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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 
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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.
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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 
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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.
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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, which is the first step of the qualification of the AM processes. Qualification of AM 
processes is a means to confirm that the particular process will operate consistently, producing 
parts with quality characteristics within acceptable limits established for a given application. AM 
process qualification will significantly reduce the cost of qualification of the resulting products. 
Furthermore, the information obtained from in-process monitoring and in-process NDE is also 
useful to identify the regions of the final product suspected of having defects, on which to focus 
the post-process NDE tests, reducing the overall inspection effort and the cost of product 
qualification. However, for NPP applications, required post-process NDE of a part will likely be 
dictated by nuclear code, potentially limiting the flexibility to focus only on certain areas.

An additional future benefit of in-process monitoring and in-process NDE is the ability to 
implement layer-wise process control by adjusting the programmable process parameters once 
the deviations from normal process conditions are detected. There is even potential to 
implement real-time process control (e.g., by adjusting power levels, scan speed, and positions 
on the fly) within layers when data acquisition and analysis speeds are adequately increased in 
the future. Until such capabilities are readily available, information obtained from in-process 
monitoring and in-process NDE can be useful for statistical control purposes by identifying 
conditions beyond acceptable thresholds or trends towards those conditions [11].

Although there are standards providing terminology for general (post-process) NDE methods 
[12], due to the differences mentioned above, the terminology used in the context of in-process 
NDE differs from that of the post-process NDE. However, due to its emerging nature, there is no 
consensus in the AM community about the terminology related to in-process NDE. This is 
considered an important technical gap for reaching a common understanding of potential 
capabilities and impacts of in-process NDE. Therefore, a set of definitions applicable to in-process 
NDE covered in this report is provided below. In the proposed definitions, the difference between 
in-process monitoring and in-process NDE is based on the difference in their direct goals. In-
process monitoring is first and foremost concerned with process qualification and process 
anomalies. When in-process monitoring methods become focused on detecting flaws and defects 
in the physical part, this becomes in-process NDE. The distinction between in-process monitoring 
and in-process NDE is not always clear in every scenario. 

Definitions used in this report:

In-process monitoring – measurement or observation of process signatures during a 
build, including feedstock delivery and machine conditions.

In-process NDE – non-destructive detection and evaluation of solidified part 
properties, at any point in time during the build, without altering its characteristics. It 
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or eliminated before the part fabrication is completed. This is referred to as the "self-healing” 
phenomenon (see Sec. 7.1). Therefore, the relationship between in-process flaws and defects 
and the final part flaws and defects are not always directly correlated. There is some probability 
that in-process flaws indicated by in-process NDE will be remelted and no longer exist in the final 
part, thus resulting in a “false positive” if post-fabrication NDE is used as a ground truth for defect 
identification. It should also be noted that the above definitions do not consider the correlations 
between process anomalies and product defects. Currently, limited knowledge exists related to 
such correlations. 

The remainder of this report is organized as follows. Section 2 provides an overview of the two 
common laser-based metal AM processes: PBF and DED. For each process, this section 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. Section 3 provides descriptions of available in-process NDE methods, 
including melt pool monitoring methods, optical and machine vision methods, and acoustic and 
electromagnetic methods, and the current state-of-the-art of those, along with their associated 
technology readiness levels (TRLs). TRLs provide metrics to assess the maturity of a particular 
technology throughout its research, development, and deployment phases. TRLs, on a scale from 
1 to 9, indicate the levels of technology maturity, 9 being the most mature technology ready for 
commercial deployment. Section 4 reviews the existing codes and standards for in-process NDE, 
including the ongoing efforts in relevant standardization. Section 5 reviews the classification of 
data obtained from in-process NDE for use in the AM process and part qualification. Section 6 
describes use cases of in-process NDE along with modeling and test data for AM process and part 
qualifications. Section 7 discusses the knowledge gap analysis of in-process NDE to ensure part 
quality, as well as associated TRLs of various in-process NDE methods. It should be noted that 
this gap analysis has a limited scope involving only in-process NDE-related issues. Section 8 
provides a summary and conclusions along with the recommended actions for further 
developments. It should be noted that the common theme running through the document is that 
measurements must be useful and practical for industrial applications. Measurement 
capabilities/requirements (e.g., required frequency, resolution, etc.) as well as data 
management/integration/fusion requirements are impacted by these criteria.

