance

» Inspectability
— In-process examinations

— Methods capable of finding structurally
relevant defects

— Pre-service inspections
— Inservice inspections

- * SNRC

Service Performance / Aging Degradation

* [n various service environments
- Aqueous
o Corrosion
o Stress corrosion cracking (SCC)
o Environmental fatigue life
o Environmental fatigue crack growth

- Neutron effects
o Loss of fracture toughness

o Swelling
o lASCC

- Thermal effects
o Loss of fracture toughness
o Thermal expansion

g L USNRC
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Summary

Additive Manufacturing has been identified as an area of
potential future utilization by the nuclear industry —
“when" and “how many” are the guestions

NRC interest areas

- The quality of AM parts

— The properties of AM parts

— The structural performance of AM parts, including their
inspectability

— The service performance and aging degradation of AM parts

Codes and standards aspects of AM is a key to
successful implementation

Comparison of performance of parts from AM and
conventional manufacturing process

* SNRC
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5 SUMMARY

This conference was a large success due to the participation of those members of the
industry and NRC that presented. Valuable information was gathered and many important
questions were raised, answered, and collected. Section 4 of this document provided the
presentations given during the conference. Once again, the views, opinions, and
recommendations presented in this document do not constitute any NRC approval or agreement
and do not provide regulatory guidance for Additive Manufacturing. Thank you to those that
participated in this conference and provided the valuable data necessary for the NRC to
understand Additive Manufacturing and its role in nuclear power plants.

NRC staff are in the early stages of developing an agency action plan. This action plan will (1)
address preparation of NRC readiness for review of AM parts; (2) provide for interoffice
coordination; and (3) guide agency involvement in codes and standards organizations.

Next steps include further engagement with industry to understand potential implementation and
with other organizations to understand expertise and resources. Discussions are underway about
possibly conducting a modified PIRT-type process of the vast amount of information captured
from this meetings and others similar to it. Tables would be constructed similar to that shown

below.

Example of Significant Knowledge Gaps concerning Advanced Methods of
Manufacturing (modified from NUREG/CR-6944, Next Generation Nuclear Plant Phenomena
Identification and Ranking Tables (PIRTS), Vol 4: High-Temperature Materials PIRTS, 40 pp.,

November 2007)
ID Phenomena Phenome | Rationale for Knowledge | Rationale for Suggested Reference
No. na Rankings of Level (H, Rankings of Additional (paper)
Importan Phenomenon M, L or Knowledge Research
ce (H, M, Importance NR=Not
L or Ranked)
NR=Not
Ranked)
1 Radiation H Use of L Insufficient Perform radiation 4,2,418
Degradation components in data exists to degradation testing
pressure support the use | in a qualified
boundaries and of AM laboratory to
ASME Class 1 components in | determine the
systems makes pressure effect of radiation
radiation boundary and over time on AM
degradation ASME Class 1 components.
testing a systems.
requirement
2 Crack H Change in L Hard to Further testing. 4.3
Initiation & porosity can appraise
subcritical increase SCC incomplete
crack growth and CGR. recrystallization
affects SCC.
3 Welding H Transition joint L AM data has Further testing. 4.24
produced by non- much
equilibrium weld, commonality
solid-state phase with weld data.
transformations
occeur.
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6 WORKSHOP ATTENDEES

First Name Last Name Organization
Magnus Ahlfors Quintus Technologies LLC
Robert Akans CTC

Brian Allik NRC

Nate Ames Ohio State University
Clint Armstrong Westinghouse
S. Suresh Babu UTK/ORNL
Stewart Bailey NRC

Mekonen Bayssie NRC

Brian Bishop QOerlikon AM
Steven Bloom NRC

Lauren Boldon ANL

Fran Bolger GEH

John Burke NRC

Charles Carpenter Nuclear AMRC
Wei-Ying Chen ANL

Yiren Chen ANL

William Cleary Westinghouse
Myles Connor GE Hitachi
Giovanni Facco NRC

Shannon Farrell DRDC

Kevin Field ORNL

Istvan Frankl NRC

Pauia Freyer Westinghouse
Dave Gandy EPRI

Donna Gilmore public

Michael Gorelik FAA

Craig Gramlich NovaTech
James Grudzinski ANL

Harvey Hack Northrup Grumman Corp
Alison Hahn DOE-NE




First Name Last Name Organization
Evan Handler NSWC Carderock
Nick Hansing NRC

Thomas Hare Rolls Royce
Brian Harris NRC

Jim Hartnett Moog

Allen Hiser NRC

Matthew Hiser NRC

John Honcharik NRC

Christopher Hovanec NRC

Susan Hovanec NSWC Carderock
Cameron Howard Colorado School of Mines
Richard Howard ORNL

Jason Huang NRC

Amy Hull NRC

Katherine Hyam ASME

Raj lyengar NRC

Terry Jackson NRC

Theron James NRC

Chris Jastrzembski moog

Joel Jenkins NRC

Jon Johnson Lightbridge
Kevin Jurrens NIST

Zeses Karoutas Westinghouse
Jeff King Colorado School of Mines
Bruce Landrey DOE/NE AMM
Graeme Leitch AREVA

M. Li ANL

Jim Luehman Public

William Lum Army Research Lab
Tim Lupold NRC

Shah Malik NRC

Brian Matthews AddiTec

Jim McCabe ANSI




First Name Last Name Organization
Richard Mclintyre NRC
Michael McMurtrey INL
Francisco Medina EWI

Tom Miller DOE-NE
Tom Miller DOE

Matt Mitchell NRC

Kun Mo ANL
William Mohr EWI

Carol Moyer NRC

Ken Natesan ANL

Mark Nichol NEI

Russell Nietert ANL

Carol Nove NRC

Greg Oberson NRC

Todd Oswald BWXT
George Pabis NovaTech
Candido Pereira ANL
Christian Petrie ORNL
David Poole Rolls Royce
Sam Pratt NSWC Carderock
louri Prokofiev NRC
James Reck NAVSEA 08
Claude Reed ANL

Justin Rettaliata NAVSEA
Mark Richter NEI

Dave Rudland NRC
Mohsen Seifi astm

David Senor PNNL
Scott Shargots BWXT

Roy Sheppard ATC

Craig Stover EPRI
Temitope Taiwo ANL

Kurt Terrani ORNL
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Leslie Terry NRC

Brian Thomas NRC

Stacy Torrey AREVA

Rob Tregoning NRC
Isabella van Rooyen INL

Jay Wallace NRC

Jess Waller NASA
Michael Weber NRC
Douglas Wells NASA

Dan Widrevitz NRC

Paul Witherell NIST

Steve Wolbert NuScale Power
Andy Worrall ORNL/GAIN
Abdellatif Yacout ANL

On Yee NRC
Andrew Yeshnik NRC

Mark Yoo NRC

Austin Young NRC

Ryan Ziegler BWXT
Scott Zimmerman CTC
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