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Summary

The Pacific Northwest National Laboratory (PNNL) was contracted by the U.S. Nuclear
Regulatory Commission (NRC) to perform a literature survey of the current state of the art of
non-destructive examination (NDE) of components made using advanced manufactured
technologies (AMTs). The main objective of this report is to provide NRC staff with an analysis
of knowledge gaps and recommendations focused on current inspection and NDE methods that
may be applied to AMT-fabricated components. In particular, this report focuses on NDE
methods that can be used for pre-service inspection (i.e., as fabricated) and in-service
inspection of AMT components.

AMTs are being used globally in many industries, including aerospace, automotive, medical,
consumer products, and energy, to quickly and accurately manufacture components. There has
been increasing interest in the use of AMTs in the nuclear power industry driven primarily by
both the cost and convenience of components fabricated from AMTs. A key step in using AMT-
fabricated components in nuclear plants will be the assurance that these components meet the
quality and performance requirements of the industry and the regulatory authorities. AMT
materials provide unique inspection challenges. For example, porosity and surface roughness
are common issues with AMT components. Grain structures in AMT components have been
well-studied and are typically larger than grains in wrought stainless steel and approximately the
same size as grains typically observed in austenitic welds. Grain structures can be changed to
more equiaxed by heat treatment, but there is a lack of data on the effects of AMT grain
structures on ultrasonic testing signal-to-noise, scattering, and attenuation. As the nuclear
industry progresses toward the use of AMT-built reactor components, it is critical that the
inspection capabilities needed to qualify and monitor the integrity of these components are
effective and reliable.

This report summarizes common AMT defect types, as well as the potential NDE techniques to
detect such defects. The advantages, disadvantages, and limitations of the various NDE
methods are also discussed. This report identifies the anticipated key challenges and
knowledge gaps for pre-service and in-service NDE of components fabricated with AMTs,
including gaps in the applicable codes and standards. From reviewing the literature in
preparation of this report, 21 significant knowledge gaps that are relevant to NDE of AMT
components and the related ASME inspection code are identified and ranked. These challenges
and gaps are ranked from high to low priority from an NDE perspective based on the anticipated
ASME Code requirements for applying pre-service and in-service NDE to AMT materials in
nuclear power plants. PNNL subject matter experts relied on their combined experience in NDE
research, in-service inspection, and ASME Boiler and Pressure Vessel Code to formulate the
rankings.
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Acronyms and Abbreviations

AE acoustic emission

Al artificial intelligence

AM additive manufacturing

AMT advanced manufacturing technologies

ASME American Society of Mechanical Engineers
ASNT American Society for Nondestructive Testing
ASTM ASTM International (formerly American Society for Testing and Materials)
BNCS Board on Nuclear Codes and Standards
BPTCS Board on Pressure Technology Codes and Standards
BPVC Boiler and Pressure Vessel Code

BWR boiling water reactor

CASS cast austenitic stainless steel

COD crack opening displacement

CS cold spray

CT computed tomography

DED directed energy deposition

DOE Department of Energy

EB-PBF electron beam powder bed fusion

EBAM electron beam additive manufacturing

EBM electron beam melting

EBW electron beam welding

EBF3 electron beam freeform fabrication

EPRI Electric Power Research Institute

ET eddy current testing

FMC full matrix capture

HIP hot isostatic pressing

HPCS high pressure cold spray

IR infrared

ISI in-service inspection

ISO International Organization for Standardization
ITER International Thermonuclear Experimental Reactor
LOF lack of fusion

L-PBF laser powder bed fusion

LPB-AM laser powder bed additive manufacturing
LPCS low pressure cold spray

MT magnetic particle testing
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NASA
NDE
NEET
NPP
NRC
PBF
PM-HIP
PNNL
POD
PSI
PT
QA
RT
SHM
SLM/S
SME
SMR
SNR
TFM
TG
uT
VT
WAAM

Acronyms and Abbreviations

National Aeronautics and Space Administration
non-destructive examination

Nuclear Energy Enabling Technologies
nuclear power plant

Nuclear Regulatory Commission
powder bed fusion

powder metallurgy-hot isostatic pressing
Pacific Northwest National Laboratory
probability of detection

pre-service inspections

penetrant testing

quality assurance

radiographic testing

structural health monitoring

selective laser melting/sintering
subject matter experts

small modular reactor

signal-to-noise ratio

total focusing method

Task Group

ultrasonic testing

visual testing

wire arc additive manufacturing
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1.0 Introduction

1.1 Purpose

The purpose of this report is to provide the U.S. Nuclear Regulatory Commission (NRC) staff
with information to assess the capabilities of the currently available inspection and non-
destructive examination (NDE) methods to evaluate components fabricated using advanced
manufactured technologies (AMTs). The AMTs of interest for this report are powder bed fusion
(PBF), directed energy deposition (DED), electron beam welding (EBW), and powder
metallurgy-hot isostatic pressing (PM-HIP). A discussion of cold spray (CS), an additive
manufacturing method primarily used for overlays and repairs, is also included. This report
evaluates knowledge gaps focused on the issue of whether NDE methods are capable of
detecting the types of manufacturing defects anticipated in AMTs that may compromise the safe
performance of the component. In particular, this report focuses on NDE methods that can be
used for pre-service inspection (PSlI, i.e., as-fabricated) and in-service inspection (ISI) of AMT
components. It is feasible that components manufactured with AMT will need different levels of
inspection compared to those manufactured with conventional methods. However, it is not the
purpose of this report to discuss or differentiate which AMT components will require inspection
or what that inspection should entail. Common AMT defect types are identified, as well as the
potential NDE techniques to detect such defects. The advantages, disadvantages, and
limitations associated with the various NDE methods are also discussed, in addition to whether
differences in examination techniques are warranted based on the type of AMT. This report also
explores gaps in the qualification and acceptance standards for the various techniques and
identifies needed developments in codes and standards for examination of AMT parts.

1.2 Background

AMTs are being used globally in many industries such as aerospace, automotive, medical,
consumer products, and energy to quickly and efficiently manufacture components. There has
been increasing interest in the use of AMTs in the nuclear power industry as an alternative to
conventional manufacturing processes. This interest is driven primarily by the cost and
convenience of components fabricated from AMTs. The average age of nuclear power plants
(NPP) in the United States is about 40 years. As NPPs continue to age, it is anticipated that
there will be difficulty in obtaining replacements for some components, including some safety-
critical components, due to loss of original equipment manufacturers over the years or to
timeliness and cost considerations for developing certain components.

AMTs have the potential to benefit the nuclear industry by producing high-quality components
more rapidly and less expensively than conventional fabrication methods. Certain AMTs, such
as cold spray, may also be used for repairs. These benefits can be realized in at least two
scenarios. First, AMTs may be used to provide precision replacements for components that are
difficult to obtain due to reduction or loss of supply chain capabilities. The ability of some AMTs
to fabricate a wide range of component types and sizes relatively quickly can support the need
for suppliers to adapt to the unique challenges of fabricating components for the existing NPP
fleet with cost effective approaches. These challenges include adopting high-quality standards
while producing a low volume of unique components. Second, AMTs allow for fabrication of
components in support of advanced reactor designs that might not otherwise be feasible. The
design of advanced reactors can include components with complex geometries that may be
costly or impossible to produce using traditional fabrication methods. Furthermore, the option to
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produce components with specialized characteristics, like microstructural features or imbedded
inspection or sensor devices, can become possible with the use of AMTs.

A key step in the application of AMTs to the fabrication of NPP components will be the
assurance that these components meet the quality and performance requirements of the
industry and the regulatory authorities. Industries such as aerospace and defense are already
qualifying and allowing the use of components manufactured by AMTs. Although the nuclear
industry lags other industries in adopting AMTs, many companies are pursuing AMT-fabricated
components for use in NPPs, particularly in advanced future plants. These companies include
Westinghouse, Rolls-Royce, GE-Hitachi Nuclear Energy, Framatome, BWX Technologies,
NovaTech, Mainstream Engineering, and NuScale (Gandy 2018; Hull et al. 2019; Mayfield and
Nichol 2019; Selekler and Landrey 2019). Several universities and national laboratories are also
involved in AMT research for nuclear applications. Much of the funding for this research comes
from the U.S. Department of Energy (DOE) Nuclear Energy Enabling Technologies (NEET)
Advanced Methods for Manufacturing program and the nuclear industry.

ISI activities are essential for certain components to the safe operation of NPP systems and are
conducted routinely on safety-critical components. These activities ensure that a plant is
operated in accordance with the applicable design assumptions and intended functional
requirements. The objectives of ISls are to reveal any flawed conditions of pressure boundary
components and their supports that might lead to failures. In particular, early-stage detection of
service-induced degradation of the pressure boundary is targeted in order to prevent leakage or
rupture. I1Sls with respect to the current operating fleet mostly comprise NDE performed on
components of the primary pressure boundary of the reactor coolant system.

The NDE methods employed during ISIs of the existing nuclear fleet have evolved over more
than 40 years into an established practice with strong technical and regulatory backing. The
maturity of the technology is reflected in Section XI of the American Society of Mechanical
Engineers (ASME) Boiler and Pressure Vessel Code (BPVC, referred to herein as “ASME
Code”). Section Xl, Division 1, entitled “Rules for Inspection and Testing of Components of
Light-Water-Cooled Plants” provides the requirements for inspecting components using a
variety of visual, surface, and volumetric NDE methods. The primary objective of these
inspections is to use NDE to identify surface and volumetric defects and imperfections such as
cracks, wear, corrosion, or erosion. Section Xl describes the requirements for applying these
technologies, the approaches to be used in planning and conducting inspections, and the
training for the examination equipment and inspector. The requirements and processes used in
the nuclear industry and embodied in the ASME Code are derived from the extensive
experience with the materials, the environmental conditions, and the component performance
data available from over half a century of NPP operations.

With the introduction of components fabricated using AMTs, the intent and aim of ISIs and the
application of NDE methods must be assessed in light of the unique characteristics of AMT
materials. The goal of safe, reliable, and economic plant operation should continue to be
achieved with the use of AMT components and, therefore, the integrity and reliability of safety-
significant AMT components will require demonstration through inspections. Critical to this
demonstration will be establishing the pre-service component condition and assessing the
evolution of the component condition during in-service lifetime. The application of NDE methods
and techniques to components produced with AMTs will require establishing the requirements
and processes to ensure confidence that these examinations will be able to properly
characterize the state of the component.
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The National Aeronautics and Space Administration (NASA) recently evaluated the challenges
of using NDE methods to qualify and assess the integrity of additive manufacturing (AM)-
fabricated components (Waller et al. 2014). These challenges include such areas as complexity
of part geometry, lack of defined critical defect types and sizes, lack of physical NDE reference
standards, lack of established inspection procedures or processes, and lack of probability of
detection data. NASA concluded that NDE will play a vital role in supporting the advancement of
AM. Closing the NDE technology and information gaps will require efforts in both the
progression of NDE technologies themselves as well as building experience databases with
component characteristics coming from AM.

The challenges identified by NASA are not unique to the aerospace industry. As AMTs are
adopted by the NPP industry, the component manufacturers, the plant operators/licensees, and
the NRC will need to appreciate the inspection challenges in order to monitor plant safety. The
strategy to perform the research, development, and deployment to identify and overcome
challenges and close gaps is not well defined because the industry is currently in the early
stages of assessing the benefits and costs of moving to AMTs. Indeed, the first AMT component
used in an NPP (in Slovenia)—an impeller for a fire protection pump—was manufactured by
Siemens and installed in 2017." The first AMT part used in an NPP in the U.S.—a thimble
plugging device—was manufactured by Westinghouse and installed in 2020.2 Much of the focus
has been on the identification and evaluation of the technologies, such as PBF, DED, PM-HIP,
and EBW to manufacture components that meet design requirements.

This report summarizes the efforts to identify the key challenges and knowledge gaps for pre-
service and in-service NDE of components fabricated with AMTs. Also, a review of the
applicable codes and standards is provided to evaluate the needs for updating or modifying
existing codes and standards or establishing new codes and standards. These challenges and
gaps are assessed and ranked from high to low priority from an NDE perspective based on
importance for being able to apply pre-service and in-service NDE to AMT materials in nuclear
power plants. Safety significance or regulatory aspects for plant operations were not
considered.

1.3 Assessment approach

The preparation of this report included two major activities. First, a wide-ranging literature
review was performed to establish the available information on AMTSs, characterization of typical
material or component defects, and the use of NDE technologies on AMT-fabricated
components. Second, subject matter experts (SMEs) were engaged and results of the literature
review were presented to them. These SMEs were tasked with performing an assessment of the
challenges and technology gaps for PSI and ISI of AMT components using the existing NDE
capabilities and the established codes and standards.

The literature search was conducted using common literature and report databases. These
databases primarily included Scopus® and Google Scholar. Scopus (www.scopus.com) is a
subscription-based abstract and citation database curated by Elsevier, and Google Scholar
(scholar.google.com) is a freely-available database powered by Google. Some publicly available
government and private-industry reports are not indexed on these databases but may be found
through regular internet searches using keywords, the article title, authors’ names, or a

1 https://www.3dprintingmedia.network/siemens-sets-another-milestone-first-3d-printed-part-operating-
nuclear-power-plant/
2 https://www.3dprintingmedia.network/westinghouse-electric-company-3d-printed-part-nuclear/
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combination thereof. Most of the articles, abstracts, and reports found were available either
through PNNL library subscriptions, through interlibrary loan, or were free and publicly available.
References to many American Society for Nondestructive Testing (ASNT) and International
Organization for Standardization (ISO) standards were found, but because the field of AMT is
emerging, many such documents were still being developed at the time of this report and not
publicly available. Well over 300 articles, reports, abstracts, and presentations were retrieved;
these were briefly reviewed to determine relevance to the project. Nonrelevant articles were
removed from the database, and relevant articles were reviewed and used to find additional
material. Of the remaining items retrieved for this report, fewer than 10% were specifically
targeted to the nuclear industry.

Following the collection of articles and documents from the literature review, this information
was disseminated to PNNL SMEs in AMTs, in nuclear NDE, and in the application of relevant
codes and standards. These SMEs were asked to identify typical defects of AMT materials and
evaluate the application of NDE technologies used in the nuclear industry to such materials.
They were also asked to evaluate the status of AMT-relevant NDE codes and standards. The
review efforts were limited to the primary technologies that the NRC views as most relevant to
NPP applications, namely PBF, DED, EBW, and PM-HIP. Due to a high level of interest in the
nuclear industry, a discussion of cold spray, an additive manufacturing method primarily used
for overlays and repairs, was also included. The strengths and weaknesses of NDE methods
were cataloged, along with considerations associated with in-process, pre-service, and in-
service NDE inspection of components from AMTs. Note a complete assessment of in-process
monitoring is outside the scope of the report, but a brief overview is provided for completeness
by identifying relevant NDE methods associated with AMTs.

The results of the SME review were used to develop a list of knowledge gaps in applying NDE
to AMT components for NPP usage. The knowledge gaps were identified in areas related to the
technologies and practices of applying NDE to components from AMTs and the applicable
codes and standards. Once the knowledge gaps were identified, a priority ranking was assigned
of high, medium, and low. The priority rankings reflect the importance of resolving the
knowledge gap so that NDE inspections of AMT materials can be carried out with confidence
that critical flaws can be identified.
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2.0 Selected advanced manufacturing technologies

AMTs have revolutionized the way complex components are designed and manufactured, and
they have several advantages over conventional “subtractive” manufacturing, ' including the
ability to: 1) produce near-net-shape? components with complex geometries, 2) create limited
quantity parts efficiently and with design flexibility, 3) fabricate replacement parts with no
existing supply chain, 4) manufacture products with novel designs that are simply not possible
with conventional casting and subtractive methods (Gaynor et al. 2014; Gaytan et al. 2009), and
5) join thick sections in a shorter time than conventional welding with a single pass.
Furthermore, various AMTs can be used to repair worn-out or damaged components in existing
nuclear plants. Areas of AMTs pertinent to the manufacture of NPP components are additive
manufacturing, near-net-shape manufacturing, joining/cladding, and surface
modification/coating (Horn et al. 2019; Nichol 2019). Despite the advantages of AMT over
conventional manufacturing, there are significant issues that should be better understood and
addressed before widespread use of AMTs in NPPs is adopted. Foremost among these issues
is understanding the manufacturing defects unique to the AMT processes. Understanding these
defects is critical to defect detection, monitoring, and mitigation.

This section provides an overview of the AMTs of interest to the nuclear industry that fall within
the scope of this report: PBF (an AM technique), DED (an AM technique), PM-HIP (a near-net-
shape manufacturing technique), and EBW (a near-net-shape technique as well as a joining
technique). A discussion of CS is also included. In addition, pertinent defects of each technique
are discussed, laying the foundation for a discussion of NDE methods and knowledge gaps in
Sections 3.0 and 4.0, respectively. Because the focus of this report is NDE of AMT components,
the AMTs are described briefly herein; more details are available in the following review articles
and reports: (Babu et al. 2018; Bourell 2016; Collins et al. 2016; Dass and Moridi 2019; DebRoy
et al. 2018; Gandy et al. 2012; Grasso and Colosimo 2017; Hitzler et al. 2018; King et al. 2015;
Koérner 2016; Sames et al. 2016; Sharratt 2015).

2.1 Additive manufacturing

Metal additive manufacturing is broadly classified as powder bed fusion and directed energy
deposition processes (Stavropoulos and Foteinopoulos 2018). Both the AM methods are briefly
discussed.

211 Powder bed fusion

PBF processes use a thermal energy source, typically a laser (L-PBF) or an electron beam (EB-
PBF), to selectively melt and fuse powders in a layer-by-layer pattern to build a three-
dimensional part. The corresponding technologies are broadly known as selective laser
melting/sintering (SLM/S). The PBF process enables manufacturing of a wide array of
geometrically complex parts of near-net shape that contain features not possible with
conventional subtractive manufacturing processes. Currently, PBF is commonly used to
manufacture small-to-medium sized parts in aerospace, automotive, medical, and machinery

" The process of removing material from a block to achieve the final 3D object.

2 Net-shape refers to the shape or condition of the final AMT product. Near-net shape means that some
additional machining or processing is necessary to achieve the final product. The blog at
https://www.digitalalloys.com/blog/near-net-shape-manufacturing/ contains a discussion of near-net
shape in additive manufacturing.
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applications (DebRoy et al. 2018). For instance, in aerospace, a fuel nozzle of a jet engine was
manufactured via L-PBF by GE aviation (Colosimo et al. 2018) and a combustion chamber for
the Dragon 2 spacecraft was fabricated via L-PBF by SpaceX (Waller et al. 2014).

A schematic of the process is shown in Figure 2.1. The process is contained in an inert-gas
environment for L-PBF or in a vacuum environment for the EB-PBF. The PBF process starts
with spreading a thin layer of metal powder on a substrate plate using a roller or a blade. Then,
the energy source scans over the deposited powder according to a pre-selected pathway,
consecutively melting and fusing the metal powder to the substrate, leading to the formation of
the first solid layer. After the completion of this step, the building platform is lowered by an
amount equal to the layer’s thickness, the roller deposits the second layer of metal powder on
the top, then the energy source melts and fuses the newly deposited layer onto the previous
layer. The process is repeated until the component is completed. Many variables, including
powder characteristics, energy deposition rates, scanning rates, and processing parameters,
control the quality of build (Carter et al. 2016; Gu and Shen 2009; Hanzl et al. 2015; Jinoop et
al. 2019; Qi et al. 2009; Thijs et al. 2010; Van Elsen 2007). For instance, powder feedstock with
a large fraction of pores will result in a build with higher porosities as compared to the powder
feedstock with a small fraction of pores (Qi et al. 2009).

Inert/vacuum environment

Heat source: laser, electron beam

Powder roller

Powder bed
Built part

Build platform

New powder stock

Powder platform

Figure 2.1 A schematic of PBF process
2.1.2 Directed energy deposition

Directed energy deposition (DED) employs a coaxial feed of powder or wire through a nozzle
into an energy source (laser, electron beam, and plasma arc) to form a melted layer on a
substrate (Figure 2.2). After the first layer, the nozzle head and the energy source are moved
upwards to deposit the second layer. The process repeats until the 3D component is
manufactured. DED is faster than PBF; however, it exhibits increased surface roughness and
reduced feature resolution (measured by the width of deposition). The DED process is typically
used for prototyping, low volume production of large, simple parts, and feature addition and
repair. Wire arc AM (WAAM) employs an electric arc to melt a feedstock wire, and the melted
bead is deposited on the substrate, creating a solid layer. The major benefit of WAAM is that
larger parts can easily be manufactured as compared to the PBF process.
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Figure 2.2. A schematic of DED

General microstructural characteristics of an AM (PBF or DED) component are elongated grains
(also known as columnar grain structure) along the build direction, crystallographic texture, fine
structure due to fast solidification, and segregation of certain alloying elements (Antonysamy et
al. 2013; Babu et al. 2018; Collins et al. 2016). The presence of columnar grains typically results
in anisotropy in mechanical properties along various directions. The formation of columnar
grains can be avoided via process modification and the addition of inoculants such as carbides
and oxides (Yan et al. 2017). Segregation is present due to the rejection of alloying elements at
the solidifying interfaces. Various defects such as porosity, lack of fusion (LOF), surface
roughness, cracking, and delamination were noted in PBF components. Furthermore, residual
stresses and component distortion are commonly observed (DebRoy et al. 2018; Grasso and
Colosimo 2017). Detailed information on common defects are presented in Section 2.6. Post-
processing treatments are often performed to turn the as-built component into a usable end
product, to modify the microstructure, and to improve the mechanical properties. Post-
processing treatments such as stress relief, solution treatment and aging, hot isostatic pressing
(HIP), and surface finish are done on a case by case basis (Sames et al. 2016). Thermal
treatments are generally performed to relieve internal stresses and to promote the formation of
equiaxed grain structure, thereby leading to reduced anisotropy in mechanical properties
(Komarasamy et al. 2019a; Rebak and Lou 2018; Sames et al. 2016; Sharratt 2015). In the
case of a precipitation-strengthened alloy system, aging heat treatments are typically carried out
to increase the strength of the component (Komarasamy et al. 2019b; Sames et al. 2016). HIP
is generally done to close any internal pores and cracks. As noted, surface roughness is a
common occurrence; hence, surface machining may be done to obtain a smooth surface finish.
HIP and surface finish treatments are known to improve stress corrosion cracking resistance
and fatigue resistance (Fatemi et al. 2019; Masuo et al. 2018; Rebak and Lou 2018).

