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Additive Manufacturing (AM) is one of the innovative technologies to fabricate components, parts, as-
semblies or tools in various fields of application due to its main characteristics such as direct digital
manufacturing, ability to offer both internal and external complex geometries without additional cost, and
the potential of varying materials at the voxel level. However, despite high anticipations, AM as a real
revolution for serial production of metal components has yet to be seen, mostly due to lacks of fundamental
understanding, design engineering tools, and the global robustness of the value chains. This paper aims to
provide a vision about the future of metal AM based on the collective knowledge of all ten scientific and

technical committees of the International Academy of Production Engineering (CIRP).

© 2023 CIRP.

Introduction

Additive Manufacturing (AM) covers a set of technologies that
has had a rapid and diverse development. During the 1990s, the
initial denomination was Rapid Product Development [34| because
AM technologies were mainly dedicated to product development
and prototypes. During the last 30 years, new ways of manufacturing
metal parts by AM have been developed and gradually adopted by
industry as an alternative production technique [200,202,216].
However, until recently, only a few examples of sustainable value
chains were demonstrated with respect to specific application fields
[204]. There was a need to continue investigating through research
and development, with interesting and demonstrative case studies,
such as hydraulic blocks, heat exchangers and medical prostheses
and scaffolds. Only few real AM-based serial production scale
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manufacturing applications do exist today. Two real practice cases
are depicted in Fig. 1.1 and Fig. 1.2. An even more impressive case is
the well-known serial production of AM fuel nozzles (Fig. 1.3) pro-
duced by GE Aviation for its LEAP jet engine, 30,000 of which having
been produced between mid-2015 and September 2018; and this
was only a production ramp-up [117]. Yet, serial AM production re-
mains today an exception.

To be successful for serial/mass production, AM has to be in-
tegrated in complete value chains (Fig. 1.4), taking into account the
capabilities of each step of that chain. Starting from ideas and con-
cepts, the different stages -design, work preparation, manu-
facturing, post-treatment, finishing, control (in- and post-process),
material lifecycle management, and all production and business
management issues including usage and end-of-life —have to be
considered in a complete and systemic way [37].

This paper relates to a vision on metal additive manufacturing
with AM-based value chains. It is issued from a group of experts
from the International Academy of Production Engineering (CIRP)
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Fig. 1.2. 238 titanium braces build on one platform.

Fig. 1.3. AM fuel injector for GE LEAP jet engines.

community. It differs from other review papers related to AM in that
all the major related issues/steps, shown in Fig. 1.4, will be con-
sidered and discussed in this paper with a systematic coverage di-
vided into three main parts: a) problems and challenges to be
addressed, b) state-of-the-art, and c) vision on future ways to ad-
dress these problems and challenges. Specific global aspects, like
sustainability, interoperability, cybersecurity, education and
training, are also covered in this paper. The paper also includes a
variety of Key Performance Indicators (KPIs) related to different
points of view on what could be expected and taken into account
when considering AM to, for example, create, develop, manufacture,
use, repair, and recycle products. Even if these different points are
not independent, the authors have chosen to address them se-
quentially to give a better and clearer understanding of what could
be expected at each stage of the AM-based process chain.

Consequently, and based on Fig. 1.4, each of the following sec-
tions provides a particular vision in complete coherency with the
other aspects that have direct relationships with respect to the
proposed vision for the future. At the end of the paper, the authors
provide an extensive section that synthesizes these perspectives into
a summary of the proposed directions for the future. A large list of
references is provided to support the arguments proposed in the
paper.

The paper covers direct metal AM processes (no two-step pro-
cesses with e.g. a sacrificial polymer binder). Most attention goes to
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powder bed fusion (PBF) processes, as this is by far the process with
the largest market penetration. Where appropriate it also explicitly
refers to direct energy deposition (DED) processes, unless with
statements that hold for DED as well as PBF.

Occasionally other metal AM processes are also discussed, like
ultrasonic sheet lamination, cold gas dynamic spray deposition, etc.
A comprehensive overview of AM processes and related terminology
is given in ISO/ASTM 52900 [165].