2. Overview of metal AM technologies 

2.1. Laser powder bed fusion (L-PBF)

Powder bed fusion (PBF) is a category of an additive manufacturing process in which thermal 
energy selectively fuses regions of a powder bed [14]. PBF processes can be used to manufacture 
components made from multiple classes of materials including polymers and metals. Figure 2.1 
depicts the laser PBF process. During the process, a powder feedstock is spread over the build 
plate in a thin layer. The energy source then scans over the build area to fuse the powder 
feedstock, by melting and solidifying it as it passes over an area of powder on the build plate 
according to the path prescribed in the build file to fuse the first layer. Once the material is fused 
to the build plate, the build platform is lowered according to the prescribed layer thickness. 
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orientation of components within the build volume and the design of support structures [34]. 
The layer-wise nature of PBF can create form and dimensional errors on critical features if not 
properly oriented within the build volume [35, 36]. The orientation of surfaces relative to the 
build direction has been shown to have a significant effect on the surface texture [37, 38]. 
Component orientation also has been shown to have a significant effect on the residual stress 
within components due to the buildup of thermal energy [39]. The position and orientation of 
components within the build volume influence microstructural anisotropy resulting in anisotropy 
in mechanical properties and fatigue life [40, 41]. The design of support structures is another 
aspect of the PBF process, which, if not designed carefully, can introduce errors into the process 
and the final component. Generally, supports should be able to prevent components from 
collapse/warping during the PBF process while maintaining minimal contact area and cross-
section to allow for easy removal and using minimal material volume to minimize waste [42]. 
Inadequate support structure design could lead to significant internal stresses, geometric errors, 
and build failure due to binding with the recoater mechanism [39, 43]. Design guidelines have 
been developed to help mitigate these influences [44].

2.1.1.3. Process influences

The user-programmed parameters that dictate a PBF process arguably have the largest influence 
on the generation of defects. Although there are many process parameters that significantly 
influence the LPBF process, depending on the PBF system, only a limited set of these parameters 
may be available for the user to change. The laser power (for L-PBF) or electron beam energy (for 
EB-PBF), energy source scan velocity, layer thickness, and hatch spacing (the lateral distance 
between adjacent melt pool tracks) are the most common user-programed parameters. While 
each of these parameters contributes individually to the quality, they are largely interconnected 
[45 – 49]. The relationship between these parameters is often described using energy density, a 
measure for the averaged applied energy per volume of material during the scanning of a layer 
[48]. While the energy density is a large contributor to the anticipated quality of a PBF process, 
there may not be a simple linear relationship to guarantee quality [46]. Figure 2.2 provides 
examples of process maps, which show the connection between scan speed and laser power with 
other parameters held constant for various L-PBF processes. These maps are often divided into 
different processing windows with respect to defects or resultant component properties (e.g., 
porosity, residual stress). The range of parameters that produce an acceptable result in the PBF 
process is often bordered on both sides by unacceptable process results. High laser speeds and 
low laser powers do not introduce enough energy for the fusion of the feedstock material 
resulting in lack-of-fusion (LOF) type defects [50]. Low laser speeds and high power provide too 
much energy into the fusion process causing overheating of the heat-affected zone, resulting in 
keyhole porosity (deep cavities in the melt pool created by vaporization of liquid metal) and/or 
balling (a phenomenon when powders are either not sintered at all or completely melted and 
join into large droplets) [47, 51 – 53]. The optimal process window will change for different 
combinations of AM systems or materials. The component geometry may also influence the 
optimal process window [54]. Often, the AM system manufacturer-specified parameters for 
material will fall within the acceptable process window, though they can be optimized further 
based on the user’s requirements to improve productivity while mitigating defects. Changes in 
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these parameters can lead to residual stresses/cracks, porosity, balling, and unfavorable 
microstructures [46, 47, 55].