A process related to PBF is binder jetting, which lays a powder layer followed by a binder that is
selectively deposited on to the powder, causing it to bond together to form the solid layer. After
the completion of printing, the binder is either sintered or infiltrated with low-melting-temperature
metal to reduce porosity and improve mechanical properties.
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2.2 Electron beam welding

EBW is a welding process that uses an electron beam to directly melt and join the materials
(Kim et al. 2016). EBW was developed in the 1950s, so it is a relatively mature AMT process.
Filler materials, such as brazing rods or wire electrodes, are not used. The impingement of high
energy electrons on the substrate results in a molten weld metal formation along the joint line,
and subsequent cooling forms the joint (as illustrated in Figure 2.3) (Weglowski et al. 2016). The
weld can be made in varying vacuum conditions such as high vacuum (1073 to 107® mbar) to no
vacuum (i.e., atmospheric pressure). EBW can weld thicknesses of 0.01 mm up to 250 mm
(0.0004 in. to 10 in.) in the case of steel, and up to 500 mm (20 in.) for aluminum (Weglowski et
al. 2016). EBW is a single pass, fast welding process; hence, there is a significant time and cost
(>90%) savings as compared to other fusion welding processes. For instance, reactor pressure
vessel girth welding of 110 mm (4.3 in.) thickness was completed in less than 60 minutes
(Gandy and Stover 2018). The thermal efficiency of EBW is high, and a narrow weld with lower
heat input leads to a low level of weldment distortion. The weld thermal effect on the base
material is minimal; therefore, the heat-affected zone is narrow. Close tolerance between the
abutting faces is essential because no filler material is added during welding. Post-weld heat
treatment results in similar microstructure to the base material, which improves mechanical
properties. Due to this, weld solidification microstructure related issues are avoided, thereby
potentially reducing the weld inspection requirements (Gandy and Stover 2018). Major defects
that may result from EBW are lack of penetration, weld metal cracking, gas porosity, residual
stress, and voids or cavities caused by “spiking” (a sudden increase in penetration beyond what
might be called the average penetration line) (Cottrell 1985). EBW is used in the following
industries: automotive, aviation, medical, and railways (Weglowski et al. 2016).

_—High voltage cable
Cathode

Anode
Primary anode
Electron beam

Focusing coils
Defiecting coils

Workpiece
9 /Vacuum chamber

EH\

Figure 2.3 A schematic of the EBW process (Weglowski et al. 2016) Reprinted from Vacuum,
130, M. St. Weglowski, S. Btacha, A. Phillips, Electron beam welding — Techniques
and trends — Review, Pages 72-92, Copyright 2016, with permission from Elsevier.
https://doi.org/10.1016/j.vacuum.2016.05.004)

2.3 Powder metallurgy-hot isostatic pressing

PM-HIP is the process of compaction of encapsulated metal powders in a gas-tight container
using high temperature and isostatic pressure (as shown in Figure 2.4) (Atkinson and Davies
2000). The combination of temperature and pressure can be used to achieve a density at a
lower temperature than heating alone and at a lower pressure than cold isostatic pressing
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alone. It can produce large near-net-shape components, thereby reducing the materials and
machining cost. PM-HIP is an efficient alternative route for long-lead time components produced
via conventional manufacturing. The inhomogeneities in the starting powder material are
eliminated during the HIP process due to diffusion. This process can be used with materials
such as low melting temperature aluminum, high melting temperature iron- and nickel-based
alloys, and a variety of ceramics. Examples of a few components manufactured via PM-HIP
include a steam chest with internal cavities for steam turbine, an offshore oil valve body, and, for
the International Thermo-nuclear Experimental Reactor (ITER), a blanket module (Mashl et al.
1999). Common defects are surface porosity, remnant internal pores, oxide inclusions, surface
contamination, and surface roughness (Atkinson and Davies 2000).

Container
design +
modeling

Container
Manufacturing

Figure 2.4 A schematic of PM-HIP
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Table 2.1 provides a brief summary and comparison of the different AMTs discussed above.
The information presented here is based on the reviewed references and is not intended to be

comprehensive.
Table 2.1 Comparison of selected AMTs
Attribute PBF DED EBW PM-HIP
Component Small parts, Small to large Up to a plate ~15000 kg (33000 Ib)
size limitation | approximately ~23 kg parts, thickness of 250 mm | and up to 1.5 m (4.9
(50 Ib) approximately | (10 in.) for steel and | ft) diameter and 2.85
150 mm (5.9in.) | 500 mm (20 in.) for m (9.4 ft) height
to multiple aluminum
meters
Component | Complex parts with high | Parts with less Welding Parts with less
complexity precision complexity configurations such complexity as
as butt, Tee, corner, compared to PBF
and end cap joints
Material Metals (Ni-, Fe-, Al-, Cu-, Co-, Mg-, and Ti- | Metals (Ni-, Fe-, Al-, | Metals (Ni-, Fe-, Al-,
systems based alloys), polymers, and composites | and Cu-based alloys | and Co-based alloys)

and Ti)

and composites

Possible post
processing

Heat treatment, surface machining, and, in
some cases, HIP

Heat treatment and
surface machining

Heat treatment and
surface machining

Common
applications

Medical implants, automotive, aerospace,
and prototyping

Nuclear, automotive,
and aerospace

Steam turbine and oil
and gas

Key
microstructural
characteristics

Columnar and equiaxed grain structure

along the build and traverse build direction,

respectively. Presence of segregation

Columnar and
equiaxed grain
structure parallel and
transverse to the
electron beam

Microstructural
homogeneity with
fine-grained equiaxed
grain structure

Table references: (Aaltonen et al. 2009; Atkinson and Davies 2000; DebRoy et al. 2018; Gandy 2018;
Kim et al. 2016; Liu 2017; Mashl et al. 1999; Town and Lawler 2015; Weglowski et al. 2016)

2.5 Nuclear applications for component manufacturing

Of the AMTs discussed in this report, the one with the most mature development with respect to
nuclear applications is PM-HIP (Town and Lawler 2015). One Section Il Division 1 Code Case
was adopted in 2013 for PM-HIP of 316L stainless steel.' Examples of components potentially
applicable to nuclear applications manufactured via L-PBF, PM-HIP, and EBW are presented in
Figures 2.5, 2.6, and 2.7, respectively. As discussed in Table 2.1, small and complex parts can
be efficiently made with L-PBF. On the other hand, PM-HIP can fabricate near-net-shaped 406
mm (16 in.) diameter boiling water reactor (BWR) feedwater nozzles, as shown in Figure 2.6 (a).

" ASME Code Case N-834, “ASTM A988/A988M-11 UNS S31603, Subsection NB, Class 1 Components.”
This Code Case is listed in NRC Regulatory Guide 1.184, Revision 38 as being acceptable for use with

no conditions.
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A small modular reactor (SMR) upper head was fabricated to 44% size scale of the actual
component as a single monolithic structure with 27 penetrations as a part of the DOE project
DE-NE0008629 by the Electric Power Research Institute (EPRI) (Figure 2.6 [c]). Figure 2.6 (d)
shows one-half of the lower reactor head manufactured by PM-HIP at % scale. A major
limitation in fabricating full-scale components is the lack of availability of larger HIP facilities to
manufacture larger components relevant to nuclear applications (Gandy 2015).

(b)

Figure 2.5 Examples of components processed via L-PBF: (a) 316L SS pipe 50.8 mm (2 in.
dia.) Tee-section and (b) Inconel 718 debris filter 76.2 x 76.2 mm (3 in.x3 in.). Image
courtesy of EPRI, used with permission. (Hull et al. 2019)

Figure 2.6 Examples of reactor component mockups produced by PM-HIP. (a) Near-net-shaped
feedwater nozzle 406.4 mm (16 in. dia.) for BWR (b) 316L SS valve body (c) upper
head (44% scale) made from two halves joined with EBW, and (d) one-half lower
reactor head. Image courtesy of EPRI, used with permission. (Gandy et al. 2018)

EB welding of thick flange to the lower shell is presented in Figure 2.7. The weld diameter was
~1.8 m (6 ft) and the welding was completed in 47 minutes. Furthermore, one-half lower heads
produced via PM-HIP (Figure 2.6 [d]) can be joined by EBW to produce the complete lower
head. Overall, in addition to various advantages offered by individual AMTs, a combination of
AMTs would lead to further improvement in the manufacturing of large/complex parts, as shown
here.
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Figure 2.7 Examples of EBW. Left: an electron-beam weld before (top) and after (bottom) heat
treatment. Right: Lower flange shell mockup with EBW, ~1.8 m (~6 ft) diameter,
welded in 47 minutes. Image courtesy of EPRI, used with permission. (Gandy et al.
2018).

2.6 Common AMT defects

The quality and properties of AMT components are determined by the microstructural features,
the defects, the residual stress states, and compliance with design dimensions. Ideally, the AMT
parts should at least possess comparable, or preferably better properties than conventionally
manufactured parts (Huang et al. 2019). However, the presence of defects in AMT parts is a
major concern, limiting the wider deployment of AMTs in various industries. In the AMTs
described above, feedstock attributes, processing parameters, and post processing treatments,
if applicable, affect not only the resultant microstructural features, but also lead to generation of
defects (DebRoy et al. 2018; Grasso and Colosimo 2017). Understanding the defects,
especially their generation and mitigation, is critical for employing comprehensive monitoring
and detection techniques. Furthermore, the defect fraction varies among the discussed AMTs.
For instance, PM-HIP usually results in significantly lower defect fraction as compared to AM
processes. Furthermore, wherever applicable, components manufactured via AM are subjected
to HIP to reduce processing defects such as porosity and cracks. In this section, different types
of defects will briefly be discussed, including microstructural and geometrical anomalies and
undesirable residual stress states. Specifically, the nature, cause, and possible mitigating
strategies for each defect will be presented.

2.6.1 Porosity

Porosity is a very common defect in AMT components. Although HIP can produce fully-dense
components with no porosities (Gandy 2015; Mashl 2015), the final density of HIP components
depends on the process parameters (Flodin et al. 2017). Porosities can originate from powder
feedstock, can be processing-induced, and can be caused by solidification shrinkage related
issues. The gas atomization process is known to entrap gases leading to the formation of
spherical-shaped gas-induced porosity in feedstock powder, as shown in Figure 2.8 (a). These
pores can be retained in the as-fabricated component, as shown in Figure 2.8 (c and e). Gas
porosity cannot be completely eliminated by post-processing methods such as HIP (Bampton et
al. 2005); hence, effective powder manufacturing and handling practices need to be followed.
Powder manufacturing via a plasma rotating electrode process has been shown to eliminate
gas-induced porosities in the powder (Figure 2.8 [b and d]) (Qi et al. 2009).
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Figure 2.8 Gas porosity (marked by red arrows) in gas atomized (a) powder feedstock and (c) in
as-fabricated build. Effect of powder preparation method showing the absence of gas
pores in (b) powder feedstock and the (d) build (Qi et al. 2009). (e) Comparison of
gas-induced porosity and process-induced porosity (Sames et al. 2016), and (f)
presence of unmelted particles in the pores (Sola and Nouri 2019). (Figures a-d
reprinted by permission from Springer Nature Customer Service Center GmbH:
Springer Nature. Metallurgical and Materials Transactions A, “Studies of Standard
Heat Treatment Effects on Microstructure and Mechanical Properties of Laser Net
Shape Manufactured INCONEL 718,” H. Qi et al , 2009,
https://doi.org/10.1007/s11661-009-9949-3. Figure f reprinted by permission from
Wiley Materials, https://doi.org/10.1002/amp2.10021.)

Processing-induced porosities in AMTs are mainly due to either low or high energy input. In the
case of low energy input (e.g., if the laser power is low or the scan speed is high), incomplete
melting of layers in PBF or EBW leads to the formation of LOF defects between adjacent layers.
In PBF, the defects usually look like large irregularly shaped pores with unmelted particles
inside, as indicated in Figure 2.8 (e and f) (Sames et al. 2016; Sola and Nouri 2019). The
mitigation strategy is to increase the energy input to attain complete melting of the powder
particles. LOF pores could be reduced by HIP. In the case of high energy input, a keyhole mode
of melting will result in pore formation. High energy is sufficient to cause localized evaporation of
the material. Keyholes are typically filled with ionized vapor produced during EBW or EB-PBF
and may include some ambient gas used during L-BPF (Kim et al. 2016; King et al. 2014).
Keyholes may be unstable even when the beam power and travel speed are well controlled
because additional energy and localized pressure changes can result in partial collapse of the
keyhole, forming large pores. A cross-section of a laser-melted PBF region showing the
presence of a keyhole defect (marked by arrows) under two similar experimental conditions is
shown in Figure 2.9 (King et al. 2014). The mitigation strategy for keyhole melting is to reduce
the energy input. Furthermore, Marangoni flow—the mass transfer at an interface between two
fluids due to surface tension gradients—can also entrap gases (Dass and Moridi 2019). For PM-
HIP, near-surface porosities may persist, but they can be mitigated by surface machining or
peening (Flodin et al. 2017).
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Figure 2.9 Keyhole void formation as marked by red arrows during laser melting (King et al.
2014) (Reprinted from Journal of Materials Processing Technology, 214 [11)] Wayne
E. King, Holly D. Barth, Victor M. Castillo, Gilbert F. Gallegos, John W. Gibbs,
Douglas E. Hahn, Chandrika Kamath, Alexander M. Rubenchik, “Observation of
keyhole-mode laser melting in laser powder-bed fusion additive manufacturing,”
Pages 2915-2925, Copyright 2014, with permission from Elsevier.)

2.6.2 Chemistry deviation from original feedstock

For an alloy feedstock material, some elements are more volatile than others. When the molten
pool temperature is very high (>1900 K) (Mukherjee et al. 2016), pronounced vaporization of
those elements may occur, resulting in an overall deviated chemical composition from the
feedstock material (Dass and Moridi 2019). This may happen when the alloying elements
vaporize from the surface of the melt pool, ultimately resulting in depletion of those elements
from the component. The surface area-to-volume ratio of the melt pool plays a significant role in
the magnitude of the composition change. The redistribution of solute particles, which may melt
at different rates or temperatures, from the layered heating and cooling process can also result
in microstructural bands and local chemistry deviations (Dass and Moridi 2019). Changes in
composition can also affect solidification microstructure, which may vary significantly from the
desired state. Process control and composition adjustment to accommodate for vaporization
loss could be employed as a mitigation effort.

2.6.3 Inclusions

Two types of inclusions can be observed in PBF components: 1) beneficial and 2) detrimental.
In the case of beneficial, inclusions are added that serve as nucleation sites for grains leading to
the formation of equiaxed grain structures, thereby resulting in improved mechanical properties.
For instance, in the case of L-PBF of 7075 Al, addition of Zr inoculants resulted in crack-free
deposits as compared to the 7075 Al builds that exhibited severe cracking. Pre-alloyed 7075
spherical powders coated with hydrogen-stabilized zirconium inoculants were used as the
feedstock material (Martin et al. 2017). On the other hand, the processing material can
chemically react with the shielding gas, resulting in the formation of oxide and sulfide inclusions
(Taheri et al. 2017). In the case of 316L manufactured via L-PBF process, the presence of oxide
inclusions in the size range of about 50 nm to 1 um (2x10 in. to 4x107° in.) reduced the fracture
toughness (Lou et al. 2018). Inclusions in PM-HIP samples were measured to typically be <1
um (4x10% in.) in diameter and up to about 5 ym (4x10* in.) (Ostlund and Berglund 2019).
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2.6.4 Anisotropy

Structural evolution in any AM process is extremely complex due to the influence of various
process variables such as scanning speed, power, spot size, and scanning strategy (DebRoy et
al. 2018). By varying the process parameters, it is possible to obtain either elongated grains
along the build direction or equiaxed grain structure. The formation of elongated grain structure
is due mainly to the layer-by-layer nature of the fabrication process, and the presence of a
compositionally similar previous layer leads to epitaxial solidification, where the solidification
occurs via the growth mechanism on the partially melted grains of either the substrate or the
previously deposited layer. The result of the epitaxial solidification is the formation of elongated,
columnar grains as shown in Figure 2.10 (a). The columnar grains traverse multiple build layers,
and the size of the melt pool in comparison with grain size can clearly be noted in Figure 2.10
(a). Figure 2.10 (b) shows an example of a few millimeters-long grains along the build direction
in a Ti alloy processed via PBF. Columnar grains are generally observed in various alloys
processed via PBF. Similar epitaxial growth and resultant columnar grain structure was also
noted in EBW. A major issue with elongated grain structure is the resultant anisotropy in
mechanical properties of the fabricated component because the transverse section
perpendicular to the build direction exhibits comparably finer grains. In addition to processing
control to achieve equiaxed grain structure, inoculants such as Zr in 7075Al alloy (Martin et al.
2017) are usually added to obtain equiaxed grain structure. In PM-HIP components, the grain
structures tend to be fine-grained equiaxed with typical grain sizes of approximately 20 ym to
100 um (8x10* in. to 4x10? in.) (Gandy 2015; Gandy et al. 2012; Hjorth 2007; Ostlund and
Berglund 2019).
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Figure 2.10 A general observation of columnar grain structure formation in various alloy
system processed via AM processes is presented. (a) Schematic of columnar
grains and (b) microstructure example of columnar grain in a Ti alloy. Note that the
grain size along the build direction is larger than the melt pool that forms the layer-
by-layer build. (Antonysamy et al. 2013).
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2.6.5 Balling

In L-PBF, a balling effect, characterized by the presence of micron-sized particles and/or a
discontinuous melt pool formation (as marked by arrows in Figure 2.11), is due either to the
coarsening of spherical-shaped particles or to limited liquid formation (Taheri et al. 2017).
Balling consists of un-melted particles and solidified spheres, and is due to the unstable melt
pool; it is not inclusion particles. Several factors can result in balling. A sub-critical energy
density can cause insufficient materials to exist in the liquid phase. Higher scanning speeds
have also been attributed to instabilities in the molten pool due to the capillary effect. Oxide
formation on the solid or molten material due to the presence of oxygen in the build chamber
can change the wetting process and lead to balling. The effects of both scan speed and laser
power on the balling phenomena is presented in Figure 2.11. The balling could affect the
uniform distribution of the next powder layer and could also increase the surface roughness on
the build. Optimizing the processing conditions, such as scan speed and power, in addition to
reducing the oxygen content in the chamber could be suitable mitigation strategies (Li et al.
2011).
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Figure 2.11  Balling characteristics (marked by arrows) as a function of (a) scan speed and (b)
laser power (Li et al. 2011). (Reprinted by permission from Springer Nature
Customer Service Centre GmbH: Springer Nature. The International Journal of
Advanced Manufacturing Technology. “Balling behavior of stainless steel and
nickel powder during selective laser melting process,” Ruidi Li et al, 2011,
https://doi.org/10.1007/s00170-011-3566-1.)

2.6.6 Cracking and delamination

Solidification cracking, liquation cracking, and delaminations are common in PBF and EBW.
(Simpson et al. 2019). Solidification cracking occurs along the grain boundaries of the build.
Temperature variations and thermal cycling between build layers are significant (Dass and
Moridi 2019; DebRoy et al. 2018). This difference leads to local tensile stress, with cracking
occurring when the tensile stress exceeds the strength of the solidifying metal (Figure 2.12 [a]).
Substrate preheating assists in reducing the extent of solidification cracking in alloys that exhibit
severe propensity to cracking. Furthermore, formation of equiaxed grains is known to reduce the
extent of solidification cracking. Liquation cracking is observed in the partially melted zone. This
is mainly due to the melting of low-melting-point grain boundary phases. This cracking can
occur in materials that exhibit large differences between the solidus and liquidus temperatures,
have large melt pools due to low thermal conductivity, and have large coefficients of thermal
expansion. Interlayer delamination occurs when: 1) the residual stresses are larger than the
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interlayer yield strength of the material and the layers separate, and/or 2) the presence of LOF
defects lowers the strength of the interlayer (Figure 2.12 [b]).

Build Direction

Figure 2.12  Examples of (a) grain boundary cracking and (b) layer delamination fabricated
via PBF (Sames et al. 2016). The extent of cracking depends fundamentally on
the alloy composition. For example, alloys that cannot be fusion welded will have
solidification cracking issues in the build component. Therefore, composition or
process modifications are generally carried out to reduce cracking or defects in
the builds.

2.6.7 Residual stress/substrate warping

In PBF, DED, and EBW processes, the liquid metal is in contact with the relatively colder
substrate of the previously deposited layer. This typically leads to a steep temperature gradient
and subsequent thermal stresses, thermal strain, and residual stresses. The residual stress can
distort the component, cause cracking along the grain boundaries, or lead to the delamination of
the deposited layers (DebRoy et al. 2018). Furthermore, fatigue and fracture toughness
properties of the components are also deteriorated by the presence of residual stresses. In
addition to thermal stresses, volume change due to phase transformation upon cooling can also
result in residual stresses and part distortion. A few potential ways to reduce residual stresses
are substrate preheating, shorter deposition length, and smaller layer thickness. Variations in
the scan pattern can also be used to reduce residual stress (Robinson et al. 2018).

2.6.8 Geometric anomalies: surface roughness and materials shrinkage

Surface roughness in AMT parts can arise from various material and process-related
parameters, such as particle size, particle morphology, layer thickness, heat input, and scan
speed (DebRoy et al. 2018). The presence of partially melted particles, balling, and LOF defects
contribute to the surface roughness of the component. During low heat input processing, the
energy is not sufficient to completely melt and fuse the powder particles, thereby causing a
rough surface. Surface roughness increases with the increase in layer thickness and average
particle diameter. In general, the surface roughness can be reduced by increasing the heat
input, decreasing the scanning speed, and using the optimum particle size.
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2.6.9 Porosity in EBW: Beam oscillations

In the EBW process, the fraction and the size of the pores are controlled by the weld operating
conditions such as beam oscillation. In EBW, porosity is generally due to dissolved gasses like
hydrogen/oxygen or entrapped gas pockets between the joining surfaces. Therefore, an
oscillating beam as compared to a static beam produces intense material mixing, thereby
leading to the reduction in pore fraction and the average size of the pores. Additionally, in a
static beam, pores are found at the weld root, while an oscillating beam dispersed the pores in
the fusion zone. Furthermore, beam oscillation produced joints with fine grain size in low heat
input weld conditions.

