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Abstract

The rapid pace of maturation of metal additive manufacturing (AM) technologies makes them an
excellent candidate for the fabrication of nuclear power plant (NPP) components. However, the
current levels of process variations create numerous challenges for industrial acceptance of AM
for NPP applications. One of those challenges is associated with the qualification and certification
of fabricated components for safety-significant NPP applications. To reduce the cost of
qualification and certification, in-process monitoring and in-process non-destructive evaluation
(NDE) are considered essential tools. This report aims to support the efforts of the U.S. Nuclear
Regulatory Commission (NRC) to meet the challenges of regulating NPP components fabricated
by AM technologies. It provides a review of the current state-of-the-art in the areas of in-process
monitoring and in-process NDE methods, instruments, and relevant standards. It also identifies
gaps in knowledge, technologies, and standards to achieve the goal of using them as robust tools
for AM process and part qualification.
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Executive Summary

With its capability for cost-effective fabrication of complex high-value components with
significantly reduced lead times, metal additive manufacturing (AM) is considered as an
alternative to conventional manufacturing technologies for small batch manufacturing
applications, including aerospace, medical instruments and implants, and power generation.
Manufacturing of components for nuclear power plants (NPPs) are among the emerging
applications for this technology. However, due to the physical complexities of metal AM
processes and the large number of influencing factors, it is difficult to estimate and obtain
consistent properties of resulting printed parts. The variability of printed part properties and the
lack of comprehensive standards associated with AM processes often require lengthy, expensive,
and component-specific qualification for safety-significant applications making AM difficult to
economically justify for small-batch production.

In-process monitoring and non-destructive evaluation (NDE) methods are used to reduce the
qualification cost and lead times.

The objectives of this report are to review the state-of-the-art of in-process monitoring of AM
processes and in-process NDE methods, identify technology readiness levels and their current
use cases, as well as identify technology gaps for qualification of AM processes and components
used in NPP applications.

To provide a proper context for the in-process monitoring and NDE methods analyzed, the report
first describes (in Section 2) two metal AM processes, which are the most mature and common
processes used in NPP applications. They are powder bed fusion (PBF) and directed energy
deposition (DED) processes. For each process, Section 2 provides the general description of the
process, the factors influencing printed part defects, and finally the process signatures,
anomalies, and flaws observable by NDE methods that could result in printed part defects. Since
this chapter is meant to provide a comprehensive learning tool about these two AM processes,
not focusing on in-process NDE methods and the gaps, the readers who are familiar with these
technologies can skip this chapter and directly go to remainder chapters. They describe the
available in-process NDE methods (Section 3), related industry standards for these methods
(Section 4), associated classification and considerations for the data generated by these methods
(Section 5), and the use of such data for AM process and part qualification applications (Section
6). It should be noted that standards explicitly discussing in-process NDE for AM are few.
Therefore, Section 4 provides the standards which have relevance to in-process NDE.

Section 7 describes the knowledge gaps and the recommendations to enable wide-spread use of
the AM in-process monitoring and NDE methods in terms of technology readiness levels (TRLs)
as well as the gaps in industry standards. These gaps and recommendations mostly extract
higher-level gaps that span all in-process NDE technologies from existing industrial efforts,
especially the reports by ASTM Additive Manufacturing Center of Excellence (CoE) and Additive
Manufacturing Standardization Collaborative (AMSC), in which co-authors of this report have
been active participants. In general, TRLs for in-process NDE methods are much lower than post-
process NDE methods, many of them are currently under investigation by research institutes or
small companies. Naturally, such low TRL levels result in the lack of adequate industry standards



for in-process NDE applications in the qualification of AM processes and parts. Therefore, in-
process monitoring and NDE are currently not relied on as the principal sources of evidence for
qualification in safety-significant applications.