Figure 2.2 Examples of Process Maps for L-PBF processes: (a) Ti-6AL-4V process map divided into four melting 
zones: “fully dense” (Zone I), “over melting” (Zone II), “incomplete melting” (Zone III), and “over heating” (Zone 
OH) [46]; (b) iron process map optimized to mitigate balling (X’s show sampling within the parameter space with 
the process regions defined as “smooth regular” weld tracks bordered by balling and poor interlayer connection)  

[47]; (c) EOS (AM system manufacturer) process map for identifying regions of Ti-6Al-4V defect types [49].

Because of the layer-wise nature of additive manufacturing, the geometry manufactured is 
always approximated by discrete slices instead of continuous surfaces along the vertical 
direction. Thus, larger layer thicknesses will lead to larger geometric imperfections and rougher 
surfaces due to a larger step size used to represent a continuous geometry [56]. As discussed 
above, a change in layer thickness will also necessitate changes in the other user parameters to 
keep the system within a “good” operating window. However, commercial PBF systems do not 
typically provide the flexibility of varying layer thickness within a build. Often, they provide the 
user with limited control over the details of the scan pattern. The scan parameters can also be 
modified for upskin (upward facing) or downskin (downward facing) surfaces to improve the 
surface quality and consistency of melt pool depth [44, 57]. Contour passes along the boundary 
of the solidified layer geometry can be used to improve geometric accuracy and surface quality 
[58]. Advanced planning of the scan path can also greatly reduce the residual stress and defects 

(a)

(b) (c)
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[59 –61]. Advanced geometry-based laser power control can also increase the consistency of the 
melt pool withing L-PBF processes [59]. However, these advanced controls are not common in 
commercial PBF systems.

Intrinsic process characteristics, which cannot be directly controlled by the user, constitute 
another group of factors influencing the PBF process and its signatures that affect component 
quality. The ejection of particles or molten metal during the fusion process, commonly referred 
to as spatter, has an adverse effect on component quality. Spatter can be categorized into several 
types resulting from differing formation mechanisms [62 – 64]. Spatter (liquid or solid) can range 
in size and can be up to four times the size of the powder particles [65, 66]. Ejected spatter 
particles often differ in chemical composition from the original feedstock material due to 
oxidation, thus changing the local material composition if they are fused into the component [67, 
68]. The ejection of spatter particles can come from several locations within the melt pool, but 
the general path of ejected particles often follows the flow pattern of the shielding gas used [69 
– 71]. Thus, some of the effects of spatter can be mitigated by altering the order of component 
fabrication within a layer (when multiple components are fabricated on the same build plate). 
Components built within regions known to be spatter-rich (regions in which ejected spatter 
particles are more likely to be deposited) are typically fused first within a layer to reduce the 
possibility of spatter contamination from other components within the layer [72]. 

During the PBF process, thermal energy may vaporize part of the melt pool to create a metal 
vapor ‘plume’ [73]. The plume is affected by the beam diameter, beam power, beam velocity, 
scanning strategy, and inert gas flow [74]. This plume can attenuate the laser power transmitted 
to the melt pool through scattering and absorption, resulting in reduced energy density [64]. This 
becomes more problematic for multi-laser PBF systems, where the plume from one laser can 
affect the power applied by the other [75].

Rapid heating and cooling of regions with fast-moving energy sources cause significant thermal 
gradients in the parts being printed. This results in the buildup of internal stresses, which can 
lead to crack formation and propagation. To decrease the thermal gradient between the 
baseplate and the melted powder surface, the baseplate is pre-heated [76]. However, the 
baseplate pre-heating temperature needs to be set depending on the processed material and its 
phase transformations [76]. Long exposure to preheating temperature can affect the 
microstructure of some alloys [76]. 