2.6.10 Summary

Table 2.2 summarizes the types of defects that are common in the AMT processes described
above.
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Table 2.2 Types of defects in different AMTs
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defects  Size Range PBF/DED EBW PM-HIP
Entrapment of shielding
D o?:ssity ~1 Hdm Cause gas during processing Entrapped gases N/A
Mitigation Optimization of processing parameters
. Voids or cavities L4 Jeh) Veffeis
Due to LOF or high A spike (sudden Grain boundary
Voids 1-500 pm Cause energy density leading to increase in migration leaving
formation of spatter penetration depth) isolated pores inside
grains
Mitigation Optimization of processing conditions Increase the HIP time
. Columnar grains are a
Columnar grains along result of high welding
Cause the build direction are a speed and epitaxial N/A as PM HIP results
Hundreds of result of epitaxial growth rowth in homogeneous
Anisotropy | micrometers Modification o the scan 9 microstructure with
to millimeter I equiaxed grain
Mitigation pattgrns, substralttla pre- Beam osc[llatlons and structure
heating, and addition of low welding speed
inoculants
Solidification and liquation cracking are caused by
large differences in liquidus and solidus
Cause temperatures and the presence of low-melting
A few point phases along grain boundaries in the heat Cracks are generall
Cracking micrometers affected zone. Residual stresses leading to 9 y
to millimeter delamination of deposited layers Tt el
CompoEicE] Compositional
Mitigation modification and modification
substrate pre-heating
Internal stress
Repeated thermal cycle -
Cause during component Fast solidification rate I;)ue to yar|ab|l|ty of part
. building ardening from surface
Residual N/A to the center of the part
stress Optimizing the process
Mitigation conditions and substrate Post weld heat Optimize the HIP
heating. Post processing treatment conditions
heat treatment
Presence of partially High_ strength peicles
Cause melted particles, balling, d mder!tlng el
and LOF defects SIETT the_ e
Surface Tens to strength containers
roughness hundreds of Optimum powder NIA
micrometers characteristics <D Of. T SRELT
Mitigation processing conditions, containers O:fpost-
and post-processing heat process suriace
treatments. Comelomig

2.7 Cold Spray

Cold spray (CS) was not included with the AMT processes above because it is a relatively new
technology, with CS for near-net-shape AM of structural materials a nascent research area
(Champagne ; Parmar 2020). Much of the CS development that has occurred over the last two
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decades was done by the U.S. Department of Defense for dimensional restoration and property
improvements, such as corrosion and wear resistance, of military equipment. Application of CS
is expanding beyond military applications to component repair and manufacturing in other
sectors such as aerospace, medical, electronics. Indeed, because of strong interest in using CS
with high strength and/or high temperature materials in the nuclear industry, the subject is
included in this report. For example, CS coated ZIRLO® and Optimized ZIRLO™ cladding tubes,
developed by Westinghouse, are currently being tested in Byron Unit 2 cycle 22 (Shah et al.
2018). CS is currently being investigated for repair and mitigation of environmental degradation
for spent nuclear fuel storage canisters and various light water reactor components.

CS is a solid-phase metal spray process during which no melting occurs, typically used for
dimensional restoration, corrosion repair, and component manufacturing in aerospace, military,
medical, and electronics applications. Thermal spray, on the other hand, is a family of metal
spray coating processes where particles are fully or partially melted during the process and re-
solidified after impacting the substrate (VRC 2020; TWI 2020). The technical driver for CS
development and commercialization was the avoidance of issues such as residual stress or
oxidation that are associated with high heat input, melting, and resolidification that occur during
thermal spray processes.

During CS, metal particles are carried by a heated gas stream that softens the metal and
propels particles at high velocities; see Figure 2.13. The impact energy is high enough to bond
metal particles to the surfaces they impact. Because it is a solid phase process, CS avoids
oxidation, tensile residual stresses, and other detrimental effects typical of the high heat input
and melting associated with thermal spray. CS can produce arbitrarily thick coatings with
beneficial compressive residual stresses. Heat generation and high shear conditions upon
impact produce mechanical interlocking and metallurgical bonding that results in excellent
properties (Yin et al. 2018). Because melting and resolidification do not occur, tensile residual
stresses are avoided. Some CS processes produce beneficial compressive residual stresses in
and immediately beneath deposited material due to a peening-like effect of particle impact.

Powder feeder Deposit

i f

Nozzle with
N, or He I_I supersonic flow
— | | Particle stream
Gas control  Electric heater Substrate

Figure 2.13 A schematic of cold spray

High-pressure cold spray (HPCS) is the metal spray process of greatest interest for CS additive
manufacturing. Figure 2.13 shows a diagram of HPCS where particles are accelerated to
supersonic velocities and impact a substrate. Figure 2.14 shows nickel deposited using HPCS.
During the process, substrate heating is minimal, dimensional stability is maintained, and
unwanted thermal effects (HAZ, thermal stresses, dilution layer formation, etc.) are avoided.
HPCS systems operate at pressures typically ranging from 300 to 1,000 PSI (VRC 2020) and
typically produce particle velocities ranging from 800 to 1400 m/s (Moridi et al. 2014). High
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velocity enables high kinetic energy, which is required to create high plastic deformation and
shearing at particle surfaces. This results in dynamic recrystallization and metallurgical bonding
at interparticle boundaries. Particles are held to each other and to the substrate by both
mechanical interlocking and metallurgical bonding. HPCS is primarily achieved using Helium
which imposes a significant cost burden. Helium recovery is a common practice to mitigate
these costs in dedicated HPCS factory facilities but is more difficult for in situ applications.

2
4

Figure 2.14. High-pressure cold spray coating of commercially pure nickel sprayed (left side) at
PNNL.

Low-pressure cold spray (LPCS) is of lesser interest because it fails to propel particles fast
enough to achieve the kinetic energy needed for high-quality cold spray deposition of alloys with
high melting temperatures. LPCS systems operate at 300 PSI and lower (VRC 2020). They
typically produce particle velocities ranging from 300 to 600 m/s (Moridi et al. 2014). Reduced
kinetic energy associated with LPCS means less plastic deformation, less interlocking, and no
or dramatically reduced metallurgical bonding in materials with high melting points. Reduced
kinetic energy means deteriorated mechanical properties relative to HPCS. LPCS systems are
not recommended for high-quality cold spray of steels, Inconel, and other high strength/melt
temperature materials.

Kinetic metallization, pulsed gas dynamic spraying, vacuum cold spray, and warm spray are CS
variants. These variants have not demonstrated the ability to match properties that can be
achieved using HPCS for high melt temperature materials.

The primary defects in CS are caused by variations in process parameters, such as gas
temperature, substrate temperature, powder size, powder oxidation or contamination, nozzle-to-
surface distance, nozzle blockage, and powder impact angle. Parameter variations may cause
significant defects, including porosities, voids, surface roughness, and poor surface adhesion
(similar to lack of fusion). Some work using UT and ET has been done to detect and
characterize CS defects, as described in (Glass et al. 2018); such studies are ongoing.
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3.0 Inspection and NDE methods for AMT components

3.1 Introduction to relevant NDE methods for pre-service and in-
service inspection

The primary factors that guide the selection and use of inspection methods in the nuclear power
industry are reliability, effectiveness, safety, and cost. Methods, and the practitioners thereof,
must be proven to be reliable and effective through the use of performance demonstrations.
Consensus on the adoption of methods is required through ASME Code action. The process of
establishing accepted NDE methods and techniques is long and arduous, and for good reason:
plant safety is at stake. Over the decades, only a few NDE methods have been approved for
pre-service and in-service inspections. Personnel safety must always be observed, and
inspection methods that may compromise safety, such as those that use ionizing radiation or
require prolonged examination time (and therefore, excessive radiation dose) at the inspection
site, are avoided. Cost is also a driving factor, including the cost of inspection equipment, the
time to perform the inspection, and the time to analyze the data. These factors generally prevent
the use of exploratory or experimental methods or even techniques that may be highly effective
but require extremely expensive equipment or long set-up/take-down times. Although the
literature may contain examples of promising new methods or techniques for NDE inspections,
they are not commercially available, not practical for field application, or not incorporated into
ASME Code for in-plant use (such as advanced phased array methods).

This section focuses on the most accepted and widely-used NDE methods for pre-service and
in-service examination of nuclear components. Section 3.1.2 describes the different categories
of NDE methods (i.e., volumetric, surface, and visual). A few additional potential emerging
techniques will also be mentioned. Section 3.2 will discuss how these NDE methods can be
applied to the AMT techniques that are within the scope of this report and were described in
Section 2.0, namely PBF, DED, EBW, and PM-HIP. In general, the NDE method should be
selected for an examination based on component geometry but also on the size, type, and
location of the flaws that are likely to be present regardless of the manufacturing process that
was used, be it casting, extrusion, or AM.

3.11 NDE methods used in the nuclear industry

The main NDE methods used in the nuclear industry today are ultrasonic testing (UT),
radiographic testing ([RT] including x-ray and gamma ray), visual testing ([VT] which includes
direct inspection and optical photography), penetrant testing (PT), eddy current testing (ET), and
magnetic particle testing (MT) (USNRC 2012a). These methods have been tested, vetted, and
used for decades and are well established in the ASME Code, which describes their use and
applicability in pre-service and in-service inspections of NPP components. Acoustic emission
(AE) testing (Eitzen and Wadley 1984) is an additional method that is used primarily during pre-
service pressure or loading tests. Although AE has only been used once in the US, it has seen
more use internationally (Hutton et al. 1982; IAEA 1999; Runow 1985). There are many
excellent and detailed explanations and discussions of these NDE methods in the literature and
how they can be applied to AMT components (not necessarily just in the nuclear industry)
(Buddu et al. 2015; Gandy et al. 2012; Koester et al. 2017; Koester et al. 2018b; Kumar 2011;

" In this report, “method” and “technique” are differentiated by the following: a method is the type of
procedure being use, and a technique is the manner in which the method is implemented. For example,
ultrasonic testing is a method and phased-array ultrasonic testing is a technique.
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Lu and Wong 2017; Mandache 2019; Seifi et al. 2017; Sharratt 2015; Taheri et al. 2017). An
additional method that is not used in nuclear NDE but is used in many other industries and will
be discussed in this document is x-ray computed tomography (CT); CT is particularly applicable
for evaluating small AMT components (du Plessis et al. 2018a; Koester et al. 2018b; NiPeijun
2000; Thompson et al. 2016). Note that the ASME Special Committee on Use of Additive
Manufacturing for Pressure Retaining Equipment has identified VT, PT, MT, RT, UT, and CT as
“available examination methods for additive manufacturing.”"

3.1.2 Categories and descriptions of NDE methods

ISI methods are generally divided into three coverage categories by ASME Code, Section XI:
visual, surface, and volumetric. Visual methods are capable of detecting visible surface-
breaking flaws, or flaws that are open to the surface of the component. Note that the surface
must be accessible to the examiner or to a remotely-controlled camera; surface-breaking flaws
on the inner surface of a closed pipe will not be accessible yet are often the most important to
detect. Surface techniques can detect flaws that are very close to the surface or surface
breaking but not otherwise visible (note that PT requires flaws to be surface breaking).
Volumetric methods can detect flaws throughout the entire volume of a component. For thin
materials, such as heat-exchanger tubing, ET is essentially a volumetric method and can detect
flaws throughout the thickness of the component wall. Volumetric methods are particularly
useful for detecting flaws on inaccessible surfaces, such as the inner surfaces of pipes, or in
regions where flaws may be likely, such as welds and weld interfaces.

Table 3.1 gives a brief summary of each NDE method.

Table 3.1 Summary of NDE methods: mode of action

NDE Method Description Category
UT (USNRC  Uses high-frequency sound waves, typically in the range of 1-10 Volumetric
2012e) MHz. Cracks, porosities, inclusions, and geometrical features

produce characteristic echo signals that can be detected and
measured. Wall thickness, corrosion, and boundary layers can also
be measured. Advanced UT techniques, such as phased array and
full matrix capture (FMC) can be used to improve coverage, signal
quality, and signal-to-noise ratio (SNR).

RT (USNRC  Uses ionizing radiation from x-rays (x-ray tube) and gamma-rays, Volumetric
2012b) (typically from an isotope source such as iridium). Film, phosphor
plates, or digital detectors can be used. Differences in material
density from pores, inclusions, or cracks result in variations in image
intensity that can be detected and measured. RT produces two-
dimensional projection images, so depth information is not available.

CTa Uses x-rays, typically from an x-ray tube. As with RT, material density =~ Volumetric
variations are detected. In addition to volumetric information, CT
generally provides better resolution and better contrast-to-noise ratio
than RT. CT requires rotating either the tube/detector pair about the
component or rotating the component so that multiple angles can be
acquired. This is only practical with small components prior to
installation and currently is not used in the nuclear industry.

" BPTCS/BNCS Special Committee on Use of Additive Manufacturing for Pressure Retaining Equipment
meeting minutes, October 30, 2019 (not publicly available)
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NDE Method Description Category
VT (Cumblidge Uses visible light to detect surface-breaking flaws. VT is further Visual
et al. 2004; broken down into subcategories of direct, remote, and enhanced. (including
Ramubhalli et al. Direct visual involves examining a component without the aid of direct visual,
2018) technology. Remote visual employs tools such as cameras or remote visual,
binoculars to inspect areas that are not accessible. Enhanced visual and enhanced
uses technological aids, such as high-resolution cameras or novel visual)

lighting approaches, to improve detection sensitivity. VT is the most
common NDE method.

ET Uses electromagnetic waves and an induction coil to induce currents Surface
(USNRC 2012f) in the component. The induced current is detected, and perturbations
in the detected field may be indicative of a flaw. The penetration
depth may be up to a few millimeters and is determined by the
frequency, which is usually in the range of 20 kHz—1 MHz.

PT Uses a low-viscosity dye penetrant and developer to reveal surface Surface
(USNRC 2012c) cracks. The penetrant is applied to the surface of the component and
allowed to penetrate any cracks via capillary action. The component
is cleaned, then the developer is applied, which draws the penetrant
out and causes it to be visible on the surface. This is one of the
simplest and most straightforward NDE methods.

MT Uses magnetic particles and an applied magnetic field to reveal Surface
(USNRC 2012d) surface and near-surface discontinuities to a depth of up to 0.25 in. (6
mm). Magnetic particles are applied to the surface of the component,
then the component is magnetized. Cracks perturb the magnetic field
and cause the magnetic particles to align. This NDE method is very
sensitive, but it can only be applied to ferrous components.

AE testing® Uses acoustic sensors to detect crack growth, primarily during pre- Volumetric
service pressure, stress, or load testing. This method can be
extremely sensitive to crack growth, but it does not find static flaws.
Multiple sensors can be used to triangulate the position of flaw
growth. This method is not common for in-service NDE.

@ https://www.nde-
ed.org/EducationResources/CommunityCollege/Radiography/AdvancedTechnigues/computedtomography.htm

b https://www.nde-ed.org/EducationResources/CommunityCollege/Other%20Methods/AE/AE_Intro.php

An additional sub-classification of the NDE methods is whether the method requires direct
contact with the component. In some circumstances, contact is not possible or practical. These
circumstances may be governed by component temperature, potential occupational radiation
exposure, access, cleanliness, or surface finish. Examination methods that require contact are:
UT, PT, MT, AE, and ET (note that some ET exams may not require contact but still necessitate
that the probe be in close proximity of the component surface). Certain UT techniques, such as
laser UT or submersion UT, do not require direct contact. UT and ET are particularly challenged
by complex geometries, because the probes must remain in contact (or near contact) with the
surface. If, for example, surface curvature or roughness prevents the probe from maintaining
contact, then the method will be inconsistent or ineffective. Contoured probes can be fabricated,
and it is feasible to manufacture custom probe components using AM technology (Saboriendo
et al. 2018). Non-contact methods are: VT, RT, and CT. For RT, the film or phosphor detection
plates can be placed in direct contact with the component, but this is not necessary. In fact, the
film or plates can be placed at a distance from the component in order to achieve image
magnification.
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3.1.3 NDE methods: strengths and weaknesses

The different NDE methods can be applied to any AMT component, depending on the types and
locations of flaws that are being detected. However, the effectiveness of a given examination
will be affected by specific component attributes, such as surface roughness, size, or shape. For
example, rough surfaces that result from PBF or PM-HIP may prevent good contact with a UT or
ET probe, so additional surface finishing would be required. However, surface conditioning
could result in the obfuscation of any surface-breaking flaws that might be detected with VT.
Table 3.2 summarizes the anticipated achievable resolution, the uses, and the strengths and
weaknesses of the various NDE methods. The resolution is given as the order of magnitude of
the smallest detectable flaw under favorable conditions. Actual flaw detection in the field will
depend of various factors, such as surface condition or inspector skill. Specific AMT component
properties should be considered when evaluating a method’s strengths and weaknesses.

Table 3.2 Summary of NDE methods: strengths and weaknesses

Resolution
Method (order of Uses/Strengths Weaknesses
magnitude)
uT ~1 mm, e For detecting and measuring ¢ Not amenable to complex
depends on the cracks, flaws, voids, corrosion, geometries
frequency used  density, porosity, granular e Smooth surface or surface
structures conditioning needed
e Volumetric ¢ Requires highly-trained operators
e Well established for PSland ISI e Most in-service examinations use
¢ No safety issues couplant and require direct
e Rapid, portable contact
RT ~0.1 mm o For detecting and measuring ¢ No volumetric depth information
flaws, voids, corrosion, density, e Requires highly-trained operators
porosity o Small flaws relative to specimen
o Little or no specimen preparation thickness are not detectable
needed e Linear and planar flaws such as
o Well established for PSI cracks and delaminations difficult
o High resolution to detect
e Permanent record o Safety limitations due to ionizing
radiation
CT ~0.01 mm e For detecting and measuring e Expensive
cracks, flaws, voids, corrosion, ¢ Not portable
density, porosity ¢ Requires highly-trained operators
¢ Volumetric ¢ Most relevant to small
¢ Little or no specimen preparation components
needed ¢ Not suited for ISI
¢ high resolution e Long scan times
VT ~0.01 mm o For detecting surface-breaking o Strongly affected by surface finish
COD* with flaws and lighting
optical ¢ Inexpensive  Subjective to operator experience
magnification o Easy to implement or opinion

e Flaws must be surface-breaking
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Resolution
Method (order of Uses/Strengths Weaknesses
magnitude)

ET ~1 mm, e For detecting surface and near- o Affected by surface conditioning
depends onthe  surface flaws ¢ Applicable only to metals
frequency used o High sensitivity ¢ Requires highly-trained operators

Inexpensive

Rapid, portable

Can detect sub-surface flaws
Commonly used for thin-walled
applications, such as heat
exchanger tubing

PT ~0.001 mm e For detecting surface-breaking e Requires application of penetrant
COoD~ flaws that may not otherwise be and developer

visible o Strongly affected by surface

o Inexpensive conditioning, cleanliness, and

o Easy to implement roughness

o Can detect flaws that VT may o Flaws must be surface-breaking
miss e Tends to oversize rounded

o Applicable to a wide range of indications

material types
e Can be used on large areas

MT ~0.001 mm e For detecting surface and near ¢ Only applicable on ferrous
COoD* sub-surface flaws (magnetic) materials
¢ Rapid ¢ Requires wide application of
¢ |Inexpensive particles
e Easy to implement ¢ May not be practical for
e Can detect flaws that PT may inspection of large parts
miss
e Surface preparation not as critical
as for PT or VT
AE ~0.001 mm for e For pre-service detection of ¢ Can be affected by environmental
crack growth, fabrication induced cracking factors
crack o Extremely sensitive for detecting e Not currently used for in-service
localization crack growth nuclear NDE
varies widely o |nexpensive e Imprecise for determining crack
o |deal for large components location

o Requires highly-trained operators

*Crack opening displacement

Table 3.2 References: (du Plessis et al. 2018a; Ithurralde et al. 2001; Lopez et al. 2017; Lu and Wong
2017; Mandache 2019; Sharratt 2015; Stair and Moore 2019; Taheri et al. 2017; Thompson et al. 2016)

3.2 Considerations for in-process, pre-service and in-service
inspection of AMT components

Pre-service and in-service inspections are required by ASME code on all safety-critical nuclear
components. Pre-service examinations are governed by ASME Section Xl in order to establish a
baseline for future in-service examinations. Such inspections are done following the removal of
any fabrication flaws that may have been identified and removed during the ASME Section Il
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fabrication process.! Traditionally, RT has been applied for pre-service volumetric
examinations, although Code Case N-831 now permits UT in lieu of radiography for some
applications. PSI and ISI examination volumes focus on component surface areas where in-
service flaws are known to originate, and both the PSI and ISI examination volumes differ from
the Section Il examination volume.

3.21 NDE for in-process monitoring

In-process monitoring is the process by which an AMT component is monitored via an NDE
method during the build phase. There is a great deal of research being conducted on this topic,
but a complete assessment of these technologies is outside the scope of the report. A brief
overview is provided for completeness by identifying relevant NDE methods associated with
ATMs. Separate reports would be required to comprehensively address in-process monitoring
for each AMT. A large number of variables can be monitored during the build phase, including
all aspects of the equipment as well as monitoring the component. One author describes over
50 variables to be monitored or controlled in selective laser melting, a PBF method (Van Elsen
2007). Another report lists over 20 quality control operations for the PM-HIP build process
(Gandy et al. 2012). Because of the temperatures and speed of EBW, NDE in-process
monitoring may not be practical, although one study was found where AE was applied during
the EBW process (Dickhaut and Eisenblatter 1975). In-process monitoring of EBW may be done
with VT or with multi-sensor ET or UT, but the process monitoring must guarantee the weld
quality, a task that may be better suited for post-process NDE (Ithurralde et al. 2001).
Additionally, the temperatures and pressures required for PM-HIP are not conducive to NDE in-
process monitoring. Therefore, this section will focus primarily on in-process monitoring of PBF
techniques. For excellent discussions of NDE in-process monitoring, see Sharratt (2015) and
Lou et al. (2018).

In-process monitoring can play a critical role in AM quality, control, and throughput (AM-Motion
2018). The primary goal of in-process monitoring is to provide a preemptive quality assurance
method to identify and mitigate build problems or component flaws before product fabrication
has been completed (Chauveau 2018; Koester et al. 2018b). Much research has been done to
develop and verify in-process monitoring because the potential pay-off is large. If a problem is
caught, the build can be paused or terminated and the problem fixed, thus saving significant
time and resources. Furthermore, monitoring the build process can help assure consistency,
repeatability, and uniformity (Waller et al. 2014). In-process monitoring must be performed with
non-contact methods so that the build process is not interrupted or compromised. The primary
method for in-process monitoring is some form of VT, including wavelengths out of the optical
range (Koester et al. 2018b; Sharratt 2015; Simpson et al. 2019; Waller et al. 2014). Other
methods and techniques that have been used for in-process monitoring include laser UT,
thermography, ET, and CT (Chauveau 2018; Mani et al. 2015; Sharratt 2015; Taheri et al.
2017); laser UT and thermography are discussed briefly at the end of this section. In-process
monitoring would be especially beneficial for large builds that are time consuming and complex.
Automated in-process monitoring has the potential to make flaw detection rapid and objective
while reducing errors related to human factors. However, a potential problem is data
management, particularly with large builds, because of the number of high-resolution images

' ASME Section Il governs NDE of new plant construction, or, in the case of a plant already in service,
the repair/replacement of plant components. The examination requirements and acceptance standards
are defined in ASME Section Ill NB-5000 with the objective to ensure a new component is free from flaws
or conditions that could cause a safety or operational issue if placed in service. The examination volume,
NDE method applied, and recording criteria differ from pre- and in-service inspection requirements.
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that would need to be stored (Koester et al. 2018b). This data management problem could be
solved with real-time analysis. In-process monitoring would also benefit from computer-aided or
artificial intelligence (Al) detection algorithms (Gobert et al. 2018; Li et al. 2018; Okarma and
Fastowicz 2020; Waller et al. 2014).

A goal of in-process monitoring is to render superfluous any PSI because the quality of the build
has already been examined and assured (Waller et al. 2014). However, even if this goal is
reached, any processes done after the initial build, such as heat treatment or HIP, will likely
require additional NDE quality assurance (QA) inspections to verify that no new flaws were
introduced or that known flaws were mitigated. In addition, AMT components, just like
conventionally produced components, will still require pre-service pressure and stress testing to
demonstrate that the component is sound and will serve its intended function.