List of Symbols, Abbreviations, and Acronyms

ABS
American Bureau of Shipping

AE
Acoustic Emission

Al
Artificial Intelligence

AIA
Aerospace Industries Association

AM
Additive Manufacturing

AMSC
Additive Manufacturing Standardization Collaborative

ANN
Artificial Neural Network

AWS
American Welding Society

BC
Bragg Cell

BV
Bureau Veritas

CAD
Computer Aided Design

CCD
Charge Coupled Device

CMOS
Complementary Metal-Oxide Semiconductor

CMT
Cold Metal Transfer

CoE
Center of Excellence

DED
Directed Energy Deposition

DEM
Discrete Element Method

DNV
Det Norske Veritas

DTR
Draft Technical Report (ISO)

EB-DED
Electron Beam Directed Energy Deposition

EB-PBF
Electron Beam Powder Bed Fusion

EBSD
Electron Backscatter Diffraction

EC
Eddy Current

ECT
Eddy Current Testing

EFCP
Equipment and Facility Control Plan

EHLA
Extreme High-Speed Laser Material Deposition

FAA
Federal Aviation Administration

FBH
Flat-bottom Hole

FDA
Food and Drug Administration

FMC
Full Matrix Capture

GMA-DED
Gas Metal Arc Directed Energy Deposition

GTA-DED
Gas Tungsten Arc Directed Energy Deposition

IR
Infrared

ISO
International Organization for Standardization

KED
Knife Edge Detector

L-DED
Laser Directed Energy Deposition

LIPA
Laser Induced Phased Array

LMD
Laser Metal Deposition

LOF
Lack of Fusion

L-PBF
Laser Powder Bed Fusion



LS

Laser source

LU

Laser ultrasonics

ML

Machine Learning

MPM

Melt Pool Monitoring

MSFC

Marshall Space Flight Center
MV

Machine Vision

NASA

National Aeronautics and Space Administration
NDE

Non-destructive Evaluation
NDT

Non-destructive Testing

NPP

Nuclear Power Plant

NRC

Nuclear Regulatory Commission
OCT

Optical Coherence Tomography
OEM

Original Equipment Manufacturer
oT

Optical Tomography

PA-DED

Plasma Arc Directed Energy Deposition
PAUT

Phased Array Ultrasonic Transducer
PBF

Powder Bed Fusion

PBS

Polarized Beam Splitter

PD

Photodetector

POD

Probability of Detection

PSD

Particle Size Distribution

PSPP
Process-Structure-Property-Performance

PWI

Preliminary Work Item (ISO)

QWP

Quarter Wave Plate

R&D

Research and Development

R&R

Repeatability and Reproducibility
SAW

Surface Acoustic Wave

SDO

Standards Development Organization
SD-OCT

Spectral-Domain Optical Coherence Tomography
SEM

Scanning Electron Microscopy

SNL

Sandia National Laboratories

SL

Structured Light

SLR

Single Lens Reflex

SPC

Statistical Process Control

SRAS

Spatially Resolved Acoustic Spectroscopy
TFM

Total Focusing Method

TOT

Time over Threshold or Time over Temperature
TR

Technical Report (ISO)

TRA

Technology Readiness Assessment
TRL

Technology Readiness Level

TTR

Transient Thermoreflectance

uL

Underwriter Laboratories



XCT
X-ray Computed Tomography

WAAM
Wire Arc Additive Manufacturing

WA-DED
Wire Arc Directed Energy Deposition

WEAM
Wire Electron Beam Additive Manufacturing

WLAM
Wire Laser Additive Manufacturing



1. Introduction

Metal additive manufacturing (AM) has been developed and improved as an alternative to
conventional manufacturing technologies over the last several decades. There are several types
of metal AM processes , the most common, nuclear power plant (NPP)-relevant, and advanced
AM processes are powder bed fusion (PBF) and directed energy deposition (DED). Therefore, this
report covers in-process NDE methods applicable only to these two types of AM processes, with
additional focus placed on powder feedstock. AM has reached a maturity level that makes it a
feasible and cost-effective alternative for many critical industrial applications, such as aerospace,
medical implants, and automotive [1]. Since the main advantages of AM include the cost-
effective fabrication of complex high-value components in small batches with significantly
reduced lead times, it is an excellent candidate for the fabrication of complex components of
new-generation nuclear power plants (NPPs) as well as replacing components of the current
designs [2, 3]. However, there are numerous challenges for industrial acceptance of AM for
safety-significant NPP applications.