2.1.1.4. Equipment influences

As with any manufacturing process, the quality of the produced components is highly dependent 
on the quality of the manufacturing equipment. Defects can come from inappropriate settings, 
poor performance, and improper system calibration.

Energy source and delivery system (optical chain) can lead to significant anomalies in L-PBF 
processes if they are improperly calibrated or controlled. In L-PBF processes, errors in the 
construction and alignment of the optical system used for laser delivery can lead to component 
geometric errors and losses in laser power [77]. The elliptical distortion of the laser spot at the 
edges of the working volume due to non-orthogonal incidence with the build plane also changes 
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the shape and energy density, potentially leading to lack-of-fusion [78]. Improper scaling of the 
laser-steering control system, laser following error and synchronization error, and incorrect 
settings of the beam offset can also lead to geometric errors and porosity within components [79 
– 81]. Examples of these control errors can be seen in Figure 2.3. Fluctuations of the laser source 
from the commanded power, particularly at high power levels, can also lead to inconsistent melt 
pool geometries and cause excess plume and lack-of-fusion [82]. 

Figure 2.3 I) Laser delay time synchronization errors can lead to geometric errors (shown as incomplete circle 
geometry) II) Laser-steering acceleration limits can limit the maximum laser velocity, leading to positioning 
errors (shown as roundness errors). III) Laser power-position synchronization calibration. Images taken at 

different delay times show overlapping / incomplete intersection of lines. [82]

Environmental factors within the L-PBF build chamber can contribute to process anomalies and 
the formation of defects. The preheat temperature of the build plate is critical to reducing 
residual stress, cracks, and delamination within completed components [83, 84]. Reduced 
residual stress also decreases component deflection [85]. The inert gas quality and flow pattern 
within the build chamber are large factors influencing the L-PBF process. Too low of inert gas 
velocity would be insufficient to clear the vapor plume of the melt pool and too high of gas 
velocities can disturb the spread powder layer [87]. Insufficient gas flow has also been found to 
cause asymmetric, shallow, and wide melt tracks that may cause lack-of-fusion defects [ 87]. The 
gas flow has been found to vary significantly throughout the build area, adding the potential for 
certain locations within the build volume to be more defect prone. [88]. 
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2.1.2. Process signatures, anomalies, and in-process flaws

While there are many signatures of the L-PBF process that can be monitored using in-process 
sensing, there are three main categories of process signatures that are investigated: the spread 
powder layer, the melt pool, and the fused layer. Each of these is described in more detail below.

2.1.2.1. Spread powder layer

L-PBF machines use metal powders with average particle sizes, typically in the range of 25 µm to 
45 µm [94]. A dense and homogenous powder bed that is free from voids is essential for optimum 
thermal diffusivity, creating a uniform fusion of the powder bed and better performance of the 
finished parts [95]. Anomalies in the spread powder layer can occur during the powder-spreading 
stage of the process [96]. The quality of powder bed is monitored using machine vision systems 
as explained in Section 3.2. ASTM F3522-22 covers in detail the powder spreading process failure 
modes, causes, and effects on parts. Figure 2.5 shows some of those examples. Insufficient 
powder coverage (short feed) can be caused by insufficient dosing or too high speed of powder 
spreading. Track lines may be caused by dragging of a spatter particle, a contaminant, or an 
agglomerate, etc. or by a damaged recoater. Non-uniform bed surface can be caused by 
cohesion, moisture in the powder, and electrostatic or magnetic effects. Non-uniform bed 
density can be caused by particle segregation due to different particle sizes. Wavy bed surface 
can be caused by vibrations or interactions or both. Additionally, the surface roughness of the 
melted region can lead to non-uniform powder coverage in some cases, resulting in increased 
porosity in the finished parts. Interestingly, the finer powders with reduced free-flowing ability 
can sometimes achieve better surface coverage on already melted powder surfaces [97]. 
Understanding the spreadability of a powder and defining the relevant metrics is still an ongoing 
topic of research [33, 92].