3.2.2 Post-process and pre-service inspection considerations

Following the manufacturing process, all components must be inspected to assure fithess for
service, regardless of the AMT process used. Such inspections should be conducted after
completion of any heat treatments or hot isostatic press treatments. Section V of the ASME
Code specifies and describes the NDE methods and techniques available for PSls of
conventionally manufactured NPP components. These include all the methods described above
in Table 3.1 (except CT). It is important to note that many PSls benefit from the fact that
completed components not yet placed in a plant can more effectively accommodate inspection
due to increased access. For example, piping internals can be accessed prior to welding the
piping into place. In such cases, RT is often the most practical NDE method because the x-ray
(or gamma ray) source can be placed inside the pipe (or conversely, the film can be placed in
the pipe and the source outside) for single-wall exposures. Indeed, for conventional
manufacturing, RT is commonly used to detect weld fabrication flaws, such as LOF, porosity,
and inclusions. Recently, the ASME Code has approved UT in lieu of RT for repair/replacement
inspections. RT can typically be done more rapidly and with higher resolution, but UT is
preferred in situations where radiation poses an exposure risk to personnel. In such situations,
all personnel must be cleared from the building, which means that all other work must stop
during the RT exam. UT and RT are also sensitive to different types of flaws, with UT more
sensitive to planar flaws (such as cracks) and RT more sensitive to volumetric flaws (such as
porosity). Thus, the NRC continues to mandate the use of RT (and not UT) for ASME Code
Section Il exams of new construction as RT is sensitive to the types of flaws expected from
fabrication. RT establishes a permanent record of the pre-service condition that can be referred
to during ISIs (note that encoded UT establishes a permanent digital record, but many UT
exams are not encoded). Additional PSI must be done after a component is installed in order to
verify that the installation process did not introduce flaws; this is typically done using UT.

If CT is available, which would only be in a manufacturing facility, it is the best method for
inspecting smaller parts (Colosimo et al. 2018; du Plessis et al. 2018b; NiPeijun 2000;
Thompson et al. 2016). For example, CT has been used to examine porosity in parts joined with
EBW (NiPeijun 2000); the pore quantities and sizes depended on welding speed but tended to
average around 10 um (4x10*in.) (Dinda et al. 2016). However, EBW is more typically
inspected with VT, PT, UT, or RT." Cost and size limitations likely prevent many EBW
components from being inspected with CT.

1 https://www.ebpglobal.com/how-to-control-the-quality-of-electron-beam-welding/
https://www.ebindustries.com/weld-inspection/
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3.2.3 In-service inspection considerations

ASME Code Section Xl describes the methods currently allowed for ISI in NPPs. Most methods
and procedures for ISI overlap with those of PSI. However, key differences arise during ISI
primarily due to access restrictions. For instance, piping and component internals are generally
not accessible during ISI. Component access is critical for inspectability, and limited access can
result in truncated or skipped examinations that would require requests for inspection relief, no
matter how the part was manufactured. In addition, the relevant flaws and inspection volume are
different for pre-service and in-service inspections. PSls are designed to detect weld fabrication
defects, such as LOF, porosities, and slag inclusions. Therefore, the inspection volume includes
the entire weld region from the outer surface to the inner surface. The defects of interest during
ISI, on the other hand, are those that may be caused by service conditions, such as stress
corrosion cracking and thermal fatigue cracking. For piping ISI, the required inspection region is
usually restricted to the inner one-third volume of the weld region because operating experience
has shown that flaws will originate at the inside component surface. The most commonly used
technique for ISI of large components is UT. Thinner components, such as heat-exchange
tubing, are inspected with ET.

Most ISI considerations with AMT components are anticipated to overlap with those of
conventional components. The primary goal of ISl is to identify flaws that have developed during
service. If a flaw is identified, a determination must be made to either monitor the flaw’s growth
over time or to repair or replace the component. Specific guidelines are established in ASME
Code Section Xl for determining the course of action to take if a flaw is found. However, with
AMT components, critical flaw types and sizes are not yet known because the method of
manufacture differs from conventional components. Until it can be demonstrated that AMT
components have the same critical flaw types and sizes, it cannot be assumed that they do.
Furthermore, an AMT component may contain no welds, so the inspection volume cannot be
defined in terms of weld regions. It should be anticipated that the current inspection guidelines
for conventional construction and those developed for AMT components will diverge as more
information and operational experience is gained with AMT. For example, if it is determined over
time that AMT components require different inspection types, intervals, or volumes, then the
inspection guidelines will need to be revised to reflect that. More must be learned about the
response of AMT components to fundamental degradation mechanisms, the locations of critical
defects within the component volume, and the long-term and service-induced effects of the
different defect types. Such information will help define inspection volumes and intervals and
provide the basis for the development of aging management programs. One potential
advantage of AMTs in general, and PBF techniques in particular, is that components can be
designed with inspection in mind, since there is essentially unlimited flexibility in component
geometries (i.e., there are no casting or machining constraints).

3.2.4 Lifetime monitoring and structural health monitoring

Lifetime monitoring, structural health monitoring (SHM), and aging management all fall into the
category of passive or observational NDE, primarily using AE sensing. SHM has been an active
area of research for many decades (Runow 1985; Sharma and Sreenivas 2015). In addition,
ASME Code Case N-471 has been approved for continuous AE monitoring of known flaws in
certain conditions (IAEA 1999). For completeness, this report provides an introduction to the
topic, and a separate report would be needed for a comprehensive discussion of SHM.
Typically, a sensor is attached to or embedded in a component, and any changes that occur to
the component over time can be recorded (Albakri et al. 2017; Fielding et al. 2016). For
example, AE monitoring can detect acoustic bursts that occur during crack growth. AE should
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be done over long periods of time because crack growth is a slow and unpredictable process.
Fundamentally, the long-term monitoring of AMT components is not expected to differ from that
of conventional components. However, monitoring of AMT components such as those made by
PBF may be enhanced if it is possible to implant probes or sensors during the build process
(Sharratt 2015). The primary issue with embedded sensors is heat damage that would occur
during fabrication, since the melting point of the powder or feedstock (>1000°C) is generally
higher than the sensors can tolerate. Thermocouples may be most amenable to embedding, but
they provide limited information that would be considered in the realm of NDE. Embedded
sensors must be heat tolerant (due to the build process) and must withstand high pressures or
temperatures of any post-build treatment, such as sintering or HIP. Also, any required wires or
leads must pass through the material. If AMT-embedded sensors are feasible, it must be
investigated whether the inclusion of sensors would compromise the material structurally or
inhibit other NDE methods in the vicinity of the sensor. For example, if an embedded sensor
masks a crack from UT insonification—perhaps a crack even caused by the inclusion of the
sensor itself—then that crack may not be detected or may be mistaken for part of the embedded
sensor. Significant drawbacks of SHM are that the same sensors should be permanently
attached for the lifetime of the component and that SHM is subject to environmental and
operational changes (Chauveau 2018). A great deal of research will likely be required if SHM
using embedded sensors is pursued; some options are discussed in Section 7.11 of Sharratt
(2015).

3.3 NDE methods applied to PSI and ISI of AMT components

There are several review articles and applications of pre-service NDE methods specific to AMT
components; however, they are not necessarily specific to NPP components (Gandy et al. 2012;
Ithurralde et al. 2001; Koester et al. 2018b; Kumar 2011; Lu and Wong 2017; Mandache 2019;
NiPeijun 2000; Sharratt 2015; Taheri et al. 2017). These articles discuss post-process NDE
methods for AMT parts, including descriptions of each process, advantages and disadvantages,
and specific applicability to AMT flaws. A report by Simpson et al. (2019) very briefly discusses
issues of post-process inspection of NPP reactor core components.

In the course of preparing this report, only a few articles or reports were found that directly
addressed the issues of inspecting AMT components in an NPP-specific context, and these
focused on PM-HIP (Gandy 2015; Gandy et al. 2012). Other industries, such as aerospace,
have more mature applications of AMT parts and, correspondingly, more NDE-specific
publications. Nevertheless, all of the NDE techniques described in Tables 3.1 and 3.2 that are
applied to conventional NPP construction can also be applied to AMT construction. It is likely
that existing ASME Code can be used as a basis for the methods of NDE examinations of AMT
components. However, the critical defect types, sizes, and locations will likely be different.
Furthermore, the periodicity of exams may be different, but more research and experience with
AMT materials will elucidate what appropriate examination intervals are. Important gaps that
have been identified in NDE of AMT are discussed in Section 4.0.

Table 3.3 summarizes the applicability of the different NDE methods to flaw detection in AMT
components. Some degree of surface conditioning will likely be necessary for all methods
except for RT or CT. Note that selecting an NDE method depends less on the advanced
manufacturing technique used than it does on the component properties (such as geometry and
composition) and the anticipated type and location of the defects.
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Table 3.3 Applicability of the NDE methods to the AMT defects of interest

Approximate Size
range

Porosity/Voids 1-500 pm RT/CT/UT RT and CT may not be sensitive
to porosities that are small
compared to the specimen
thickness (~1%). Porosity may be
hard to distinguish from grain
effects with UT

Shrinkage/Dimensional =1% VT/CT Shrinkage can be detected
Accuracy during final dimensional analysis.
VT is only applicable to visible or
external surfaces

LOF 100—400 pym RT/CT/UT RT is only sensitive to planar
LOF that is parallel to the beam
direction

Density variations =1% RT/CT/UT Density variations can be
measured with good sensitivity.
Little research was found in this
area with regards to AMT

Surface roughness 28-80 um Ra VTI/CT The VT technique in this case is
enhanced VT, as significant
magnification is required

Inclusions 0.001=1 mm RT/CT/UT RT and CT may not be sensitive
to inclusions that are small
compared to the specimen
thickness (~1%) or have
densities comparable to the
specimen’s. UT may have
difficulty distinguishing inclusions
from grain effects.

Residual Stress <775 MPa UT/RT/ET X-ray diffraction RT is
established but not used for NPP
PSI or ISI. Some non-nuclear
applications of UT and ET exist.!

Interior Cracks .001-1mm UT/ET/VT/PT/MT/RT VT and PT are applicable to
surface-breaking cracks, ET and
MT may be applied to surface or
near-surface cracks, and RT may
detect cracks with favorable

Flaw NDE Methods Notes

orientation
Surface flaws wide range, ET/NT/PT/IMT Detection of surface flaws may
depends on type be hindered by surface
of flaw roughness or conditioning

'For example, see https://www.vegter.co.uk/residual-stress-measurement/ultrasound and https://sonats-
et.com/en/residual-stress/eddy-current-testing/

Table References: (Aleshin et al. 2016; Buddu et al. 2015; DebRoy et al. 2018; du Plessis et al. 2018b;
Lopez et al. 2017; Lou et al. 2018; Lu and Wong 2017; NiPeijun 2000; Ostlund and Berglund 2019;
Sharratt 2015; Taheri et al. 2017; Thompson et al. 2016)
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3.4 Other potential techniques

There are many less common NDE techniques that are either not widely used or are not
approved by ASME Code for pre-service or in-service NPP examinations. A few that may be of
interest are briefly outlined in Sections 3.4.1-3.4.4. Significant research has been conducted on
each of these techniques, and they may be viable for in-plant use in the near future, depending
on industry drivers. For example, full matrix capture (an advanced phased-array UT method) is
being adopted into the 2019 edition of the Boiler Pressure and Vessel Code (BPVC).

3.41 Thermography

Overview: Thermography uses infrared (IR) radiation to detect surface and sub-surface cracks
and density variations. Thermography relies on the notion that discontinuities heat up or cool
down at different rates than the parent material; therefore, detectability depends on the contrast
of thermal properties and heat flow.

Thermography is used extensively for in-process monitoring because it can monitor the
temperature of the melt pool and thermal gradients without requiring contact with the
component.

For post-process NDE, resolution can be poor (~10 cm [4 in.]), and it often requires an external
heat source, such as an induction coil. For in-service NDE, it is rapid and can be used over
large areas, but environmental conditions may prevent its use.

References: (Lopez et al. 2017; Mandache 2019; Sharratt 2015; Taheri et al. 2017)

3.4.2 Laser UT

Overview: Laser UT uses a laser pulse to induce a thermal shock and therefore a cascade of
vibrational energy through the component, which can be detected using UT methods.

For in-process monitoring, a non-contact approach may be used if optical laser vibrometry is
used for detection. However, this method often results in some ablation, which may make it
undesirable for monitoring the AMT build process. To date, this process is not well studied for
AMT.

For post-process and in-service NDE, this method can provide depth information with good
resolution (~1 mm [0.04 in.]). Contoured surfaces are not a problem. However, rough surfaces
may prevent conventional UT transducers from coupling well and may induce scatter if laser
vibrometry is used.

References: (Cerniglia et al. 2015; Chauveau 2018; Choi and Jhang 2018; Davis et al. 2019;
Everton et al. 2015; Lévesque et al. 2016; Volker et al. 2019)

3.4.3 Full matrix capture (FMC)

Overview: FMC is a UT data acquisition technique that uses a matrixed probe (i.e., a probe with
a 2D matrix of transmitting and receiving elements). FMC emits energy from each individual
element one at a time, while “listening” with all the other elements. With this approach, beam
steering, sensitivity, and focus are improved over standard phased-array UT. This method,
together with an analysis approach called total focusing method (TFM) allows for well-focused,
full volumetric scanning with a single pass of a UT probe.

This method is not currently applicable to in-process monitoring because it requires contact and
scanning with a UT probe.
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For PSI and ISI, this method is currently gaining momentum in the NDE community. However,
FMC has several downsides that need to be overcome. For example, FMC is slower than
conventional UT, very large data files are generated for encoded FMC exams, a high level of
computing power is needed to process the data, and larger probes are needed than for
conventional UT.

Because FMC is an emerging method in NDE, there are very few published AMT studies to date
with FMC. FMC is currently being adopted into the 2019 edition of ASME Code in Section V,
Article 4, Mandatory Appendix XI with additional guidance in Nonmandatory Appendix F. It is
anticipated that interest in FMC will increase.

References: (Chauveau 2018; Javadi et al. 2019; Mohseni et al. 2019; Xu et al. 2017)

3.44 Non-linear UT

Overview: Non-linear UT is an application of UT that typically uses higher amplitude and lower
frequency sound waves to induce non-linear signal responses (i.e., distortions in the ultrasonic
wave) from flaws.

This method is not well suited for in-process monitoring because it requires contact with a UT
probe.

Non-linear UT is potentially very sensitive to cracks and pores, but it is still highly experimental.
There are no approved uses in nuclear NDE and no proven applications for AMT.

References: (Koester et al. 2017; Prevorovsky et al. 2019)
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4.0 Knowledge gap analysis of applying NDE to AMT
nuclear components

4.1 Identified gaps in applying NDE to AMT nuclear components

In reviewing the literature, several reports and papers discussed knowledge gaps, challenges,
and issues that exist in applying NDE to AMT components. Most of these references are
focused on PBF techniques, partially because there are many references about PBF. For
example, a Google Scholar search of NDT “powder bed fusion” returned 795 results, whereas a
search of NDT "powder metallurgy hot isostatic pressing” returned 3 results and NDT PM-HIP
returned 11 results.' Furthermore, because PBF is a relatively new technique, many NDT gaps
exist —especially pertaining to nuclear applications. On the other hand, there are many
references related to NDT of EBW, since EBW has been around for many decades. NDE
methods and techniques used to examine EBW joints do not differ from those used on
conventional welds, so relatively fewer NDE gaps specific to EBW were identified.

Because of the similarity of flaw types across AMT processes, the NDE gaps and applications
were extrapolated across processes. Relevant knowledge and research gaps were identified
and noted, and identical or similar gaps were grouped together. A priority score of High,
Medium, or Low was assigned to each gap based on anticipated PSI and ISI needs and the
importance for being able to apply pre-service and in-service NDE to AMT materials in nuclear
power plants.? The priorities were determined from an NDE perspective. In other words, factors
considered that facilitate reliable and repeatable inspections that can locate, identify, and
characterize critical flaws. This perspective does not necessarily encompass component safety
and reliability. PNNL subject matter experts relied on their combined experience in NDE
research, in-service inspection, and ASME Boiler and Pressure Vessel Code to formulate the
rankings. Table 4.1 lists the NDE gaps and the references where the gap was identified, where
applicable. Items in the table are listed in order of priority and are numbered for convenience of
referencing. It should be noted that the listed gap references come from a range of disciplines
and not just NDE. Furthermore, most of the references cited in the table below are evaluations
or studies conducted outside the nuclear industry. They are included here because many of the
NDE gaps identified apply to AMT components in general. One reference in particular, the
“Standardization Roadmap for Additive Manufacturing,” thoroughly describes and ranks many
gaps for the AMT industry as a whole (including defense, medical, and aerospace), along with
several NDE gaps; however, the nuclear industry was not a specific focus of that report (AMSC
2018).

1 Search conducted on 09 June 2020. Note that “NDT,” or “non-destructive testing” returns more search
results than “NDE.” However, both terms were used.

2 These gaps were ranked in priority as determined by experts in NDE and in-service inspection of
nuclear components. The authors recognize that the NDE priority ranking may differ from the opinions of
members of the AMT industry or regulators.
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Table 4.1 NDE gaps for AMT nuclear components

No. Identified NDE Gap Gap References

1 Validation of NDE techniques with destructive testing (Sharratt 2015),
Validation of NDE methods and techniques is absolutely required in order (Lu and Wong
to evaluate the effectiveness and limitations of NDE. Destructive testing is 2018),
the only guaranteed method of establishing the true-state of flaws and (Mandache 2019)
defects in mockups. Unfortunately, a mockup can only be destructively
tested once, so validation of NDE is an expensive process.

Priority: High

Destructive testing will be necessary for validating NDE methods,
particularly after critical flaw types, sizes, and locations have been
identified.

Recommendation: NDE validation studies should commence as soon as
possible and be done in conjunction with destructive testing studies (e.g.,
determining critical flaw properties, assessing build quality) to save on
costs.

2 Will the grain structure of the components interfere with UT
detection?
Grain structures in AMT components have been well-studied and are
typically small but can be larger than grains in wrought stainless steel and
approximately the same size as grains typically observed in austenitic
welds. Grain structures in PBF components are typically anisotropic and
tend to have longer dimensions in the build direction, although grain
structures can be changed to more equiaxed by heat treatment (DebRoy
et al. 2018). Grains resulting from PM-HIP tend to be small (~20-100 uym
[8x104 — 4x10-3 in.]) and equiaxed, making such materials easier to
inspect with UT (Dugdale and Borradaile 2013; Mashl 2015). Grains
particularly inhibit UT because grains cause significant beam attenuation,
scatter, and increased noise. This is a well-known and well-studied
phenomenon when examining austenitic welds and CASS materials
(Anderson et al. 2011; Crawford et al. 2009; Diaz et al. 2011; Jacob et al.
2019). If the noise introduced by the grains is of comparable intensity to
the signal received from the flaws, then flaw detection will be
challenging—especially when the flaws are small porosities. Knowing the
grain structure can help inform the UT technique. For example, lower
frequencies (longer wavelengths) penetrate through granular structures
better but at the expense of resolution and may miss small cracks and
pores. Also, longitudinal sound waves penetrate granular structures better
than transverse waves. Furthermore, when grain sizes are approximately
the same as the wavelength of sound, the sound is strongly scattered and
attenuated. The grain sizes in AMT components may therefore limit the
ultrasonic wave modes and frequencies that can penetrate and the size of
flaws that can be detected.

Priority: High

Grain structures are a well-known confounding factor for volumetric UT
examinations in materials such as austenitic welds. The sooner the
deleterious effects of AMT grains on UT sound propagation are known,
the sooner alternative methods can be developed and tested, if
necessary.

Recommendation: Research into the effects of AMT grain structures on
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UT signal-to-noise, scattering, and attenuation should commence
immediately on existing AMT specimens/mockups.
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Gap References

3 What is the relevant inspection volume?
Conventional NDE inspections focus on weld joints, since welds have
been identified through research and experience as the regions with the
highest probability of crack formation and failure. Based on information to
date, some AMT components will be near-net shape and have no weld
joints, and subassemblies may have a single circumferential weld to join
them. Accordingly, conventional inspection volumes (i.e., the inner one-
third of the component volume of the weld region for ISI) may not be the

only relevant volume of concern for inspections. If pores are determined to

be nucleation points for cracks and if pores are known to occur throughout
the component volume, then does the entire component volume need to
be inspected? If so, how often? Is it practical or possible to inspect the
entire volume of a large component, keeping in mind that surface
roughness has been identified as a significant inspection issue for AMT
components? There are several options: inspect the entire volume,
inspect a (to be determined) risk-informed or statistically-determined sub-
volume, inspect random sub-volumes, or inspect none of the volume.

Priority: High
This is an important question that should be addressed before meaningful
work on volumetric inspections of AMT components can begin.

Recommendation: Additional effect-of-defect and crack growth-rate
studies are needed before this gap can be thoroughly addressed.
However, work on determining optimal volumetric inspection parameters
and techniques should begin immediately.

4  Component surface finish
Surface finish was recognized by many authors as a significant challenge
to the application of most NDE techniques to AMT components. In the
nuclear industry, component surface condition has long been a critical
factor with respect to achieving an effective and reliable examination of
components. Two of the more common reasons for not achieving
complete volumetric weld examination coverage have been the presence
of weld crowns and irregular inspection surfaces. ASME Code Section XI,
Nonmandatory Appendix D, for example, recommends no more than a 0.8
mm (1/32 in.) gap between any part of the search unit face and the
examination surface. Surface finishing/contouring of certain piping
surfaces/welds was required after plants had begun to operate to allow
effective NDE to address emerging safety issues. Given that AMT
component surface finish could be a significant challenge to effective and
reliable NDE, empirical studies will be needed to establish the degree of
surface roughness that facilitates inspectability. In one example, Yusa et
al. (2016) used ET on artificial cracks made in a specimen manufactured
with PBF, but prior to tests, the surface was polished to a roughness of
Ra=0.04 uym. For comparison, PBF results in typical surface roughness of
5-30 um, and a standard machined surface roughness is ~3 pm. !

Priority: High

(Todorov et al.
2014),

(Waller et al. 2014),
(Mani et al. 2015),
(Sharratt 2015)
(Lopez et al. 2017),
(Lu and Wong
2017),

(Nilsson and
Johansson 2017),
(Taheri et al. 2017)
(AMSC 2018),
(Hassen and Kirka
2018),

(Koester et al.
2018a),

(Koester et al.
2018b),

(Ahmed 2019),
(Bishop-Moser
2019),

(Buchanan and

' Digital Alloys’ Guide to Metal Additive Manufacturing — Part 11
https://www.digitalalloys.com/blog/surface-roughness/
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The ability to inspect components is directly affected by surface finish,
which is therefore important for ensuring component integrity. The effects
of surface finish on examination quality is widely recognized as a problem
for NDE. Methods of finishing surfaces currently exist, but they would
need to be mandated on AMT components.