One of the most critical technical challenges facing the AM industry in general, and the NPP
industry in particular, is the substantial material microstructure and geometric inconsistencies in
the parts produced by AM processes. There are a large number of factors influencing the AM
processes. While some of those are user selected/controlled such as programmed process
parameters (e.g., thermal power density, layer thickness, hatch spacing, etc.), other factors, such
as variations in feedstock characteristics, inert gas flow, disturbances due to molten metal
spatter, and plume of evaporated metal and other contaminants generated during the process,
are hard to control by the AM operators. Such a significant number of influencing factors and the
complex interactions among them cause unforeseen short-term (within a single build) and day-
to-day variations in the outcomes of these AM processes as well as lack of adequately robust
process-structure-property-performance (PSPP) relationships lead to potential difficulties in
predicting the quality of the fabricated components.

The variability of part properties and the lack of comprehensive standards often require lengthy,
expensive, and component-specific qualification for safety-significant applications, making it
difficult to economically justify for small-batch production. Therefore, the AM research
community spends significant effort to improve the understanding of the cause-and-effect
relationships among the influencing factors and the resulting process variations [4]. In parallel to
these efforts, monitoring and assessing the process variations to predict their impact on final
product quality are of the highest priorities within the AM development and application
community, as well as within the scope of the recent roadmaps for the improvement of AM
technologies [5]. For example, the Additive Manufacturing Standardization Collaborative (AMSC)
has recently completed the third version of its Standardization Roadmap for Additive
Manufacturing, confirming the high priority of needs for process monitoring [5].

In view of these ongoing developments, the objectives of this report are to review the state-of-
the-art in in-process monitoring of AM processes and in-process non-destructive evaluation
(NDE) methods, identify technology readiness levels and their current use cases, as well as



identify technology gaps for qualification of AM processes and components used in NPP
applications.

Although there are some common techniques used, in-process NDE is categorically different from
post-process NDE, or more commonly known simply as just “NDE.” Multiple NDE methods to
inspect and qualify manufactured products have existed for decades [6]. Most of them are
applicable to AM-fabricated components as well [7]. NDE methods help reduce the cost of final
product qualification (i.e., conformance to specifications) without altering the characteristics of
the components under test. These methods are most useful in checking the integrity and
condition of internal features (such as microstructures, pores, cracks, or deformations) of the
components.

For mature conventional manufacturing processes, where the variations of the resulting products
are within a known set of limits, NDE methods along with other post-process measurements
applied to a sampling of the manufactured products would provide robust statistics for the
quality assurance of the whole batch of the products. Statistical process control (SPC) methods
are used to monitor the performance of manufacturing processes in terms of critical quality
metrics of the manufactured products, such as dimensional, surface finish, and material
characteristics, to detect significant variations that result in product quality degradations.
Traditionally, such quality metrics are obtained by post-process inspection and the trends in
variations of these metrics are determined by statistical control charts. Necessary adjustments in
manufacturing process parameters are implemented based on these control charts to avoid
producing parts not conforming to their specifications [8].

In conventional manufacturing processes, SPC is used as a complementary control scheme along
with other system control methods. For example, in metal cutting applications, machine tools
have their own control systems relying on real-time sensor information to implement feedback
and feedforward control algorithms to generate accurate motion of the cutting tool [9]. To enable
such real-time control, sensor data must be provided to the controller at high update rates (on
the order of 10 kHz or higher). Similar control algorithms are also applied in PBF and DED
machines. However, due to the very high speeds of moving energy sources in PBF machines, data
rates for sensors must be at least an order of magnitude higher. On the other hand, since AM
processes generate parts layer-by-layer, there may be opportunities to adjust process
parameters intermittently (between each layer), which relaxes the requirements of high sensor
data update rates.

Although there are some efforts described in the literature, SPC is not widely used for AM
processes [10]. For AM processes, as mentioned earlier, excessive process variability resulting
from a large number of influencing factors causes unexpected defects in the fabricated products
reducing part quality. The complexity of interactions between the influencing factors and the AM
process makes SPC based on post-process inspection of product quality characteristics generally
ineffective. Furthermore, since part defects are detected only after the completion of the build
process, they increase the scrap rates, leading to a further increase in the cost of metal AM
applications.



In contrast with post-process NDE, in-process NDE is an emerging technology comprising various
methods that are used to qualify the fabricated part while it is being built. While in-process NDE
is used to detect any imperfections in observed printed layers, in-process monitoring is used to
detect any AM process anomalies potentially leading to flaws in the printed layers. However, it
is important to note that cause-and-effect relationships between process anomalies and part
flaws are currently not well established and are the subject of ongoing research. In the absence
of such clearly defined relationships, in-process monitoring can be used for assessing process
stability, wh