2.1.2.2. Melt pool

As described above, changes in energy density can lead to changes in build quality. While the 
user-programmed parameters define the nominal settings for these values, in-process 
phenomena (e.g., spatter, melt plume, powder layer variation) can change them significantly. In-
process monitoring allows for direct monitoring of the energy density. Measurement of the melt 

Figure 2.5 Failure modes as seen in powder bed spreading (Adapted from [98]).
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pool temperature can directly show over or under heating of the melt pool, indicating areas 
where defects may form [99]. Overheated melt pools can indicate areas in which keyhole porosity 
may form while underheated melt pools can indicate areas in which lack-of-fusion porosity (see 
Sec. 2.1.1.3) may form [51, 82]. In-process measurements of the melt pool size can also provide 
insight into the quality of the L-PBF process (see Sec. 3.1). Melt pool widths insufficient compared 
to the hatch spacing can lead to lack-of-fusion porosity and crack initiation sites [50]. Spatter 
ejected from the melt pool can also be monitored and used as an indicator of build quality. A high 
amount of spatter that lands in the powder bed or on components can increase the likelihood of 
lack-of-fusion porosity within components caused by the nature of spatter particles (large, 
irregular, and/or oxidized), which may not be sufficiently melted [71].

2.1.2.3. Fused layer

The solidified layer can also provide rich insight into the L-PBF process. One of the most common 
ways to monitor the build quality is to take images of the build process after the fusion of each 
layer (layer-wise imaging) (see Sec. 3.2). Inspection of the fused surface layer-by-layer can reveal 
geometric distortions of components due to thermal stress, collision with the recoater 
mechanism, or overbuilding of geometry [100, 101]. Optical imaging of the fused layer can also 
be used to observe flaws that could point to potential locations of porosity [102, 103]. 
Thermography of the fused layer can also provide insight into the formation of material defects 
due to high cooling rates or the prediction of unexpected changes in residual stress due to heat 
accumulation [104]. Measurement of the fused layer geometry using various metrological 
techniques can also be used to identify flaws within the L-PBF process [105]. Depending on the 
sensors utilized, surface texture information can be extracted from the fused layer to investigate 
variation between individual melt pools [106]. Additionally, the data from multiple L-PBF 
signatures can be used in combination to improve anomaly detection capability [107, 108].

The summary of relationships between process signatures and in-process flaws is given in Table 
1 below. Descriptions of the in-process sensing technologies utilized to monitor these process 
signatures and categorization of the flaws they are potentially capable of detecting are provided 
in Sec. 3 (In-process monitoring and in-process NDE methods). 

Table 1 Process signatures and in-process flaws

Process signatures Related in-process flaw(s)
Spread powder layer Porosity, geometry
Substrate/powder bed temperature Geometry, microstructure
Melt pool temperature and shape Porosity, geometry, cracking, microstructure
Spatter Porosity, microstructure
Fused layer Porosity, geometry, cracking, microstructure

2.2. Directed energy deposition

Directed energy deposition (DED) uses a focused thermal energy source to fuse materials layer 
by layer by melting them as they are deposited, in contrast to PBF where the material is fused 
after being deposited. The deposited material is applied in selected regions over multiple layers 
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Figure 2.6 Illustrations of different DED technologies. (a, b, c) are taken from Ref [110]. (d, e, f) are taken from 
Ref [116] with modified labels. (Molten pool and melt pool mean the same thing.)

2.2.1. Factors influencing printed part defects

Directed energy deposition requires that the right amount of material is deposited in the right 
place consistently, otherwise, there is a high chance of flaws and defects. The defects include 
undesirable porosity, cracks, deviation from the part geometry, and undesirable microstructures. 
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The DED process has many factors that influence part defects. Like L-PBF these can be classified 
into four major categories: feedstock material, build preparation, process influences, and 
equipment influences. While AM is often referred to as a layer-by-layer process, it is also a track-
by-track or bead-by-bead process for a given layer because the moving energy source melts 
material with a finite width. The term bead, track, and melt pool are used to describe the process 
at this level throughout this section. Factors that influence the process at the melt pool and track 
level propagate to influence the part.