Recommendation: Empirical NDE studies and a cost/benefit analysis are
needed to determine the level of surface roughness that is tolerable. Many
requests for relief from the requirements to conduct NDE have been
submitted to the NRC with respect to the current fleet of NPPs. Surface
condition of AMT components will likely result in additional relief requests,
so attention should be paid to this issue as early in the planning process
as practicable.
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Gap References

Gardner 2019),
(Mandache 2019)

5 Inspection of large components and size limitations
Large NPP components, such as reactor pressure vessels, are currently
inspected routinely, with the focus primarily on weld joints. However, with
the relevant inspection volumes of AMT components identified as a
significant gap (Gap #3 of this table), the ability to fully inspect large
volumes requires consideration. AMT components for NPP reactor
applications are expected to be much larger than components made in
other industries that typically measure parts in centimeters or inches. CT,
which is limited to small parts, was identified in many references as being
the ideal method of inspecting AMT parts. However, upper and lower
reactor head assemblies of SMRs are expected to have diameters of
about 4 m (13 ft) and heights exceeding 20 m (66 ft) (Gandy 2019; Gandy
and Stover 2018; Matthews et al. 2016). Only one reference was found in
the preparation of this report describing NDE of large AMT components
(Gandy 2015), making this a significant knowledge gap. Absent any
breakthroughs in CT or other inspection technologies for large
components, ASME Code Section Il currently relies on RT and UT to
ensure component weld integrity during fabrication. It will be important to
closely monitor proposed inspection methods and prioritize and
coordinate efforts across research groups in order to address this gap
efficiently and effectively.

Priority: High

Scaled AMT mockups of SMRs currently exist, and plans for creating full-
size components are being considered. The ability to examine large
components is essential to nuclear NDE.

Recommendation: Design empirical research or proof-of-concept studies
to ascertain and solve the specific hurdles presented by large AMT
components. Allow collaborative access to existing large-scale AMT
mockups.

(Bond et al. 2014),
(Babu et al. 2016),
(Thompson et al.
2016),

(Albakri et al. 2017),
(Lu and Wong
2017),

(Nilsson and
Johansson 2017),
(Seifi et al. 2017),
(Taheri et al. 2017)
(Hassen and Kirka
2018),

(Koester et al.
2018a),

(Koester et al.
2018b),
(Bishop-Moser
2019),

(Mandache 2019)

6  Can the critical defects be detected with current NDE technology?
Once the critical defects are determined from effect-of-defect studies, the
NDE detection limits are understood, and the inspection volume is
determined, then the results of the findings need to be connected.
Whether the critical defects can be detected effectively and reliably in
large NPP components using current technology is an open question.
Finding the answer to this question should result from a natural
progression of research.
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Priority: Medium
The critical defects first need to be identified through materials testing.

Recommendation: Research into flaw detection can commence using
volumetric NDE and existing mockups or mockup designs. Destructive
testing will be necessary until intentional flaws can be reliably and
reproducibly included in the build process. The results then can be
correlated to results of critical defect studies. Modeling and simulation
may provide some answers on the anticipated sensitivity of UT to defects
such as porosities.

7  Methods for examining complex geometries and/or internal (Bond et al. 2014),
geometries (Waller et al. 2014),
NDE of complex geometries is a current problem with conventional (Sharratt 2015)
construction. For example, it is difficult to couple a UT probe to a weld (Albakri et al. 2017),

crown or a tight radius of curvature, thus making the inspection of certain  (Koester et al.
weld joints difficult if not impossible. However, custom probe fittings can 2017),

be created for many situations to allow coverage. This NDE gap may be  (AMSC 2018)
compounded with AMT components, because there are few build (Brierley et al.
restrictions to component complexity (design restrictions notwithstanding), 2018),

particularly with PBF, but also with PM-HIP (Gandy 2015; Hjorth 2007). (Colosimo et al.
PBF components may even have intentional internal voids (e.g., to reduce 2018),

weight) that will prevent the penetration of ultrasonic waves or access for (Hassen and Kirka

VT, PT, MT, or ET. If complex geometries are used in NPP AMT 2018),
components, particularly with new construction, then alternative NDE (Koester et al.
methods or techniques will have to be developed for volumetric 2018a),
inspections. Finalizing the design of AMT components without the (Lu and Wong

harmonization of the design and inspection codes and the ability to ensure 2018),
effective and reliable NDE will likely result in associated requests for relief. (Rebak and Lou

2018),
Priority: Medium (Bishop-Moser
AMT component geometries do not pose an immediate challenge to 2019),
nuclear NDE, since component designs are not finalized. Pressure- (Mandache 2019),
bearing components are not expected to contain internal voids. However, (Simpson et al.
certain component designs, such as nozzles and transitions to piping, 2019)
should be considered a priority for NDE.
Recommendation: NDE should be considered during the design phase
so that uninspectable geometries can be avoided (changes would also be
required to ASME Code Section Ill). Research into the use of conformable
or adaptable UT wedges, or the use of alternative inspection techniques
(e.g., surface waves, plane waves, etc.), may be needed.

8 Reference and defect mockups standards (Waller et al. 2014),
Mockup standards are required for determining procedure qualification, (Sharratt 2015)
personnel qualification, equipment calibration, and for confirmatory (Seifi et al. 2017),
research. Part of this gap is addressed by the “Standardize proprietary (AMSC 2018),
AMT processes and manufacturing methods” gap in Section 4.1.1. A (Koester et al.
critical question is: can standard defects be reliably manufactured into 2018a),

mockups? For example, Yusa et al. (2016) generated artificial “cracks,” or (Lu and Wong
notches, using a PBF technique and tested the detection capabilities of 2018),

ET against the design true-state. They showed that the flaws were (Moore et al. 2018),
created with sub-millimeter precision, but the presence of unintentional (Bishop-Moser
flaws (porosities and LOF) was a problem. du Plessis et al. (2016) showed 2019),

that the creation of small intentional defects can be difficult to control (Mandache 2019),
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using PBF. Depending on directionality of the build, either unintended
fusions occurred to close narrow defects or defects were larger than
intended. Unexpected porosities were also found. Koester et al. (2017)
used UT to attempt to detect intentional porosities placed using powder-
bed AMT methods, but they observed that “Some uncertainty remains as
to the actual shape and size of the defects and what, if any deviation from
their specified shapes exist.” Adding reference flaws, such as pores or
cracks, to PM-HIP materials may be problematic if the PM-HIP process
closes the flaws.

Priority: Medium

With no AMT components that require NDE currently in nuclear plants or
planned for the near-term, there is no immediate need for NDE reference
standards. However, as confirmatory NDE research ramps up with AMT
components, reference standards will be necessary.

Recommendation: Creating precise reference standards will be feasible
after AMT build processes have become more standard and reliable and
once more specific types of AMT NPP components and NDE methods are
established. Research into controlled and repeatable creation of a variety
of intentional defects using AMT methods should continue.

PNNL-30759

Gap References

(Mayfield and Nichol

2019)

9 Modeling and simulations
Modeling and simulation can be used in the build process to establish
build parameters and predict residual stress, both of which may be critical
to minimizing defects; this is not directly related to NDE. However,
modeling and simulation in NDE can be used to predict SNRs, flaw
response signals, probability of detection, and inspection parameters for
ET, UT, and RT. In one reference, UT simulations were used to help
predict POD in an EBW mockup (Dominguez et al. 2012). Models can be
used to guide the design of, for example, flaw standard mockups and
performance demonstration mockups.

Priority: Medium

There is no immediate need for modeling and simulation of NDE in AMT
components; however, a modest modeling effort will help inform and
guide NDE inspection approaches. For example, as effect-of-defect
studies are carried out, modeling may help predict detectability prior to
design and creation of reference and defect standards. If flaws are not
predicted to be detectable, then alternative NDE methods may need to be
developed.

Recommendation: Modeling will be a useful tool in forming NDE
approaches as more information is learned about the types, sizes, and
geometries of AMT components and critical flaws. However, modeling
cannot be used as a substitute for empirical or confirmatory NDE
research.

(Bond et al. 2014),
(Mani et al. 2015),
(AM-Motion 2018),
(Koester et al.
2018a),

(Lu and Wong
2018),
(Bishop-Moser
2019)

10 Component qualification/acceptance standards
Component qualification methods and standards need to be established
by the industry and regulators. NDE plays a critical role in determining
whether components pass quality acceptance tests once the standards
are developed. Note that this gap focuses on what standards will be used
to qualify a component using NDE as opposed to how the build process
may directly affect application of NDE.

(Aaltonen et al.
2009),

(Kumar 2011),
(Bond et al. 2014),
(Babu et al. 2016),
(Seifi et al. 2017),
(AMSC 2018),
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Priority: Medium

With no safety class 1 or 2 AMT components currently in nuclear plants or
planned for the near-term, there is no immediate need for acceptance
standards. However, the standards development process is long and
arduous, so initiating the process soon will be beneficial.

Recommendation: Current qualification and acceptance standards, and
the NDE methods used to assure those standards, should be reviewed to
determine applicability to AMT components. New standards should be
adapted or created as necessary.

PNNL-30759

Gap References

(Hassen and Kirka
2018),

(Moore et al. 2018),
(Buchanan and
Gardner 2019),
(Mandache 2019),
(Mayfield and Nichol
2019)

11 Automated inspection and interpretation

Routine inspections would benefit from automated data analysis, and this
is an active area of research for many companies that provide ISI
inspection software. With AMT components that may require inspection of
their entire volume, automated data analysis, possibly based on Al or
machine learning, will be a key for efficient examinations. For example, if
certain porosities or LOF defects are common but are shown by effect-of-
defect studies to be of no consequence, then automated analysis will be
critical for allowing analysts to focus on the critical defects. Also, ever-
decreasing numbers of qualified NDE experts in the nuclear industry may
create a knowledge gap that automated data analysis can help fill,
including for examinations of conventional components. Automated defect
detection research is currently being pursued in many industries; cf. (Lee
et al. 2019; Munir et al. 2018; Virkkunen and Koskinen 2019).

Priority: Medium

If entire volumes of AMT components will require inspection, then rapid
data analysis techniques will be needed. Automated inspection and
analysis is an emerging field of interest, even with current NDE
inspections. With respect to AMT, it must first be determined whether or
not entire volumes of large components need to be inspected, then it can
be decided whether automated inspection and analysis are needed for
AMT components in particular. Furthermore, inspections can continue to
be done without automated methods. Therefore, this gap was ranked as
medium priority.

Recommendation: Current research in automated data analysis should
be applied to AMT components and flaws. Machine learning or Al may be
particularly useful for NDE of AMT components.

(Matthews et al.
2016),
(Babu et al. 2018)

12 SHM/lifetime monitoring

Long-term monitoring of AMT components can be implemented just as
with conventional components. Typically, this involves attaching sensors
to the surface of the component. The use of online monitoring/AE
methods has been studied in the past by various organizations and, for
example, was discussed as a means to lower operating inspection costs
for pebble-bed reactors (Korsah et al. 2017). However, the research gap
lies in the potential of using embedded sensors that are strategically
placed during the build process. If permanently embedded sensors are to
be used, they cannot be susceptible to heat or pressure damage during
the build process, they must have an operational lifetime at least as long
as that of the component, and they must not compromise the structural
integrity of the component. It should be noted that a considerable amount

(Kumar 2011),
(Sharratt 2015)
(Fielding et al.
2016),

(Albakri et al. 2017)
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No. Identified NDE Gap Gap References
of research has been conducted with respect to acoustic monitoring.

Priority: Medium

Until effect-of-defect and aging studies have been carried out to determine
how AMT components will age or degrade while in service, SHM may be
especially useful for long-term observation of AMT components so that
crack formation can be detected and tracked.

Recommendation: The initial focus should be on using standard SHM
techniques for immediate implementation. Research can be done on
developing state-of-the-art heat- and pressure-resistant embedded
sensors as needs arise.

13 Inspection codes, standards, procedures, and protocols (Waller et al. 2014),
Standards, procedures, and protocols currently exist for NDE inspections  (Lopez et al. 2017),
of conventional components, and it is expected that most of them can be  (AM-Motion 2018),
readily adapted to AMT components. However, because of potential (AMSC 2018),
differences that exist in, for example, flaw types and locations, all of the (Koester et al.
codes, standards, procedures, and protocols that govern NDE inspections 2018a),

will have to be revisited and possibly revised. This gap will become a (Lu and Wong
higher priority if the use of safety-critical AMT components in NPPs 2018),

becomes more imminent. In the meantime, many other gaps must be (du Plessis et al.
addressed first, such as determining critical defect types and sizes, 2019),

manufacture standardization, NDE technique validation, and (Mayfield and Nichol
understanding detection limits. 2019)

Priority: Low

With no safety class 1 or 2 AMT components that require NDE inspections
currently in nuclear plants or planned for the near-term, there is no
immediate need from an NDE perspective for inspection codes,
procedures, or protocols. However, from a Code perspective, such codes,
procedures, and protocols can take a long time to develop, so this gap
should not be ignored.

Recommendation: Current NDE inspection methods and standards
should be reviewed to determine applicability to AMT components.
Confirmatory empirical NDE studies will likely be needed.

14 Inspection performance demonstration mockups (Waller et al. 2014),
Mockups will have to be created for performance demonstration activities. (Seifi et al. 2017)
Such mockups will have to be made using industry-standard techniques
and will have to contain well-characterized flaws. Note that these
mockups are different from reference and standard mockups, such as
might be used to calibrate NDE equipment.

Priority: Low
Performance demonstration mockups will not be needed until inspection
standards and mockup standards are established.

Recommendation: Performance demonstration mockups can be
designed and fabricated only after many of the other gaps have been

addressed.

15 Probability of detection (POD) data, methods, and standards (Waller et al. 2014),
Once sufficient inspection data are available on critical flaws, it will be (Sharratt 2015)
important to establish what the anticipated false positive and false (Bishop-Moser

Knowledge gap analysis of applying NDE to AMT nuclear components 41



PNNL-30759

No. Identified NDE Gap Gap References

negative rates are and how such rates should be measured. This will first 2019)
require a large number of well-characterized mockups with a variety of

flaw types and locations to be manufactured. For example, some POD

results on a small EBW mockup with hemispherical surface flaws have

been published (Dominguez et al. 2012).

Priority: Low

This gap will require a large amount of data to be acquired on many AMT
specimens, but only after other critical gaps have been addressed, such
as determining critical flaw properties and standardizing build quality.

Recommendation: Ongoing POD studies can be conducted as relevant
AMT NDE data come available.

16 Counterfeit parts detection (AMSC 2018)
Counterfeit parts are a major problem in all industries and can adversely
affect performance and safety (Leblanc and Abesamis 2016). Counterfeit
parts could be introduced into the supply stream if measures are not taken
to prevent it. Such parts pose unique safety challenges. NDE is currently
used to help detect counterfeit parts or to identify genuine parts that are
labeled in various ways, such as a void pattern or electronic signal. For
example, Wei et al. (2018) show a method of using thermography or RT to
read QR codes embedded during the PBF build process.

Priority: Low

Although it is likely that large nuclear components will be obtained through
well-controlled sources, all components should be labeled with a method
to verify authenticity. This gap may be more relevant to smaller, off-the-
shelf components.

Recommendation: AMT components can be designed to contain a label
or tag that can be used to guarantee authenticity. Confirmatory research
may be needed to demonstrate that such tags or labels can be read
clearly and reliably using NDE.

17 Can post-process NDE be scaled up to production environments?
Mass production requires effective detection methods. While mass
production issues are not currently relevant to the nuclear industry, they
may become important with the development of small modular reactors. In
the meantime, detection methods may be required for the inspection of
large components, or to meet production deadlines for multiple NPP units,
for example. This raises several questions. If large-scale production of
components or if production of very large components takes place, can
NDE keep up with demand? Are NDE methods fast, cost-effective, and
reliable enough? Are there enough qualified technicians? Can effective Al
or automatic detection methods be used to make up for a shortage of
technicians? As AMT components for nuclear applications become more
common, these issues will likely be addressed on an as-needed basis.

Priority: Low
This is a question that may become relevant in the future as the use of
AMT components in the nuclear industry becomes more common.

Recommendation: Address NDE of AMT components throughput on an
as-needed basis.

Knowledge gap analysis of applying NDE to AMT nuclear components 42



411 Non-NDE gaps

PNNL-30759

In addition to the NDE gaps discussed above, several gaps were identified that will have direct
bearing on some aspects of NDE but are not NDE knowledge gaps per se.

Non NDE Gap Gap References

Descriptions of critical defect types, sizes, and locations

This is a major gap for AMT components in general, particularly in new
applications such as NPP. An understanding must be gained of which flaws
originating from the build process are critical defects or have the potential to
cause critical defects over time (a critical defect is a defect that may result in
structural damage or failure). A common phrase in the literature to describe
this issue is “effect-of-defect.” This gap represents a significant engineering
and materials science research effort, but it must be completed before NDE
can be effective at finding and identifying relevant flaws—NDE cannot
identify critical defects if it is not known which defects are critical. Addressing
this gap will also determine whether current NDE methods and techniques
are adequate or if new techniques need to be developed. Once the critical
defects are identified, research must be done to determine how such defects
can be detected and discriminated from non-critical defects using NDE. For
example, some studies suggest that certain porosities can be the initiation
point for more significant cracking and failures; cf. Thompson et al. (2016).
Porosities are a very common AMT defect, so if every porosity has to be
identified with NDE, then it may affect the practicality of using AMT for large-
scale components.

Priority: High
Without knowing the types, sizes, and potential locations of critical defects,
NDE will not be informative.

Recommendation: Significant research efforts should be made to determine
the critical flaw types, sizes, and locations in nuclear AMT components. In
addition, understanding relevant degradation mechanisms and flaw growth
rates under operating conditions will need to be a focus of this research. NDE
will likely not be involved until critical defect types are identified through
destructive means.

(Waller et al. 2014),
(Sharratt 2015),

(Babu et al. 2016),
(Seifi et al. 2017),
(Chauveau 2018),

(Kim and Moylan 2018),
(Lu and Wong 2018),
(Mandache 2019)

Standardize proprietary AMT processes and manufacturing methods
This is not so much an NDE gap as it is an AMT industry issue. However, it
directly affects the ability of NDE, which is highly standardized, to
consistently and reliably detect flaws. Standardization of manufacturing
processes must be accomplished prior to standardizing an NDE approach
that is specific to a component or AMT method, so that the exact same NDE
approach can be used repeatedly without recertification. In other words, an
NDE inspection protocol should not be needed for each separate AMT
manufacturer. Furthermore, AMT build standardization is critical to the
creation of consistent defect standards, calibration standards, and
performance demonstration standards. If two different companies produce
nominally the same calibration standard but use different build parameters,
what assurance is there that the products generate identical NDE
responses? Research should be conducted to determine how reproducible
the manufacturing standards are across AMT processes and even build-to-
build on the same AMT equipment. Upwards of 50 build parameters can
affect the quality of the final product in selective laser melting, a PBF

(Bond et al. 2014),
(Town and Lawler
2015),

(Babu et al. 2016),
(Seifi et al. 2017),
(Taheri et al. 2017)
(AMSC 2018),
(Hassen and Kirka
2018),

(Koester et al. 2018a),
(Buchanan and Gardner
2019),

(Mayfield and Nichol
2019)
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technique (Van Elsen 2007). These parameters include the scan speed, scan
pattern, density of deposited energy, particle size, temperature gradients,
and layer thickness. In addition, over 20 quality control operations should be
performed in PM-HIP (Gandy et al. 2012).

Priority: High

Without standardization, build quality may vary unpredictably, and NDE
inspections may have to be tailored to each specific build type. Also,
inspection and reference standards cannot be made unless this gap is solved
first.

Recommendation: Although this is not an NDE gap per se, NDE should be
used to assess build quality and help assure manufacturing standardization.

What will be the NDE resolution requirements?

This question cannot be adequately addressed without a better
understanding of component material properties (grain structures),
thicknesses, and the critical flaw sizes and locations. Once that information is
known, NDE methods and techniques will have to be adapted or developed
and subsequently demonstrated to provide the necessary resolution so that
the critical flaws can be found with an acceptable probability of detection
(which is yet to be determined).

Priority: Medium
The resolution requirements will depend on the results of critical defect
studies and other high priority gaps.

Recommendation: Although operating experience has shown that flaws will
typically originate at the inside component surface, research into resolution
limitations of volumetric NDE, especially UT, can begin using existing
mockups. Modeling and simulation may provide some insight into resolution

limitations.

Residual stress measurements (Babu et al. 2015)
Residual stresses may cause part deformations and cracking during or after  (Kim and Moylan 2018)
the PBF build process. Although recognized as a gap by some authors, (Koester et al. 2018a)

measuring residual stress is probably not a necessary step for ISI. Residual
stresses should be removed during post-build treatment, which is a concern
for the build process, not the inspection process. Currently, weld residual
stresses are relieved through mechanical or thermal means. NDE is often
performed with UT before and after these processes (or during with AE) to
detect any changes in the structural integrity of the part, but not to detect
stresses directly. However, the long-term effects of AMT-related residual
stress in nuclear components are not known. If residual stresses are not
adequately addressed prior to component installation or are introduced
during repair/replace activities, then it could potentially become an issue that
is directly tied to component safety and will require in-service NDE.

Priority: Low

Residual stress measurement and mitigation should be considered part of
the manufacturing process. However, methods of measuring residual stress
with NDE may prove beneficial for long-term monitoring component integrity.

Recommendation: Additional research is needed to determine the
importance of residual stress in AMT nuclear components and how to
effectively and reliably measure such stress, or its effects, using NDE.
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Inspection of green parts (O'brien and James
Green parts are those that have not yet received post-build treatment, such ~ 1988),

as heat treatment, sintering, or HIP. NDE of green parts may reveal critical (Bond et al. 2014),
flaws prior to finalizing the component. Some difficulty was reported in the (James 2018)
literature in the inspection of green parts because of issues such as density

gradients, surface roughness, and anisotropic sound velocity in UT

inspections (James 2018; O'brien and James 1988). Since PSls should be

performed after all the build processes are complete, it is likely not necessary

to inspect green parts unless the manufacturer deems it important as an

intermediate step prior to finalizing the product. Such an inspection would not

be classified as a PSI or ISI.

Priority: Low

Inspection of green parts should be considered part of the manufacturing
process. Once a component is ready for installation, a PSI can be performed
as usual.

Recommendation: Research into NDE inspection of green parts may be
informative to the build process, but it is not seen as necessary for PSI or ISI
of nuclear components.

Standard terminology for flaw identification (AMSC 2018)
Standard terminology has been established for the AMT industry in orderto  (ISO/ASTM 2015)
facilitate communication and regulation (ISO/ASTM 2015). This is recognized

as an important step for the AMT industry.

Priority: Low
The NDE industry is quite mature and already has standardized terminology.

Recommendation: The NDE community can adapt to terminology
standardization made by the AMT industry. Coordination with the appropriate
standards organizations will be required to standardize terminology across
the industry and update the applicable codes and standards.

41.2 NDE of Cold Spray

Nozzle clogging and poor surface preparation are the primary flaw mechanisms in material
deposited by cold spray. Nozzle clogging reduces particle velocity, resulting in reduced
mechanical properties and increased porosity. Poor surface preparation results in poor
adhesion, or bonding, to the substrate. Causes of flaws include improper: powder preparation,
powder handling, and path planning. The four primary NDE methods used to examine CS
deposition are VT, PT, UT, and ET (Glass et al. 2018). Cold spray is a young technology, so
there are relatively few references and studies describing the effectiveness of NDE techniques
for evaluating CS depositions in the nuclear industry. In one report, the IAEA studied UT and ET
for the inspection of copper coatings on used fuel cannisters (Liyanage et al. 2016). There are
also some review articles that discuss the use of CS in the nuclear industry (c.f., (Champagne
and Helfritch 2014; Pathak and Saha 2017; Yeom and Sridharan 2020)).

VT, including enhanced VT, can be used to examine the CS surface for imperfections such as
chipping, cracking, and flaking. PT can also be used, but surface roughness or porosities may
obscure cracks or other imperfections. Either method can be used to examine the visible
regions where the CS deposit meets the substrate to look for indications of lack of adhesion, but
this is limited to the periphery of the deposition.
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UT is the most promising technology for detecting porosities, coating thickness, cracking, and
lack of adhesion. Relatively high UT frequencies (>5 MHz) can be used because of the lack of
attenuating grain structures. At 5 MHz, the wavelength would be about 1 mm and would
therefore be appropriate for interrogating coatings that are about 1 mm thick; however, this
assumption should be verified experimentally. Cracks and lack of adhesion can be measured
using established UT methods because the echo signals from such flaws are well understood.
Also, where an echo at the interface of the CS layer and the substrate can be identified, coating
thickness can be directly measured (Glass et al. 2018; Singh and Singh 2020). Porosities can
be measured directly, and small variations in porosity are easily detectable using UT. Currently,
UT methods of examining CS materials are still in the experimental stages (Glass et al. 2018).
Surface roughness may hinder the ability to inspect CS surfaces with UT. Laser UT, a non-
contact UT technique, has been studied for examination of CS coatings (Levesque et al. 2019).

ET can be used to examine the CS layer for cracks, porosities, or inclusions if the layer is thin
enough (Lareau et al. 2019). For example, in one study, the integrity of the bonding interface
was examined on thin steel plates (Mi et al. 2007). Thin CS layers, <1 mm, may be used to
mitigate chloride-induced stress corrosion cracking in fuel storage casks (Yeom and Sridharan
2020), implying that ET may be well suited for inspection of such layers. As with UT, surface
roughness may affect the ability to inspect CS depositions. It is anticipated that ET is
appropriate for coatings several millimeters thick, however additional work should be done to
verify effective thickness limits.

4.1.21 Cold Spray Inspection Gaps

There are several knowledge gaps with NDE of cold spray materials.

o Porosity: Porosities in CS materials are similar to those in other AMT materials, and
they present similar issues to NDE. Direct measurement of porosity density, location,
and size is feasible using UT or ET. Because this is time consuming and labor intensive,
automation would be ideal for scanning components that have large sections that have
been coated with CS. One potential PSI approach could be to use the application robot
for UT or ET inspection of components directly after spraying. For ISI, other automated
approaches would need to be developed.

¢ Coating/substrate adhesion: Nondestructive measurement of the quality of
coating/substrate adhesion is a recognized and difficult NDE problem that will likely be a
long-term issue. Lack of adhesion may be partial or very localized and therefore difficult
to detect. Porosities also result in signal scatter, which can hamper efforts to detect
small signals from poor adhesion. A 2020 funding opportunity was released by the US
Department of Defense to invite innovative solutions for this issue.

¢ Through-coating inspectability: UT and ET can penetrate CS coatings and inspect
the underlying material. Thick coatings may present problems for inspection, particularly
if the coatings contain porosities. Understanding the various NDE capabilities in this
context will require further research.

e Thick cold spray builds: Thick cold spray builds may present problems for inspection,
particularly if the deposited material contains significant porosities. Understanding the
depth limitations for UT and investigating iterative NDE during part build are important
undertakings for enable cold spray additive manufacturing of nuclear components.

" DoD. 2020. "Non-Destructive Evaluation of Bonded Interface of Cold Spray Additive Repair."
Department of Defense.
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¢ Foundational Research and Guiding Documents: Information in the literature for NDE
of cold sprayed material is limited to small effort showing a specific application can be
inspected. Published studies that investigate NDE of cold spray are needed to establish
a technical foundation and best practices for inspection of cold spray additive
manufacturing.

4.2 Gaps in current codes and standards

The ASME Code has not yet adopted standards regarding AMT, and current Code development
is still in its infancy. To date, Section Ill Division 1 has adopted one related Code Case (in 2013
for PM-HIP of 316L stainless steel). ' However, committees are actively considering the
development of Code rules to address emerging issues related to AMT construction and testing.
Other organizations, such as ASTM? and AMSC? (the America Makes & ANSI Additive
Manufacturing Standardization Collaborative), are also engaged in developing and setting AMT
standards.

ASME'’s Board on Pressure Technology Codes and Standards (BPTCS) and Board on Nuclear
Codes and Standards (BNCS) has convened a Special Committee on Use of Additive
Manufacturing for Pressure Retaining Equipment.* This committee is scheduled to meet
quarterly during ASME’s Boiler Code Week and has the following charter: “To develop a
technical baseline to support development of a proposed BPTCS 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, testing, and quality control.” From the February 5,
2020 minutes of the Special Committee: ® “BPV Code Cases using additive manufacturing are
being developed in conjunction with the BPV construction Codes. In the short term, direction
developed by this Special Committee will guide the development and processing of these Code
Cases.” In addition, the Committee is currently working on a guideline document on standards
development for PBF equipment with a target completion date of late 2020.

For several months, EPRI (under DOE project DE-NE0008521), along with several industrial
partners, has been developing a technical “data package,” or a technical basis document, for
316L Stainless Steel Manufactured via Laser Powder Bed-AM on additively manufactured
stainless steel parts. The data package was recently presented to the BPTCS/BNCS Special
Committee and is under consideration to support a Code case by the Section Ill Subgroup on
Materials, Fabrication and Examination. The data package is specifically focused on the
manufacture of 316L stainless steel components using laser powder bed additive manufacturing
(LPB-AM). The components produced under the project via LPB-AM include pipe flanges, pipe
tee sections, and valve bodies. The data package includes component builds from
Westinghouse, Rolls Royce, Oak Ridge National Laboratory, Auburn University, and Oerlikon,
along with supporting mechanical, microstructural, build property, and ultrasonic data.

T ASME Code Case N-834, “ASTM A988/A988M-11 UNS S31603, Subsection NB, Class 1 Components.”
2 https://www.astm.org/Standards/additive-manufacturing-technology-standards.html

3 https://www.ansi.org/standards_activities/standards_boards_panels/amsc/America-Makes-and-ANSI-
AMSC-Overview

4 Information on this committee is available at:
https://cstools.asme.org/csconnect/CommitteePages.cfm?Committee=101029283

5 Minutes of the Tenth Meeting of the BPTCS/BNCS Special Committee on Use of Additive Manufacturing
for Pressure Retaining Equipment, Wednesday, February 5, 2020. Not publicly available.
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Westinghouse and EPRI are expected to submit the data package to ASME Code, Section IIl.
Information about the components that have been produced is available (Gandy 2018).

Aside from the ASME BPTCS/BNCS Special Committee’s consideration of the EPRI Data
Package, only two ASME Task Groups (TG) are currently working AMT: the TG on Additive
Manufacturing for Valves and the TG on Division 5 AM Components.

ASME activities outside the realm of nuclear power involve the development of a national
standard related to advanced manufacturing. ASME’s Y14 Standards Committee established
the Y14.46 subcommittee in support of the development of a new standard on AM." It's charter,
approved in October 2014, is to “Develop and standardize systems and indications to promote
uniform product definition practices for AM. Create a broadly accepted standard that
incorporates, expands, or refines international practices and symbology to enable AM product
definition data sets to be created, interpreted, and consumed on a global basis. This standard
shall ensure that component parts and component assemblies, produced from such AM product
definition data sets, are subject to a single interpretation of engineering specifications and
requirements for the purpose of conformance verification. This standard shall supplement the
requirements of the Y14 series.” In 2017, the subcommittee published a Draft Standard for Trial
Use on AM (ASME 2017). The standard encompasses “engineering product definition and
related documentation practices.” The subcommittee’s work is ongoing.

Currently, the only ASME Code activity occurring related to NDE is within ASME Section V and
is regarding CT, although no requirements or guidelines have yet been established. Prior to
adapting an NDE method to any component, the type of conditions or flaws expected to be
present must be identified, and only after this can an NDE method/technique and personnel
qualification criteria be established.

Table 4.2 lists the primary NDE-related AMT gaps with respect to the ASME Code and the
references where the gaps were identified. A priority score of High, Medium, or Low was
assigned to each based on the urgency for filling the gap from an NDE PSI or ISI perspective.

Table 4.2 AMT NDE gaps related to ASME code

No. ASME Code Gap References'

1 Identification of Expected Flaws & Characteristics ASME
Planar and laminar flaw conditions currently identified in the ASME Code are Section llI
based on conventional manufacturing processes. Flaws that could inheritably =~ NB-5000,

occur during the AMT processes must be compared to conditions currently NC-5000
identified in ASME Section lll, such as porosities, cracks, and LOF, to
determine if the existing Code adequately addresses such conditions. ASME

Likewise, ASME Section XI must be evaluated with respect to flaws that might  Section XI,
occur in AMT materials, and the in-service conditions currently addressed that IWB and IWC
are caused by fatigue, stress, or corrosion degradation. Residual stresses and

interaction with fabrication defects have historically been proven to cause

service induced flaws. These conditions should be assessed by proven criteria

currently used to evaluate the most effective NDE approach and related

personnel qualification requirements to ensure safety and quality.

" Information on this subcommittee can be found at:
https://cstools.asme.org/csconnect/CommitteePages.cfm?Committee=100749850
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ASME Code Gap

Priority: High
Acceptance standards based on engineering analysis cannot be established
until the types of flaws expected in the manufacturing process are identified.

Recommendation: Identify and cross reference AMT flaw types with ASME
Section Il & Section Xl flaw types.

PNNL-30759

References'

Acceptance Standards ASME
Defect acceptance standards currently identified in the applicable ASME Code Section Il
section are well established; however, these cannot be applied to AMT NB-5000,
processes without evaluating the impact of structural integrity. NC-5000
Priority: High ASME
The quality assurance and structural integrity of a component is based on Section XI
acceptance standards applied to any manufacturing process conditions. IWB, IWC
Process qualification, process control, and performance demonstration have
not yet been completed for any AMT process. Once the ASME Code
establishes requirements for AMT, those requirements will drive applicable
NDE requirements. The gaps outlined in this table are established for current
fabrication processes; however, no data exists to validate these current
requirements as applicable to AMT processes.
Recommendation: Conduct an engineering analysis of component in-service
stresses in relation to void conditions that could cause an in-service flaw.
Determination of Applicable NDE Methods ASME
Well established NDE methods for visual, surface, and volumetric examination Section Ill
have evolved and been proven over time with conventional manufacturing NB-5000,
processes. With new AMT processes, these methods cannot be assumed NC-5000
applicable until verified through testing with known flawed specimens.

ASME
Priority: High Section XI
Once flaw types and acceptance standards are developed, NDE methods that IWB, IWC
accurately detect and dimension these flaws must be experimentally verified.
Recommendation: Conduct a research study with widely applied and
accepted NDE methods on flawed AMT specimens that have surface and
volumetric conditions.
Procedure Qualification ASME
Procedures that define NDE examination requirements for conventional Section Il
manufacturing processes are required to be demonstrated to the inspector, NB-5000,
utility owner, or both based on requirements of the applicable ASME Code. No NC-5000
procedures have been qualified for the examination of AMT components.

ASME
Priority: Low Section XI,
Examination procedures can be easily revised to include any specific AMT IWA,
criteria or techniques. Appendix |,

Appendix 1l &
Recommendation: Prior to PSI and ISI| of AMT components, procedures must Appendix VIl
be developed, demonstrated, and approved for to use.
Personnel Qualification ASME
The qualification of NDE personnel is well established and has been closely Section Il
scrutinized for over 75 years. Current Code requirements for ASME Section Il NB-5000,
examination personnel are in accordance with the ASNT Recommended NC-5000

Practice SNT-TC-1AZ that outlines training, experience, and testing
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No. ASME Code Gap References'
requirements to be certified (USNRC 2012a). The NDE techniques that may be ASME
applied to AMT components may be of a specialized nature and require Section XI,
training beyond currently established criteria. IWA,

Appendix VI
Priority: Low and Appendix
Training curriculum can be easily adapted from existing outlines. Vil

Recommendation: Training and testing criteria should be established for any
specialized NDE techniques identified as applicable to AMT components.

"The ASME Boiler and Pressure Vessel Code is not publicly available but can
be obtained from ASME https://www.asme.org/codes-standards/find-codes-
standards/bpvc-complete-code-boiler-pressure-vessel-code-complete-set
2Can be obtained from
https://www.asnt.org/MajorSiteSections/Standards/ASNT Standards/SNT-TC-

1A.aspx

4.3 Summary

The following list combines all the NDE and Code gaps that were identified above as High,
Medium, or Low priority from an NDE perspective. These were ranked from high priority to low
priority within each level based on current and anticipated PSI and ISI needs. Many of these
gaps are not solely related to NDE; they will require coordination and cooperation with other
disciplines, such as AMT professionals, material scientists, design engineers, ASME Code
experts, and regulators. As such, addressing the gaps will require collaboration across
disciplines and potential reprioritization of the gaps based on current and anticipated NPP
industry needs.

High Priority:

Identification of expected flaws and characteristics (Table 4.2 No.1)

Defect acceptance standards (Table 4.2 No. 2)

Determination of applicable NDE methods (Table 4.2 No. 3)

Validation of NDE techniques with destructive testing (Table 4.1 No. 1)

Determination of effects of AMT grain structures on UT (Table 4.1 No. 2)

Definitions of the relevant inspection volume (Table 4.1 No. 3)

Required level of component surface finish (Table 4.1 No. 4)

© N o ok~ w b=

Size limitations for inspection of large components (Table 4.1 No. 5)

Medium Priority:

1. Effectiveness of defect detection with current technology (Table 4.1 No. 6)

Methods for examining complex geometries and/or internal geometries (Table 4.1 No. 7)
Reference and defect mockups standards (Table 4.1 No. 8)

Modeling and simulations to help inform volumetric NDE (Table 4.1 No. 9)

o 0N

Component qualification/acceptance standards (Table 4.1 No. 10)
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6. Automated inspection and interpretation (Table 4.1 No. 11)

7.

Structural health monitoring/lifetime monitoring (Table 4.1 No. 12)

Low Priority:

1.

o g bk WD

Inspection codes, standards, procedures, and protocols (Note: this overlaps with ASME
Code gap “Procedure qualification”) (Table 4.1 No. 13 and Table 4.2 No. 4)

Inspection performance demonstration mockups (Table 4.1 No. 14)
Personnel qualification (Table 4.2 No. 5)

POD data, methods, and standards (Table 4.1 No. 15)

Counterfeit parts detection (Table 4.1 No. 16)

NDE in production environments (Section 4.1. No. 17)
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5.0 Conclusions

NDE methods and techniques have been used for decades to help assure the continued
operational safety of the NPP fleet. There is growing interest in using advanced manufacturing
techniques, such as PBF, DED, EBW, and PM-HIP, to create safety-critical and safety-
significant components, such as those that may be pressure retaining. In addition, there is
strong interest in using CS as a repair option. Thus, the effectiveness of applying existing NDE
techniques to the pre-service and in-service safety evaluation of such components made or
repaired with AMT processes must be carefully verified. From reviewing the literature in
preparation of this report, 21 significant knowledge gaps that are relevant to NDE of AMT
components and the related ASME inspection code were identified and ranked.
Recommendations for how to address the gaps were also provided. In addition, CS inspection
gaps were addressed. It should be remembered PBF and DED are relatively new AMTs, so
most of the knowledge gaps arose in the context of those technologies. PM-HIP and EBW are
relatively mature technologies, so establishing inspectability of such components may require
less time and fewer studies.

Fully resolving the NDE gaps will take years of effort and cooperation between the nuclear
industry, regulators, and independent research organizations. To facilitate progress and reduce
costs, participants should freely share mockups, new NDE techniques, and lessons learned.
Cooperation will also help the industry maintain maximum operational and public safety.
Research efforts will likely be ongoing as new AMT methods and applications are developed.
NDE and AMT research should continue in parallel to assure the inspectability of new safety-
critical components.

Conclusions 52



PNNL-30759

6.0 References

Aaltonen, P, A Toivonen, and H Hanninen. 2009. VTT-R-00714-09. Applicability of HIP for
Reactor Components. VTT Technical Research Centre of Finland. Finland.
https://www.researchgate.net/publication/281741321 Applicability of HIP_ for reactor c
omponents.

Ahmed, N. 2019. "Direct Metal Fabrication in Rapid Prototyping: A Review." J Manuf Process
42: 167-191. https://doi.org/10.1016/j.jmapro.2019.05.001.

Albakri, M. I., L. D. Sturm, C. B. Williams, and P. A. Tarazaga. 2017. "Impedance-based Non-
destructive Evaluation of Additively Manufactured Parts." Rapid Prototyping Journal 23
(3): 589-601. https://doi.org/10.1108/Rpj-03-2016-0046.

Aleshin, N. P., M. V. Grigor'ev, N. A. Shchipakov, M. A. Prilutskii, and V. V. Murashov. 2016.
"Applying Nondestructive Testing to Quality Control of Additive Manufactured Parts."
Russian Journal of Nondestructive Testing 52 (10): 600-609.
https://doi.org/10.1134/S1061830916100028.

AM-Motion. 2018. Deliverable D5.4. A Strategic Approach to Increasing Europe's Value
Proposition for Additive Manufacturing Technologies and Capabilities. AM-Motion.

AMSC. 2018. Standardization Roadmap for Additive Manufacturing - v2. America Makes &
ANSI Additive Manufacturing Standardization Collaborative. America Makes & AMSC.

Anderson, M.T., A.A. Diaz, A.D. Cinson, S.L. Crawford, S.E. Cumblidge, Steven R Doctor, K.M.
Denslow, and S. Ahmed. 2011. NUREG/CR-7113. An Assessment of Ultrasonic
Techniques for Far-Side Examinations of Austenitic Stainless Steel Piping Welds. Pacific
Northwest National Lab (PNNL), Richland, WA (United States). U.S.NRC.

Antonysamy, A. A., J. Meyer, and P. B. Prangnell. 2013. "Effect of Build Geometry on the (-
grain Structure and Texture in Additive Manufacture of Ti6Al4V by Selective Electron
Beam Melting." Materials Characterization 84: 153-168.
https://doi.org/10.1016/j.matchar.2013.07.012.

ASME. 2017. Y14.46-2017 Product Definition for Additive Manufacturing (Draft Standard for
Trial Use). New York, NY: ASME.

Atkinson, H. V., and S. Davies. 2000. "Fundamental Aspects of Hot Isostatic Pressing: An
Overview." Metallurgical and Materials Transactions a-Physical Metallurgy and Materials
Science 31 (12): 2981-3000. https://doi.org/DOI 10.1007/s11661-000-0078-2.

Babu, S., L. J. Love, W. Peter, and R. Dehoff. 2016. Report on Additive Manufacturing for
Large-scale Metals Workshop. Oak Ridge National Laboratory. Oak Ridge National
Laboratory. Oak Ridge National Laboratory.

Babu, S. S., L. Love, R. Dehoff, W. Peter, T. R. Watkins, and S. Pannala. 2015. "Additive
Manufacturing of Materials: Opportunities and Challenges." Mrs Bulletin 40 (12): 1154-
1161. https://doi.org/10.1557/mrs.2015.234.

Babu, S. S., N. Raghavan, J. Raplee, S. J. Foster, C. Frederick, M. Haines, R. Dinwiddie, M. K.
Kirka, A. Plotkowski, Y. Lee, and R. R. Dehoff. 2018. "Additive Manufacturing of Nickel
Superalloys: Opportunities for Innovation and Challenges Related to Qualification."
Metallurgical and Materials Transactions a-Physical Metallurgy and Materials Science
49a (9): 3764-3780. https://doi.org/10.1007/s11661-018-4702-4.

Bampton, C., W. Goodin, T. VanDaam, G. Creeger, and S. James. 2005. "Net-shape HIP
Powder Metallurgy Components for Rocket Engines."

Bishop-Moser, J. 2019. Rapid Reliability Assessment of Safety-Critical and Emerging
Technologies: Next-generation Nondestructive Evaluation. Alliance for Manufacturing
Foresight.

References 53


https://www.researchgate.net/publication/281741321_Applicability_of_HIP_for_reactor_components
https://www.researchgate.net/publication/281741321_Applicability_of_HIP_for_reactor_components
https://doi.org/10.1016/j.jmapro.2019.05.001
https://doi.org/10.1108/Rpj-03-2016-0046
https://doi.org/10.1134/S1061830916100028
https://doi.org/10.1016/j.matchar.2013.07.012
https://doi.org/DOI
https://doi.org/10.1557/mrs.2015.234
https://doi.org/10.1007/s11661-018-4702-4

PNNL-30759

Bond, L. J., J. N. Gray, F .J. Margetan, D. Utrata, and I. E. Anderson. 2014. "NDE for Adding
Value to Materials from Metal Powder Processing." Advances in Powder Metallurgy and
Particulate Materials: 11.11-15.

Bourell, D. L. 2016. "Perspectives on Additive Manufacturing." Annu Rev Mater Res 46: 1-18.
https://doi.org/10.1146/annurev-matsci-070115-031606. <Go to
ISI>://WOS:000379330400001.

Brierley, N., C. Bellon, and B. Lazaro Toralles. 2018. "Optimized Multi-shot Imaging Inspection
Design." Proc Math Phys Eng Sci 474 (2216): 20170319.
https://doi.org/10.1098/rspa.2017.0319.

Buchanan, C., and L. Gardner. 2019. "Metal 3D Printing in Construction: A Review of Methods,
Research, Applications, Opportunities and Challenges." Engineering Structures 180:
332-348. hitps://doi.org/10.1016/j.engstruct.2018.11.045.

Buddu, R. K., S. Shaikh, P. M. Raole, and B. Sarkar. 2015. "Weld Defects Analysis of 60 mm
Thick SS316L Mock-ups of TIG and EB Welds by Ultrasonic Inspection for Fusion
Reactor Vacuum Vessel Applications." NDE2015 Proceedings, Nov.
https://www.ndt.net/article/nde-india2015/papers/paper-60.pdf.

Carter, L. N., X. Wang, N. Read, R. Khan, M. Aristizabal, K. Essa, and M. M. Attallah. 2016.
"Process Optimisation of Selective Laser Melting using Energy Density Model for Nickel
Based Superalloys." Materials Science and Technology 32 (7): 657-661.
https://doi.org/10.1179/1743284715y.0000000108.

Cerniglia, D., M. Scafidi, A. Pantano, and J. Rudlin. 2015. "Inspection of Additive-manufactured
Layered Components." Ultrasonics 62: 292-298.
https://doi.org/10.1016/j.ultras.2015.06.001.

Champagne, V. Cold Spray for Additive Manufacturing. U.S. Army RDECOM.
https://www.arl.army.mil/opencampus/sites/default/files/OCOH-MAT-016P.pdf.