2.2.1.1. Feedstock material

Directed energy deposition uses feedstock in powder and wire form. The use of other feedstocks 
such as metal chips resulting from machining or cutting processes (e.g., [131]) and combined wire 
and powder (e.g., [132]) have been demonstrated. Powder sizes for DED typically range from 50 
µm to 150 µm, which is larger than L-PBF as a rule of thumb [127]. In DED, the powder is blown 
rather than spread; however, size and morphology are important characteristics that influence 
the process. Powder flowability both inside the machine and through the carrier gas used to 
deliver powder is important. Singh et al. [127] summarize that large particles generally provide 
better flowability compared to smaller particles that can agglomerate, and larger particles also 
provide better catchment efficiency (i.e., more of the feedstock material ends up on the part). In 
contrast, smaller particles may be preferred over larger particles because they result in a more 
stable melt pool [123]. Particles that are too large can lead to agitated, unstable melt pools [123]. 
Iams et al. [133] showed that characterizing the powder rheology is important for predicting 
powder performance rather than relying on general trends. For three powders sieved to an 
appropriate size range for DED with a modest change in size (15 % to 20 % difference in size), 
they observed a significant difference in mass flow rates for the same machine feeding setting, 
and this resulted in the varying geometric quality of printed parts. The powder that had the 
largest cohesion strength and the highest complete fluidization velocity yielded the lowest mass 
flow rate [133]. This was the largest particle size in the group of three powders; there were also 
small differences in morphology and internal porosity among the three powders in the study. 
With wire feedstock, cracks and scratches in the wire and variations in the wire diameter can lead 
to porosity in the part [16].

The feedstock quality is also determined by the presence of existing defects and surface 
contamination. Powders may contain limited amounts of gas-entrapped porosity introduced 
during the atomization process [16, 134]. These can survive melting and remain in the built 
material. Although, it is just as likely these gas pores escape to and exit the molten metal surface 
[134]. For powder and wire feedstock, hydrocarbons and water contamination on the feedstock 
can result in gaseous byproducts forming and remaining in the part [113, 135]. Zhao et al. [135] 
showed that drying Al-alloy powders to remove moisture combined with handling procedures to 
mitigate moisture pickup after drying reduced bands of small pores at melt pool boundaries. 
Jafari et al. [113] document wire contamination as a source of porosity in a review of wire-feed 
DED processes. Storage, handling, and reuse factors for powders in L-PBF (see Sec. 2.1.1.1) also 
apply to DED feedstocks. 
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Part orientation affects the final properties because the microstructure and properties of DED 
parts can be anisotropic [144, 145]. Anisotropy is not necessarily a part defect; however, the 
presence of defects may be a cause of mechanical anisotropy. In cases where defects are 
primarily present at melt pool boundaries and/or layer boundaries, weaker ultimate tensile 
strength perpendicular to the layers may result [144]. Kersten et al. [146] investigated part 
orientation effects on the mechanical properties of DED-produced material bonded to wrought 
substrate material (half of each inside the gage section). They also found anisotropy in the 
ultimate tensile strength and elongation with the lowest values when the layer interface was 
perpendicular to the loading axis [146].

Figure 2.7 Examples of different build orientations and building strategies taken from Ref. [113]. (‘g’ indicates 
the direction of gravity)

2.2.1.3. Process influences

After picking the feedstock material, user-programmed parameters for DED relate to the thermal 
energy source, feeding of material, scan speed, and scan path or strategy [110]. These categories 
are common with L-PBF except for the feeding of the material. The energy source, feeding of the 
material, and scan path and speed are often optimized for each feedstock material to achieve 
fully dense parts with high build rates for a variety of part geometries. Parameter reduction is 
helpful for discussing general trends. Directed energy deposition has two parameters that are 
commonly used for process development. These are the linear heat input (heat source power 
divided by the speed of the relative motion between the deposition head and fabricated part) 
and the material feed rate [110]. The material feed rate can be in units of mass per time [147], 
mass per unit length [110], or volume per unit length [113]. These two parameters (linear heat 
and feed rate) can be combined into an energy density term with units of Joules per unit mm or 
per unit cubic mm [148]. There are other formulations of the process variables that include the 
laser beam diameter (e.g., [147, 149, 150]); however, linear heat and feed rate as defined above 
are sufficient for explaining general relationships between process parameters and defects.