Champagne, V., and D. Helfritch. 2014. "Critical Assessment 11: Structural repairs by cold
spray." Materials Science and Technology 31 (6): 627-634.
https://doi.org/10.1179/1743284714y.0000000723.

Chauveau, D. 2018. "Review of NDT and Process Monitoring Techniques Usable to Produce
High-quality Parts by Welding or Additive Manufacturing." Welding in the World 62 (5):
1097-1118. https://doi.org/10.1007/s40194-018-0609-3.

Choi, S., and K. Y. Jhang. 2018. "Internal Defect Detection using Laser-generated Longitudinal
Waves in Ablation Regime." Journal of Mechanical Science and Technology 32 (9):
4191-4200. https://doi.org/10.1007/s12206-018-0817-1.

Collins, P. C., D. A. Brice, P. Samimi, I. Ghamarian, and H. L. Fraser. 2016. "Microstructural
Control of Additively Manufactured Metallic Materials." Annual Review of Materials
Research, Vol 46 46: 63-91. https://doi.org/10.1146/annurev-matsci-070115-031816.

Colosimo, B. M., Q. Huang, T. Dasgupta, and F. Tsung. 2018. "Opportunities and Challenges of
Quality Engineering for Additive Manufacturing." Journal of Quality Technology 50 (3):
233-252. https://doi.org/10.1080/00224065.2018.1487726.

Cottrell, C. L. M. 1985. "Electron Beam Welding—a Critical Review." Materials & design 6 (6):
285-291.

Crawford, S.L., A.D. Cinson, M.T. Anderson, A.A. Diaz, and Stephen E Cumblidge. 2009.
PNNL-18834. Ultrasonic Flaw Detection of Intragranular Stress Corrosion Cracks as
Observed in Austenitic Stainless Steel Piping. Pacific Northwest National Lab (PNNL),
Richland, WA (United States). PNNL.

Cumblidge, S. E., M. T. Anderson, and S. R. Doctor. 2004. NUREG/CR-6860. An Assessment
of Visual Testing. Pacific Northwest National Lab (PNNL), Richland, WA (United States).
U.S.NRC.

References 54


https://doi.org/10.1146/annurev-matsci-070115-031606
https://doi.org/10.1098/rspa.2017.0319
https://doi.org/10.1016/j.engstruct.2018.11.045
https://www.ndt.net/article/nde-india2015/papers/paper-60.pdf
https://doi.org/10.1179/1743284715y.0000000108
https://doi.org/10.1016/j.ultras.2015.06.001
https://www.arl.army.mil/opencampus/sites/default/files/OCOH-MAT-016P.pdf
https://doi.org/10.1179/1743284714y.0000000723
https://doi.org/10.1007/s40194-018-0609-3
https://doi.org/10.1007/s12206-018-0817-1
https://doi.org/10.1146/annurev-matsci-070115-031816
https://doi.org/10.1080/00224065.2018.1487726

PNNL-30759

Dass, A., and A. Moridi. 2019. "State of the Art in Directed Energy Deposition: From Additive
Manufacturing to Materials Design." Coatings 9 (7).
https://doi.org/https://doi.org/10.3390/coatings9070418.

Davis, G., R. Nagarajah, S. Palanisamy, R. A. R. Rashid, P. Rajagopal, and K.
Balasubramaniam. 2019. "Laser Ultrasonic Inspection of Additive Manufactured
Components." International Journal of Advanced Manufacturing Technology 102 (5-8):
2571-2579. https://doi.org/10.1007/s00170-018-3046-y.

DebRoy, T., H. L. Wei, J. S. Zuback, T. Mukherjee, J. W. Elmer, J. O. Milewski, A. M. Beese, A.
Wilson-Heid, A. De, and W. Zhang. 2018. "Additive Manufacturing of Metallic
Components - Process, Structure and Properties." Progress in Materials Science 92:
112-224. https://doi.org/10.1016/j.pmatsci.2017.10.001.

Diaz, A.A., A.D. Cinson, S.L. Crawford, R.A. Mathews, TL Moran, M.S. Prowant, and M.T.
Anderson. 2011. NUREG/CR-7122. An Evaluation of Ultrasonic Phased Array Testing
for Cast Austenitic Stainless Steel Presure Surge Line Piping Welds. Pacific Northwest
National Lab (PNNL), Richland, WA (United States). U.S.NRC.

Dickhaut, E., and J. Eisenblatter. 1975. "Acoustic-Emission Measurements during Electron-
Beam Welding of Nickel-Base Alloys." Journal of Engineering for Power-Transactions of
the ASME 97 (1): 47-52. https://doi.org/Doi 10.1115/1.3445912.

Dinda, S. K., J. M. Warnett, M. A. Williams, G. G. Roy, and P. Srirangam. 2016. "3D Imaging
and Quantification of Porosity in Electron Beam Welded Dissimilar Steel to Fe-Al Alloy
Joints by X-ray Tomography." Materials & Design 96: 224-231.
https://doi.org/10.1016/j.matdes.2016.02.010.

Dominguez, N, V Feuillard, F Jenson, and P Willaume. 2012. "Simulation Assisted POD of a
Phased Array Ultrasonic Inspection in Manufacturing." AIP Conference Proceedings.
American Institute of Physics.

du Plessis, A., S. G. le Roux, G. Booysen, and J. Els. 2016. "Directionality of Cavities and
Porosity Formation in Powder-bed Laser Additive Manufacturing of Metal Components
Investigated using X-ray Tomography." 3D Printing and Additive Manufacturing 3 (1): 48-
55.

du Plessis, A., S. G. le Roux, J. Waller, P. Sperling, N. Achilles, A. Beerlink, J.-F. Métayer, M.
Sinico, G. Probst, W. Dewulf, F. Bittner, H.-J. Endres, M. Willner, A. Drégelyi-Kiss, T.
Zikmund, J. Laznovsky, J. Kaiser, P. Pinter, S. Dietrich, E. Lopez, O. Fitzek, and P.
Konrad. 2019. "Laboratory X-ray Tomography for Metal Additive Manufacturing: Round
Robin Test." Additive Manufacturing 30. https://doi.org/10.1016/j.addma.2019.100837.

du Plessis, A., P. Sperling, A. Beerlink, L. Tshabalala, S. Hoosain, N. Mathe, and S. G. le Roux.
2018a. "Standard Method for MicroCT-based Additive Manufacturing Quality Control 1:
Porosity Analysis." MethodsX 5: 1102-1110. https://doi.org/10.1016/j.mex.2018.09.005.

du Plessis, A., |. Yadroitsev, |. Yadroitsava, and S. G. Le Roux. 2018b. "X-Ray Microcomputed
Tomography in Additive Manufacturing: A Review of the Current Technology and
Applications." 3D Printing and Additive Manufacturing 5 (3): 227-247.
https://doi.org/10.1089/3dp.2018.0060.

Dugdale, H. R., and J. B. Borradaile. 2013. "Development of Hot Isostatically Pressed Nickel
Based Alloys for Nuclear Applications." Powder Metallurgy 56 (5): 374-381.
https://doi.org/10.1179/1743290113y.0000000076.

Eitzen, D. G., and H. N. G. Wadley. 1984. "Acoustic-Emission - Establishing the Fundamentals."
Journal of Research of the National Bureau of Standards 89 (1): 75-100.
https://doi.org/10.6028/jres.089.008.

Everton, S., P. Dickens, C. Tuck, and B. Dutton. 2015. "Evaluation of Laser Ultrasonic Testing
for Inspection of Metal Additive Manufacturing." Laser 3D Manufacturing II: Proceedings
of the SPIE. International Society for Optics and Photonics.

References 55


https://doi.org/https:/doi.org/10.3390/coatings9070418
https://doi.org/10.1007/s00170-018-3046-y
https://doi.org/10.1016/j.pmatsci.2017.10.001
https://doi.org/Doi
https://doi.org/10.1016/j.matdes.2016.02.010
https://doi.org/10.1016/j.addma.2019.100837
https://doi.org/10.1016/j.mex.2018.09.005
https://doi.org/10.1089/3dp.2018.0060
https://doi.org/10.1179/1743290113y.0000000076
https://doi.org/10.6028/jres.089.008

PNNL-30759

Fatemi, A., R. Molaei, J. Simsiriwong, N. Sanaei, J. Pegues, B. Torries, N. Phan, and N.
Shamsaei. 2019. "Fatigue Behaviour of Additive Manufactured Materials: An Overview of
Some Recent Experimental Studies on Ti-6Al-4V Considering Various Processing and
Loading Direction Effects." Fatigue & Fracture of Engineering Materials & Structures 42
(5): 991-1009. https://doi.org/10.1111/ffe.13000.

Fielding, J, A Davis, B Bouffard, M Kinsella, T Delgado, J Wilczynski, K Marchese, and | Wing.
2016. Department of Defense Additive Manufacturing Roadmap. US Department of
Defense, Washington, DC. US Department of Defense, Washington, DC. Washington
US Department of Defense, DC.

Flodin, A., M. Andersson, and A. Miedzinski. 2017. "Full density powder metal components
through Hot Isostatic Pressing." Metal Powder Report 72 (2): 107-110.
https://doi.org/10.1016/j.mprp.2016.02.057.

Gandy, D. 2015. "PM-HIP Research for Structural and Pressure-Retaining Applications within
the Electric Power Industry." Structural Materials for Innovative Nuclear Systems
(SMINS-3), Idaho Falls, ID, USA.
https://inis.iaea.org/collection/NCLCollectionStore/ Public/46/040/46040914.pdf.

Gandy, D. 2018. "Qualification of Laser Powder Bed Fusion-AM for Nuclear Pressure Retaining
Components." Conference Paper Advanced Manufacturing for Nuclear: Applications,
Techniques, Needs, and Challenges and AMM Annual Program Review,
https://www.energy.qgov/sites/prod/files/2019/02/f59/ne-amm-gandy-icme-in-situ-
monitoring.pdf.

Gandy, D. 2019. "Factory Fabrication of Small Modular Reactor Vessel Assemblies." NRC RIC,
North Bethesda, MD.

Gandy, D., J. Siefert, J. Shingledecker, L. Lherbier, D. Novotnak, and D. Sandusky. 2012.
1025491. Program on Technical Innovation: Manufacture of Large Nuclear and Fossil
Components Using Powder Metallurgy and Hot Isostatic Pressing Technologies. Electric
Power Research Institute. EPRI, Palo Alto, CA.

Gandy, D., and C. Stover. 2018. "Advanced Manufacturing to Enable the Next Generation of
nuclear plants." Advanced Manufacturing for Nuclear: Applications, Techniques, Needs,
and Challenges and AMM Annual Program Review.

Gandy, D., C. Stover, H. Xu, V. Pence, S. Lawler, and M. Cusworth. 2018. "Advanced
Manufacturing to Enable the Next Generation of Nuclear Plants." Conference Paper
2018 International Congress on Advances in Nuclear Power Plants, ICAPP 2018,
Charlotte, NC.

Gaynor, A. T., N. A. Meisel, C. B. Williams, and J. K. Guest. 2014. "Topology Optimization for
Additive Manufacturing: Considering Maximum Overhang Constraint." 15th AIAA/ISSMO
multidisciplinary analysis and optimization conference.

Gaytan, S. M., L. E. Murr, F. Medina, E. Martinez, M. I. Lopez, and R. B. Wicker. 2009.
"Advanced Metal Powder Based Manufacturing of Complex Components by Electron
Beam Melting." Materials Technology 24 (3): 180-190.
https://doi.org/10.1179/106678509x12475882446133.

Glass, S. W., M. R. Larche, M. S. Prowant, J. D. Suter, J. P. Lareau, X. Jiang, and K. A. Ross.
2018. "Cold spray NDE for porosity and other process anomalies." AIP Conference
Proceedings. https://doi.org/10.1063/1.5031507.

Gobert, C., E. W. Reutzel, J. Petrich, A. R. Nassar, and S. Phoha. 2018. "Application of
supervised machine learning for defect detection during metallic powder bed fusion
additive manufacturing using high resolution imaging." Additive Manufacturing 21: 517-
528. https://doi.org/10.1016/j.addma.2018.04.005.

Grasso, M., and B. M. Colosimo. 2017. "Process defects and in situ monitoring methods in
metal powder bed fusion: a review." Measurement Science and Technology 28 (4):
044005. https://doi.org/https://doi.org/10.1088/1361-6501/aa5c4f.

References 56


https://doi.org/10.1111/ffe.13000
https://doi.org/10.1016/j.mprp.2016.02.057
https://inis.iaea.org/collection/NCLCollectionStore/_Public/46/040/46040914.pdf
https://www.energy.gov/sites/prod/files/2019/02/f59/ne-amm-gandy-icme-in-situ-monitoring.pdf
https://www.energy.gov/sites/prod/files/2019/02/f59/ne-amm-gandy-icme-in-situ-monitoring.pdf
https://doi.org/10.1179/106678509x12475882446133
https://doi.org/10.1063/1.5031507
https://doi.org/10.1016/j.addma.2018.04.005
https://doi.org/https:/doi.org/10.1088/1361-6501/aa5c4f

PNNL-30759

Gu, D.D., and Y. F. Shen. 2009. "Balling phenomena in direct laser sintering of stainless steel
powder: Metallurgical mechanisms and control methods." Materials & Design 30 (8):
2903-2910. https://doi.org/10.1016/j.matdes.2009.01.013.

Hanzl, P., M. Zetek, T. Bak$a, and T. Kroupa. 2015. "The influence of processing parameters on
the mechanical properties of SLM parts." Procedia Engineering 100 (1): 1405-1413.

Hassen, A. A., and M. M. Kirka. 2018. "AM NDT Additive Manufacturing: The Rise of a
Technology and the Need for Quality Control and Inspection Techniques." Materials
Evaluation 76 (4): 438-453. <Go to ISI>://W0OS:000429756400005.

Hitzler, L., M. Merkel, W. Hall, and A. Ochsner. 2018. "A Review of Metal Fabricated with Laser-
and Powder-Bed Based Additive Manufacturing Techniques: Process, Nomenclature,
Materials, Achievable Properties, and its Utilization in the Medical Sector." Advanced
Engineering Materials 20 (5). https://doi.org/https://doi.org/10.1002/adem.201700658.

Hjorth, C. G. 2007. "HIP powder metal near-net shapes for demanding environment and
applications." Journal of Iron and Steel Research International 14 (5): 121-125.
https://doi.org/Doi 10.1016/S1006-706x(08)60064-3.

Horn, R. M., M. Connor, D. Webber, J. Jackson, and F. Bolger. 2019. "Evaluation of additively
manufactured materials for nuclear plant components." Conference Paper 18th
International Conference on Environmental Degradation of Materials in Nuclear Power
Systems — Water Reactors, Boston, MA.

Huang, W. B., Y. M. Zhang, W. B. Dai, and R. S. Long. 2019. "Mechanical properties of 304
austenite stainless steel manufactured by laser metal deposition." Materials Science and
Engineering a-Structural Materials Properties Microstructure and Processing 758: 60-70.
https://doi.org/10.1016/j.msea.2019.04.108.

Hull, A., C. Moyer, B. Harris, and J. Christensen. 2019. NUREG/CP-0310. Proceedings of the
Public Meeting on Additive Manufacturing for Reactor Materials and Components. U.S.
Nuclear Regulatory Commission.

Hutton, P. H., T. T. Taylor, J. F. Dawson, R. A. Pappas, and R. J. Kurtz. 1982. NUREG/CR-
2880, PNL-4307. Acoustic Emission Monitoring of ASME Section Il Hydrostatic Test.
Pacific Northwest National Laboratory. Richland, WA.

IAEA. 1999. IAEA-TECDOC-1120. Assessment and management of ageing of major nuclear
power plant components important to safety: PWR pressure vessels. International
Atomic Energy Agency. Vienna, Austria.

ISO/ASTM. 2015. ISO/ASTM 5900. Standard Terminology for Additive Manufacturing - General
Principles - Terminology. ISO/ASTM 52900:2015(E). American National Standards
Institute (ANSI). New York, NY.

Ithurralde, G, D Simonet, JP Choffy, and L Bernard. 2001. "New trends for the NDT of
aeronautic welds." AIP Conference Proceedings. American Institute of Physics.

Jacob, R.E., S.L. Crawford, TL Moran, M.R. Larche, M.S. Prowant, A.A. Diaz, and C.A. Nove.
2019. NUREG/CR-7263. NDE Reliability Issues for the Examination of CASS
Components. Pacific Northwest National Lab (PNNL), Richland, WA (United States).
U.S.NRC.

James, W. B. 2018. "Nondestructive Evaluation of Pressed and Sintered Powder Metallurgy
Parts." In ASM Handbook, Nondestructive Evaluation of Materials, edited by A. Ahmad
and L. J. Bond.

Javadi, Y., C. N. MacLeod, S. G. Pierce, A. Gachagan, W. Kerr, J. Ding, S. Williams, M. Vasilev,
R. Su, C. Mineo, and J. Dziewierz. 2019. "Ultrasonic phased array inspection of wire
plus arc additive manufacture samples using conventional and total focusing method
imaging approaches." Insight 61 (3): 144-148. https://doi.org/10.1784/insi.2019.61.3.144.

Jinoop, A. N., C. P. Paul, and K. S. Bindra. 2019. "Laser-assisted directed energy deposition of
nickel super alloys: A review." Proceedings of the Institution of Mechanical Engineers

References 57


https://doi.org/10.1016/j.matdes.2009.01.013
https://doi.org/https:/doi.org/10.1002/adem.201700658
https://doi.org/Doi
https://doi.org/10.1016/j.msea.2019.04.108
https://doi.org/10.1784/insi.2019.61.3.144

PNNL-30759

Part L-Journal of Materials-Design and Applications 233 (11): 2376-2400.
https://doi.org/10.1177/1464420719852658.

Kim, F. H., and S. P. Moylan. 2018. Literature review of metal additive manufacturing defects.
NIST. NIST: NIST.

Kim, J., W. J. Lee, and H. W. Park. 2016. "The State of the Art in the Electron Beam
Manufacturing Processes." International Journal of Precision Engineering and
Manufacturing 17 (11): 1575-1585. https://doi.org/10.1007/s12541-016-0184-8.

King, W. E., A. T. Anderson, R. M. Ferencz, N. E. Hodge, C. Kamath, S. A. Khairallah, and A.
M. Rubenchik. 2015. "Laser powder bed fusion additive manufacturing of metals;
physics, computational, and materials challenges." Applied Physics Reviews 2 (4):
041304. https://doi.org/https://doi.org/10.1063/1.4937809.

King, W. E., H. D. Barth, V. M. Castillo, G. F. Gallegos, J. W. Gibbs, D. E. Hahn, C. Kamath,
and A. M. Rubenchik. 2014. "Observation of keyhole-mode laser melting in laser
powder-bed fusion additive manufacturing." Journal of Materials Processing Technology
214 (12): 2915-2925. https://doi.org/10.1016/j.jmatprotec.2014.06.005.

Koester, L., R. A. Roberts, D. J. Barnard, S. Chakrapani, S. Singh, R. Hogan, and L. J. Bond.
2017. "NDE of additively manufactured components with embedded defects (reference
standards) using conventional and advanced ultrasonic methods." 43RD ANNUAL
REVIEW OF PROGRESS IN QUANTITATIVE NONDESTRUCTIVE EVALUATION.
American Institute of Physics Inc. 10.1063/1.4974721.

Koester, L. W., L. J. Bond, P. C. Collins, H. Taheri, and T. Bigelow. 2018a. "Nondestructive
Evaluation of Additively Manufactured Metallic Parts." In ASM Handbook, Nondestructive
Evaluation of Materials, edited by Aqul Ahmad and Leonard J. Bond.

Koester, L. W., H. Taheri, T. A. Bigelow, P. C. Collins, and L. J. Bonds. 2018b. "Nondestructive
Testing for Metal Parts Fabricated Using Powder-Based Additive Manufacturing."
Materials Evaluation 76 (4): 514-524. <Go to ISI>://W0S:000429756400009

Komarasamy, M., S. Shukla, S. Williams, K. Kandasamy, S. Kelly, and R. S. Mishra. 2019a.
"Exceptional Fatigue Resistance and Impact Toughness of Additively Manufactured
Nickel Alloy 625 by Laser-Beam Powder-Bed-Fusion." International Journal of Powder
Metallurgy 55 (2): 65-78. <Go to ISI>://W0OS:000487599300007.

Komarasamy, M., S. Shukla, S. Williams, K. Kandasamy, S. Kelly, and R. S. Mishra. 2019b.
"Microstructure, fatigue, and impact toughness properties of additively manufactured
nickel alloy 718." Additive Manufacturing 28: 661-675.
https://doi.org/10.1016/j.addma.2019.06.009.

Koérner, C. 2016. "Additive manufacturing of metallic components by selective electron beam
melting—a review." International Materials Reviews 61 (5): 361-377.

Korsah, K., R. A. Kisner, C. L. Britton Jr, P. Ramuhalli, D. W. Wootan, N. C. Anheier, A. A. Diaz,
E. H. Hirt, R. Vilim, and H.-Te. Chien. 2017. Assessment of sensor technologies for
Advanced Reactors. Pacific Northwest National Lab.(PNNL), Richland, WA (United
States).

Kumar, B. R. 2011. "Weld quality analysis of TIG, laser and electron beam welded SS 304 and
316 materials with NDT techniques." Proceedings of the National Seminar & Exhibition
on Non-Destructive Evaluation NDE, Chennai.

Lareau, John P., Michael R. Larche, Aaron A. Diaz, and Carol A. Nove. 2019. PNNL-29113.
Baseline Evaluation of Eddy Current Testing for PWSCC Susceptible Materials. Pacific
Northwest National Laboratory. Richland, WA.

Leblanc, M., and C. Abesamis. 2016. "NASA counterfeit parts awareness and inspection."

Lee, L. I. T., S. Kanthasamy, R. S. Ayyalaraju, and R. Ganatra. 2019. "The Current State of
Artificial Intelligence in Medical Imaging and Nuclear Medicine." BJR| Open 1:
20190037.

References 58


https://doi.org/10.1177/1464420719852658
https://doi.org/10.1007/s12541-016-0184-8
https://doi.org/https:/doi.org/10.1063/1.4937809
https://doi.org/10.1016/j.jmatprotec.2014.06.005
https://doi.org/10.1016/j.addma.2019.06.009

PNNL-30759

Lévesque, D, C Bescond, M Lord, X Cao, P Wanjara, and J-P Monchalin. 2016. "Inspection of
additive manufactured parts using laser ultrasonics." AIP Conference Proceedings. AIP
Publishing LLC.

Levesque, D., C. Bescond, and C. Cojocaru. 2019. "Laser-ultrasonic inspection of cold spray
additive manufacturing components." AIP Conference Proceedings. AIP Publishing LLC.
https://doi.org/10.1063/1.5099730.

Li, R., J. Liu, Y. Shi, L. Wang, and W. Jiang. 2011. "Balling behavior of stainless steel and nickel
powder during selective laser melting process." The International Journal of Advanced
Manufacturing Technology 59 (9-12): 1025-1035. https://doi.org/10.1007/s00170-011-
3566-1.