Dass and Moridi [147] illustrate a process map of linear heat input versus material feed rate for 
powder feed L-DED in Figure 2.8, where colored regions represent process windows. The general 
idea in this L-DED process map holds true for other DED methods. Low linear heat input and/or 
excessive material feeding cause insufficient melting and lack-of-fusion porosity. Excessive 
material feeding and/or large particles of powder feedstock can attenuate a laser energy source 
[151] causing a lower linear heat delivered to the fusion zone. The lack-of-fusion can occur 
between layers or between laser scan tracks within a single layer. For layer-to-layer remelting, a 
certain amount of re-melting is required such that the melt pool penetrates the previous layer. 
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The ratio of the remelted depth to bead height plus remelted depth is referred to as the dilution 
ratio. A review by Dass and Moridi [147] summarizes that a minimum dilution of 10 % to 30 % is 
typical to ensure good metallurgical bonding between layers. Within a layer, lack-of-fusion 
porosity occurs due to a lack of remelting between tracks. The track-to-track spacing (also called 
hatch spacing) is typically a constant (e.g., an overlap of 25 % of the bead width for L-DED [110]), 
and if the melt pool width gets smaller during the process, this can lead to regions that remain 
unfilled by the next layer. The hatch spacing is not captured in the process map provided in Figure 
2.8.

Figure 2.8 Process map for powder feed L-DED [147].

Excessive linear heat can lead to an increase in gas-entrapped porosity from an unstable, 
turbulent melt pool. The turbulent nature of the molten pool can entrap gas from the 
environment. This is often termed metallurgical and/or keyhole porosity, which is also present in 
L-PBF. Keyholing refers to the shape of the melt pool where the depth increases significantly. 
Excessive linear heat can also lead to an increase in ejected molten metal, which is seen by more 
metal splashing and adhering to the deposition head (e.g., [152]). The “Mid porosity zone” in 
Figure 2.8 is a combination of the keyhole and lack-of-fusion porosity [147]. This occurs when 
some of the feeding material sees excessive linear heat while the rest is shielded and receives 
insufficient linear heat input.

Linear heat input and material feeding are also important parameters because uncontrolled 
changes to the melt pool size will lead to geometry defects. Excessive linear heat increases the 
melt pool size, which can lead to mushrooming, overbuilding, and general waviness [115, 123]. 
The incorrect feed rate for wire feedstocks is characterized as dripping when the wire feed rate 
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is too low and stubbing when the wire feed rate is too high, and both lead to poor bead quality 
[110]. Liu et al. [153] cataloged examples of many common geometrical defects for powder feed 
L-DED, which are often mitigated by energy source and material feeding parameters. Directed 
energy deposition is mostly a near-net shape process; machining is required to produce usable 
parts due to the large layer thickness causing large surface waviness [110]. Even when post-
machining is part of the production process, geometric defects during printing can make it so 
that post-machining cannot achieve the desired geometry.

Unlike L-PBF, the layer thickness is less of a user input since it is a function of the linear heat input 
and material feed rate. The layer thickness determines the step distance of the deposition head 
in-between layers to maintain a consistent stand-off distance of the deposition head from the 
part. The stand-off distance is also referred to as the working distance and nozzle-to-part 
distance. This is critical for consistent beads and accurate geometry [110]. Cumulative layer 
height errors can lead to errors in the standoff distance. Powder feed L-DED has a unique 
property of passive stability where the layer height and stand-off distance self-correct within a 
specific process window due to the nature of the powder stream and laser attenuation [154]. For 
GMA-DED, an incorrect stand-off distance can result in poor shield gas coverage or collision of 
the head with the part [155]. The material feed rate to the part, particularly for powder streams, 
can also change with stand-off distance [123]. 

Users also have some selection of the scan path or scan strategies used to fill in specific layer 
[113, 144]. The scan strategy can have a significant influence on the part quality. Comparative 
studies can be found between scan strategies (e.g., [156, 157]), which illustrate tradeoffs 
between surface roughness, residual stress, geometrical accuracy, etc. Figure 2.9 shows a visual 
example of the influence of the hatch spacing and scan strategy on the geometry for a simple 
cube. For WAAM processes, Jafari et al. [113] note that complicated intersections in scan 
strategies can lead to overbuilding at intersections and many arc-extinguishing areas can increase 
the chance of defects. During L-DED, the start and end of scan tracks can also have a characteristic 
nodule or hump [123]. Changing the scan strategy is often used to reduce residual stress [16, 144, 
158].

Intrinsic process characteristics are not directly controlled by the user, although users have some 
ability to influence them. These characteristics include residual stress, heat buildup, spatter, 
plume, heterogenous and spatially varying microstructures, and solidification cracking. Residual 
stress is inherent to AM processes. Just like L-PBF, residual stress that leads to part warping is a 
serious issue for all DED methods. Reviews on residual stress in metal additive manufacturing can 
be found in Refs. [85, 159]. As mentioned previously, deposition strategies have a significant 
influence on residual stress for DED [110]. In some cases, parameters require a tradeoff between 
issues. For example, increasing the interpass dwell time (time between beads) to reduce heat 
buildup may increase residual stress [115].
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Figure 2.9 A simple cube geometry printed using powder-fed L-DED with different hatch spacing (0.44 mm and 
0.55 mm) and different scan strategies: A – linear, B – zigzag, C – checkerboard, and D – contour [156].

Heat buildup in the part with successive layers is a common issue for DED. Material printed close 
to the substrate has a short path for heat dissipation through the substrate. As the material is 
built upward, the path increases, and heat dissipation is reduced causing heat buildup. A hotter 
part causes the process window to shift, and the defects (porosity and geometry) associated with 
excessive linear heat input will arise. Basically, the temperature buildup in the part causes the 
melt pool size to grow and move toward unstable processing [113]. Heat build can also occur 
locally when the scan path causes the heat source to scan near a location that has not cooled 
down. The issue of heat buildup can be overcome by reducing the linear heat input, adding 
interlayer/interpass dwells, using alternative scan strategies, and/or build plate heating or 
cooling so that a consistent melt pool is maintained with successive layers [110, 115, 160].

As mentioned for L-PBF, the formation of large spatter (molten metal that is ejected from the 
melt pool) is also an issue for DED. Large spatter that lands on the part can cause a scenario of 
insufficient melting. If the large, solidified spatter is not fully melted by the next pass, it may lead 
to a lack-of-fusion porosity [16]. In addition to spatter, the plume (evaporated metal that 
condenses into suspended nanoparticles) can also lead to defects [161]. If enough plume, 
sometimes also called fume, is generated and in between the energy sources and part, it can 
reduce the energy delivered to the melt pool. This is well documented in laser welding [162, 163]. 

Like L-PBF, DED processes can create components with heterogenous and spatially varying 
microstructures. This includes variations in grain morphology, crystallographic texture, 
chemistry, and phases. Microstructure defects in this case are unintended and unacceptable 
variations in microstructure leading to unacceptable performance. Post-process heat treatments 
can be used to create a more homogenous microstructure and reduce porosity to address this 
issue [144, 145]. Post-process heat treatments and a comprehensive review of process-
microstructure relationships for DED are outside the scope of this review. The process-
microstructure-property relationships for DED are a good starting point for determining potential 
microstructural defects and their sensitivity to process parameters.










































































































































