Li, Z., X. Liu, S. Wen, P. He, K. Zhong, Q. Wei, Y. Shi, and S. Liu. 2018. "In Situ 3D Monitoring
of Geometric Signatures in the Powder-Bed-Fusion Additive Manufacturing Process via
Vision Sensing Methods." Sensors (Basel) 18 (4). hitps://doi.org/10.3390/s18041180.

Liu, Z. 2017. "Economic comparison of selective laser melting and conventional subtractive
manufacturing processes."

Liyanage, T., J.-F. Martel, O. Marcotte, and D. Doyle. 2016. "Non-destructive examination
(NDE) development for the inspection of copper coatings on used fuel containers."
Collaborative solutions for current & future trends 3rd Canadian conference on nuclear
waste management, decommissioning and environmental restoration, Canada.
Canadian Nuclear Society.

Lopez, A., R. Bacelar, I. Pires, T. Santos, and L. Quintino. 2017. "Mapping of non-destructive
techniques for inspection of wire and arc additive manufacturing." Proceedings of the 7th
International Conference on Mechanics and Materials in Design, Portugal.

Lou, X. Y., P. L. Andresen, and R. B. Rebak. 2018. "Oxide inclusions in laser additive
manufactured stainless steel and their effects on impact toughness and stress corrosion
cracking behavior." Journal of Nuclear Materials 499: 182-190.
https://doi.org/10.1016/j.jnucmat.2017.11.036.

Lu, Q. Y., and C. H. Wong. 2017. "Applications of non-destructive testing techniques for post-
process control of additively manufactured part." Virtual and Physical Prototyping 12 (4):
301-321. https://doi.org/10.1080/17452759.2017.1357319.

Lu, Q. Y., and C. H. Wong. 2018. "Additive manufacturing process monitoring and control by
non-destructive testing techniques: challenges and in-process monitoring." Virtual and
Physical Prototyping 13 (2): 39-48. https://doi.org/10.1080/17452759.2017.1351201.

Mandache, C. 2019. "Overview of non-destructive evaluation techniques for metal-based
additive manufacturing." Materials Science and Technology 35 (9): 1007-1015.
https://doi.org/10.1080/02670836.2019.1596370.

Mani, M., S. Feng, B. Lane, A. Donmez, S. P. Moylan, and R. Fesperman. 2015. Measurement
science needs for real-time control of additive manufacturing powder bed fusion
processes. NIST. NIST: NIST.

Martin, J. H., B. D. Yahata, J. M. Hundley, J. A. Mayer, T. A. Schaedler, and T. M. Pollock.
2017. "3D printing of high-strength aluminium alloys." Nature 549 (7672): 365-369.
https://doi.org/10.1038/nature23894. https://www.ncbi.nlm.nih.gov/pubmed/28933439.

Mashl, S. J. 2015. "Powder Metallurgy Processing by Hot Isostatic Pressing." In ASM
Handbook, Volume 7, Powder Metallurgy, edited by P. Samal and J. Newkirk.

Mashl, S. J., J. C. Hebeisen, and C. G. Hjorth. 1999. "Producing large P M near-net shapes
using hot isostatic pressing." Jom-Journal of the Minerals Metals & Materials Society 51
(7): 29-31. https://doi.org/DOI 10.1007/s11837-999-0106-7.

Masuo, H., Y. Tanaka, S. Morokoshi, H. Yagura, T. Uchida, Y. Yamamoto, and Y. Murakami.
2018. "Influence of defects, surface roughness and HIP on the fatigue strength of Ti-6Al-
4V manufactured by additive manufacturing." International Journal of Fatigue 117: 163-
179. https://doi.org/10.1016/j.iffatigue.2018.07.020.

References 59


https://doi.org/10.1063/1.5099730
https://doi.org/10.1007/s00170-011-3566-1
https://doi.org/10.1007/s00170-011-3566-1
https://doi.org/10.3390/s18041180
https://doi.org/10.1016/j.jnucmat.2017.11.036
https://doi.org/10.1080/17452759.2017.1357319
https://doi.org/10.1080/17452759.2017.1351201
https://doi.org/10.1080/02670836.2019.1596370
https://doi.org/10.1038/nature23894
https://www.ncbi.nlm.nih.gov/pubmed/28933439
https://doi.org/DOI
https://doi.org/10.1016/j.ijfatigue.2018.07.020

PNNL-30759

Matthews, J, N Irvine, and S Dawson. 2016. "The challenges for nuclear advanced
manufacturing." Nuclear Future 12 (3): 24-49.

Mayfield, M., and M. Nichol. 2019. Roadmap for Regulatory Acceptance of Advanced
Manufacturing Methods in the Nuclear Energy Industry. Nuclear Energy Institute.

Mi, B., X. G. Zhao, and R. Bayles. 2007. "Nondestructive Evaluation of Thermal Spray Coating
Interface Quality by Eddy Current Method." AIP Conference Proceedings.
https://doi.org/10.1063/1.2718092.

Mohseni, E., Y. Javadi, D. Lines, W. Vithanage, R. Kosala, E. Foster, Z. Qiu, R. Zimermann, C.
N. MacLeod, and S. Pierce. 2019. "Ultrasonic phased array inspection of wire plus arc
additive manufactured (WAAM) titanium samples." 58th Annual British Conference on
Non-Destructive Testing.

Moore, D. G., S. L. Stair, and C. L. Nelson. 2018. "Additive Manufacturing Activities? Research
to Part Qualification Using Conventional and Advanced Nondestructive Techniques."
Sandia National Lab.(SNL-NM), Albuquerque, NM (United States).

Moridi, A., S. M. Hassani-Gangaraj, M. Guagliano, and M. Dao. 2014. "Cold spray coating:
review of material systems and future perspectives." Surface Engineering 30 (6): 369-
395. https://doi.org/10.1179/1743294414Y.0000000270.
https://doi.org/10.1179/1743294414Y.0000000270.

Mukherjee, T., J. S. Zuback, A. De, and T. DebRoy. 2016. "Printability of alloys for additive
manufacturing." Sci Rep 6 (1): 19717. https://doi.org/10.1038/srep19717.

Munir, N., H. J. Kim, S. J. Song, and S. S. Kang. 2018. "Investigation of deep neural network
with drop out for ultrasonic flaw classification in weldments." Journal of Mechanical
Science and Technology 32 (7): 3073-3080. https://doi.org/10.1007/s12206-018-0610-1.

Nichol, M. 2019. "Roadmap for Regulatory Acceptance of Advanced Manufacturing Methods in
the Nuclear Energy Industry." Prepared by the Nuclear Energy Institute.

Nilsson, E., and D. Johansson. 2017. "Testing and evaluation of component made using
electron beam melting and Alloy 718 powder." B.S. Thesis, Malardalens university,
School of Innovation, Design and Technology.

NiPeijun, L. 2000. "StudyontheNDTtechniqueof welddefectsinelectron[1beamweldingpiston."”
15th WorldConferenceonNon [JDestructive Testing, Roma: CNDT.
https://www.ndt.net/article/wcndt00/papers/idn606/idn606.htm.

O'brien, RC, and WB James. 1988. "A review of nondestructive testing methods and their
applicability to powder metallurgy processing." MPIF Seminar on Prevention and
Detection of Cracks in Ferrous P/M Pads. Citeseer.

Okarma, K., and J. Fastowicz. 2020. Computer vision methods for non-destructive quality
assessment in additive manufacturing. In Advances in Intelligent Systems and
Computing: Springer Verlag.

Ostlund, M., and T. Berglund. 2019. "Overview of Properties, Features and Developments of
PM HIP 316L and 316LN." Hot Isostatic Pressing: HIP’17 10: 121.

Parmar, J. 2020. "Cold Spray Method for Coatings and Additive Manufacturing." Matmatch.
https://matmatch.com/blog/cold-spray-method-for-coatings-and-additive-manufacturing/.

Pathak, S., and G. C. Saha. 2017. "Development of Sustainable Cold Spray Coatings and 3D
Additive Manufacturing Components for Repair/Manufacturing Applications: A Critical
Review." Coatings 7 (8). https://doi.org/10.3390/coatings7080122.

Prevorovsky, Z., J. Krofta, J. Kober, M. Chlada, and A. Kirchner. 2019. "Non-linear ultrasonic
spectroscopy of 3D printed metallic samples." Insight 61 (3): 157-161.
https://doi.org/10.1784/insi.2019.61.3.157.

Qi, H., M. Azer, and A. Ritter. 2009. "Studies of Standard Heat Treatment Effects on
Microstructure and Mechanical Properties of Laser Net Shape Manufactured INCONEL
718." Metallurgical and Materials Transactions a-Physical Metallurgy and Materials
Science 40a (10): 2410-2422. https://doi.org/10.1007/s11661-009-9949-3.

References 60


https://doi.org/10.1063/1.2718092
https://doi.org/10.1179/1743294414Y.0000000270
https://doi.org/10.1179/1743294414Y.0000000270
https://doi.org/10.1038/srep19717
https://doi.org/10.1007/s12206-018-0610-1
https://www.ndt.net/article/wcndt00/papers/idn606/idn606.htm
https://matmatch.com/blog/cold-spray-method-for-coatings-and-additive-manufacturing/
https://doi.org/10.3390/coatings7080122
https://doi.org/10.1784/insi.2019.61.3.157
https://doi.org/10.1007/s11661-009-9949-3

PNNL-30759

Ramuhalli, P, PG Heasler, TL Moran, AE Holmes, and MT Anderson. 2018. NUREG/CR-7246.
Reliability Assessment of Remote Visual Examination. Pacific Northwest National
Lab.(PNNL), Richland, WA (United States).

Rebak, Raul B, and Xiaoyuan Lou. 2018. Environmental Cracking and Irradiation Resistant
Stainless Steels by Additive Manufacturing. General Electric Company (GE),
Schenectady, NY (United States).

Robinson, J., I. Ashton, P. Fox, E. Jones, and C. Sutcliffe. 2018. "Determination of the effect of
scan strategy on residual stress in laser powder bed fusion additive manufacturing."
Additive Manufacturing 23: 13-24. https://doi.org/10.1016/j.addma.2018.07.001.

Runow, P. 1985. "The use of acoustic emission methods as aids to the structural integrity
assessment of nuclear power plants." International Journal of Pressure Vessels and
Piping 21 (3): 157-207. https://doi.org/10.1016/0308-0161(85)90001-8.

Saboriendo, B., A. Heifetz, P. Kozak, T. W. Elmer, and S. Bakhtiari. 2018. Additive
Manufacturing of Sensors and Components for Non-Destructive Evaluation Applications.
ANL/NSE-18/2. Argonne National Laboratory. Argonne, IL.
https://www.osti.gov/biblio/1480539/.

Sames, W. J.,, F. A. List, S. Pannala, R. R. Dehoff, and S. S. Babu. 2016. "The metallurgy and
processing science of metal additive manufacturing." International Materials Reviews 61
(5): 315-360. https://doi.org/10.1080/09506608.2015.1116649.

Seifi, M., M. Gorelik, J. Waller, N. Hrabe, N. Shamsaei, S. Daniewicz, and J. J. Lewandowski.
2017. "Progress Towards Metal Additive Manufacturing Standardization to Support
Qualification and Certification." Jom 69 (3): 439-455. https://doi.org/10.1007/s11837-
017-2265-2.

Selekler, T., and B. Landrey. 2019. NEET-Advanced Methods for Manufacturing Award
Summary. Office of Nuclear Energy, Department of Energy.
https://www.energy.gov/sites/prod/files/2019/08/f65/ne-amm-award-
summaries072019.pdf.

Shah, H., J. Romero, P. Xu, R. Oelrich, J. Walters, J. Wright, and W. Gassman. 2018. WAAP-
10756. Westinghouse-Exelon EnCore® Fuel Lead Test Rod (LTR) Program including
Coated cladding Development and Advanced Pellets Westinghouse Electric Company.
https://www.euronuclear.org/archiv/topfuel2018/fullpapers/TopFuel2018-A0145-
fullpaper.pdf.

Sharma, P. K., and P. Sreenivas. 2015. "Role of Non Destructive Techniques for Monitoring
structural Integrity of Primary Circuit of Pressurized Water Reactor Nuclear Power
Plant." NDT.net. http://www.ndt.net/?id=21078.

Sharratt, B. M. 2015. Non-destructive techniques and technologies for qualification of additive
manufactured parts and processes: a literature review. Sharratt Research and
Consulting Inc., Victoria, BC, Contract Report No. DRDC-RDDC-2015-C035. Victoria
Sharratt Research and Consulting Inc., BC.

Simpson, J., J. Haley, C. Cramer, O. Shafer, A. Elliott, B. Peter, L. J. Love, and R. Dehoff. 2019.
ORNL/TM-2019/1190. Considerations for Application of Additive Manufacturing to
Nuclear Core Components. ORNL/TM-2019/1190. Oak Ridge National Laboratory. Oak
Ridge, TN. https://info.ornl.gov/sites/publications/Files/Pub126700.pdf.

Singh, S., and H. Singh. 2020. "Effect of electroplated interlayers on bonding mechanism of
cold-sprayed copper on SS316L steel substrate." Vacuum 172.
https://doi.org/10.1016/j.vacuum.2019.109092.

Sola, A., and A. Nouri. 2019. "Microstructural porosity in additive manufacturing: The formation
and detection of pores in metal parts fabricated by powder bed fusion." Journal of
Advanced Manufacturing and Processing 1 (3): e10021.

Stair, S. L., and D. G. Moore. 2019. "Characterization and nondestructive inspection of
additively manufactured materials." AIP Conference Proceedings. AIP Publishing LLC.

References 61


https://doi.org/10.1016/j.addma.2018.07.001
https://doi.org/10.1016/0308-0161(85)90001-8
https://www.osti.gov/biblio/1480539/
https://doi.org/10.1080/09506608.2015.1116649
https://doi.org/10.1007/s11837-017-2265-2
https://doi.org/10.1007/s11837-017-2265-2
https://www.energy.gov/sites/prod/files/2019/08/f65/ne-amm-award-summaries072019.pdf
https://www.energy.gov/sites/prod/files/2019/08/f65/ne-amm-award-summaries072019.pdf
https://www.euronuclear.org/archiv/topfuel2018/fullpapers/TopFuel2018-A0145-fullpaper.pdf
https://www.euronuclear.org/archiv/topfuel2018/fullpapers/TopFuel2018-A0145-fullpaper.pdf
http://www.ndt.net/?id=21078
https://info.ornl.gov/sites/publications/Files/Pub126700.pdf
https://doi.org/10.1016/j.vacuum.2019.109092

PNNL-30759

Stavropoulos, P., and P. Foteinopoulos. 2018. "Modelling of additive manufacturing processes:
a review and classification." Manufacturing Review 5.
https://doi.org/10.1051/mfreview/2017014.

Taheri, H., M. R. B. M. Shoaib, L. W. Koester, T. A. Bigelow, P. C. Collins, and L. J. Bond. 2017.
"Powder-based additive manufacturing-a review of types of defects, generation
mechanisms, detection, property evaluation and metrology." International Journal of
Additive and Subtractive Materials Manufacturing 1 (2): 172-209.

Thijs, L., F. Verhaeghe, T. Craeghs, J. Van Humbeeck, and J.-P. Kruth. 2010. "A study of the
microstructural evolution during selective laser melting of Ti-6Al—4V." Acta materialia 58
(9): 3303-3312.

Thompson, A., |. Maskery, and R. K. Leach. 2016. "X-ray computed tomography for additive
manufacturing: a review." Measurement Science and Technology 27 (7): 072001. <Go to
ISI>://WOS:000378821600002.

Todorov, E., R. Spencer, S. Gleeson, M. Jamshidinia, and S. M. Kelly. 2014. America makes:
national additive manufacturing innovation institute (NAMII) project 1: nondestructive
evaluation (NDE) of complex metallic additive manufactured (AM) structures. EDISON
WELDING INST INC COLUMBUS OH.

Town, N., and S. Lawler. 2015. "Construction methods for small modular reactors (SMRs)." In
Handbook of Small Modular Nuclear Reactors, 293-317. Elsevier.

TWI. 2020. "What is Thermal Spraying?". The Welding Institute. Accessed 07/08/2020.
https://www.twi-global.com/technical-knowledge/fags/fag-what-is-thermal-spraying.

USNRC. 2012a. Nondestructive Examination (NDE) Technology and Codes Student Manual.
Vol. Volume 1. Vol. ML12146A204. USNRC Technical Training Center.

USNRC. 2012b. "Chapter 5: Introduction to Radiographic Examination." In Nondestructive
Examination (NDE) Technology and Codes Student Manual USNRC Technical Training
Center.

USNRC. 2012c. "Chapter 6: Introduction to Liquid Penetrant Examination." In Nondestructive
Examination (NDE) Technology and Codes Student Manual USNRC Technical Training
Center.

USNRC. 2012d. "Chapter 7: Introduction to Magnetic Particle Examination." In Nondestructive
Examination (NDE) Technology and Codes Student Manual USNRC Technical Training
Center.

USNRC. 2012e. "Chapter 8: Introduction to Ultrasonic Examination." In Nondestructive
Examination (NDE) Technology and Codes Student Manual. USNRC Technical Training
Center.

USNRC. 2012f. "Chapter 9: Introduction to Eddy Current Testing Examination." In
Nondestructive Examination (NDE) Technology and Codes Student Manual USNRC
Technical Training Center.

Van Elsen, M. 2007. "Complexity of Selective Laser Melting: a new optimisation approach."
PhD, Katholieke Universiteit Leuven.

Virkkunen, I., and T. Koskinen. 2019. "Flaw Detection in Ultrasonic Data Using Deep Learning."
Baltica XI 2019: International Conference on Life Management and Maintenance for
Power Plants. VTT Technical Research Centre of Finland.

Volker, A., M. Klein, B. Bobbs, M. Wiedmann, and M. Honarvar. 2019. "Improved laser
ultrasonic inspection for additive manufacturing by incorporating surface profiling."
Review of Progress in Quantitative Nondestructive Evaluation.

VRC. 2020. "Cold Spray vs Thermal Spray — An Overview." VRC Metal Systems. Accessed
07/18/2020. https://www.vrcmetalsystems.com/blog-post/cold-spray-vs-thermal-spray/.

Waller, J., B. Parker, K. Hodges, E. R. Bruke, and J. Walker. 2014. NASA/TM—2014-218560.
Nondestructive evaluation of additive manufacturing. NASA.

References 62


https://doi.org/10.1051/mfreview/2017014
https://www.twi-global.com/technical-knowledge/faqs/faq-what-is-thermal-spraying
https://www.vrcmetalsystems.com/blog-post/cold-spray-vs-thermal-spray/

PNNL-30759

Weglowski, M. St, S. Btacha, and A. Phillips. 2016. "Electron beam welding — Techniques and
trends — Review." Vacuum 130: 72-92. hitps://doi.org/10.1016/j.vacuum.2016.05.004.

Wei, C., Z. Sun, Y. H. Huang, and L. Li. 2018. "Embedding anti-counterfeiting features in
metallic components via multiple Chock for material additive manufacturing." Additive
Manufacturing 24: 1-12. https://doi.org/10.1016/j.addma.2018.09.003.

Xu, N, YW Shi, FC He, and PH Yang. 2017. "Ultrasonic array inspection for additive
manufacturing components using full matrix capture." 15th Asia Pacific conference for
non-destructive testing, Singapore.

Yan, F. Y., W. Xiong, and E. J. Faierson. 2017. "Grain Structure Control of Additively
Manufactured Metallic Materials." Materials 10 (11): 1260.
https://doi.org/https://doi.org/10.3390/ma10111260.

Yeom, H., and K. Sridharan. 2020. "Cold spray technology in nuclear energy applications: A
review of recent advances." Annals of Nuclear Energy 150.
https://doi.org/10.1016/j.anucene.2020.107835.

Yin, S., P. Cavaliere, B. Aldwell, R. Jenkins, H. Liao, W. Li, and R. Lupoi. 2018. "Cold spray
additive manufacturing and repair: Fundamentals and applications." Additive
Manufacturing 21: 628-650. https://doi.org/10.1016/j.addma.2018.04.017.

Yusa, N., W. Chen, J. Wang, and H. Hashizume. 2016. "Fabrication of imitative cracks by 3D
printing for electromagnetic nondestructive testing and evaluations." Case Studies in
Nondestructive Testing and Evaluation 5: 9-14.
https://doi.org/10.1016/j.csndt.2016.03.004.

References

63


https://doi.org/10.1016/j.vacuum.2016.05.004
https://doi.org/10.1016/j.addma.2018.09.003
https://doi.org/https:/doi.org/10.3390/ma10111260
https://doi.org/10.1016/j.anucene.2020.107835
https://doi.org/10.1016/j.addma.2018.04.017
https://doi.org/10.1016/j.csndt.2016.03.004

Pacific Northwest
National Laboratory

902 Battelle Boulevard
P.O. Box 999

Richland, WA 99354
1-888-375-PNNL (7665)

www.pnnl.gov | www.nrc.gov


http://www.pnnl.gov/

	Summary
	Acronyms and Abbreviations
	Contents
	Figures
	Tables
	1.0 Introduction
	1.1 Purpose
	1.2 Background
	1.3 Assessment approach

	2.0 Selected advanced manufacturing technologies
	2.1 Additive manufacturing
	2.1.1 Powder bed fusion
	2.1.2 Directed energy deposition

	2.2 Electron beam welding
	2.3 Powder metallurgy-hot isostatic pressing
	2.4 Summary comparison of the selected AMTs
	2.5 Nuclear applications for component manufacturing
	2.6 Common AMT defects
	2.6.1 Porosity
	2.6.2 Chemistry deviation from original feedstock
	2.6.3 Inclusions
	2.6.4 Anisotropy
	2.6.5 Balling
	2.6.6 Cracking and delamination
	2.6.7 Residual stress/substrate warping
	2.6.8 Geometric anomalies: surface roughness and materials shrinkage
	2.6.9 Porosity in EBW: Beam oscillations
	2.6.10 Summary

	2.7 Cold Spray

	3.0 Inspection and NDE methods for AMT components
	3.1 Introduction to relevant NDE methods for pre-service and in-service inspection
	3.1.1 NDE methods used in the nuclear industry
	3.1.2 Categories and descriptions of NDE methods
	3.1.3 NDE methods: strengths and weaknesses

	3.2 Considerations for in-process, pre-service and in-service inspection of AMT components
	3.2.1 NDE for in-process monitoring
	3.2.2 Post-process and pre-service inspection considerations
	3.2.3 In-service inspection considerations
	3.2.4 Lifetime monitoring and structural health monitoring

	3.3 NDE methods applied to PSI and ISI of AMT components
	3.4 Other potential techniques
	3.4.1 Thermography
	3.4.2 Laser UT
	3.4.3 Full matrix capture (FMC)
	3.4.4 Non-linear UT


	4.0 Knowledge gap analysis of applying NDE to AMT nuclear components
	4.1 Identified gaps in applying NDE to AMT nuclear components
	4.1.1 Non-NDE gaps
	4.1.2 NDE of Cold Spray
	4.1.2.1 Cold Spray Inspection Gaps


	4.2 Gaps in current codes and standards
	4.3 Summary

	5.0 Conclusions
	6.0 References