Design
The present problems/challenges

The layered nature of AM-based production processes allows for
the design of complex geometries. While AM processes tend to be
more costly for producing parts of low complexity than conventional
production processes like injection molding or computer numerical
control (CNC) machining, for complex parts this cost difference re-
duces, as for example CNC costs also depend on number of fixtures
needed, material volume to be removed, feature geometry and the
size of the mills that can be used. However, AM related economic
benefits are often realized when also strategic or functional perfor-
mance is enhanced [90]. Use of AM in industry is growing based on
business opportunities (low-cost prototypes, efficient small series
production, spare parts, market responsiveness, etc.) and on the
increased product functionality that can be achieved by non-stan-
dard/complex geometries. In addition to the functionality of the part,
the part also needs to be optimized for other life cycle stages such as
processing, post-processing, and inspection and certification. For
overview purposes, part design for AM has been subdivided in two
main subcategories: i) optimizing geometry for functionality, where
the optimized geometry has a complexity that (only) can be pro-
duced efficiently by AM technologies and ii) optimizing geometry for
(cost) efficient production and inspection purposes [366,377].

State of the art and current developments

Part design for functionality
Part design for functionality can be subdivided into five main
subcategories:

e Improved functionality through complex geometry: The de-
sign for improved functionality is directly linked to complex
geometry, such as lightweight structures or three-dimensional
(3D) scanning based designs. The resulting shapes are often dif-
ficult or expensive to produce with conventional production
methods. Topology Optimization (TO) is the best-known design
support method and focuses on optimizing geometry with pre-
defined goals and constraints. Classical TO methods focus on the
distribution of material within a volume to obtain the lowest
mass/stiffness or mass/strength ratio. State-of-the-art TO tools
may for example optimize scan strategies to improve on me-
chanical properties like strength and fatigue [310]. Finally, TO
methods have been developed that take other goals (e.g., large
deformation, optimal part orientation, required resonance be-
havior, and high resistance against buckling) and constraints (fast
production, minimal post-processing costs, etc.) into account.
Other design strategies and methods, such as generative design
and lattice structure filling strategies, are also emerging. Lim
et al. [222] provide an overview of multi-objective topology op-
timization strategies for structural applications.

e Surface structure optimization: Optimization of product sur-
faces regards the complex, recurring patterns of small artifacts or
features on a complex surface form. Benefits of optimally-de-
signed surfaces include modified flow profiles, bone ingrowth
support for tissue engineering scaffolds and other biomimetic
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Fig. 1.4. Global vision as a base for the structuring of this paper.

applications. Direct/Indirect reproduction of natural topologies
via reverse engineering and generic bio-inspired design are the
methods used in this subcategory [377].

Internal features: The ability to create features within a product
that are generally inaccessible to traditional manufacturing pro-
cesses allows for new functionalities, for example for the internal
transportation of energy, liquids or gases. Research focuses on
design and validation of internal cooling channels (manifold
design, conformal cooling), determination of minimal printable
internal features (walls, channel geometry) and process settings
that result in required levels of porosity for transport of matter
through printed features [172,361,365].

Redefinition of parts versus assemblies: AM processes also
allow for the redefinition of the way designers think about the
subdivision of products into parts. For AM, the constraints for
manufacturing, assembly, or inspection are different from that of
conventional manufacturing. They even allow for the direct
manufacturing of adjustable assemblies. Also, methods for the
subdivision of parts that exceed the build volume of the manu-
facturing equipment have been developed [280,317]. The oppo-
site, the consolidation of parts into one structure, is often applied
as it reduces assembly costs and might also result in additional
advantages (reduction of stresses, increase of product life,
etc.) [277];

Multi-material and hybrid techniques: Since the functionality
of parts also depends on the material used, local deposition and
control of these materials open up new opportunities for product
design. Multi-material and hybrid AM processes allow for the
production of multi-material objects while other process variants
allow for control of the local microstructure of the materials [28].

Part design for efficient production and inspection

Part design for efficient production and inspection integrates
tasks that are otherwise tackled during work preparation (see
Section 3.1) within the part design stage for improved synergy be-
tween those tasks. This type of part design is generally subdivided
into four major stages: pre-processing, production, post-processing,
and qualification and certification. Part design for efficient produc-
tion and inspection deals with knowledge, tools, and methods to
overcome challenges associated with a particular stage.

During the pre-processing stage, the part is located and oriented
in the build volume, supports are designed, slicing is applied and
process settings (layer thickness, hatch pattern and settings, laser
power, scan speed, etc.) are defined. A large body of work is focused
on application of TO for the definition of lightweight structures for
which the need for support structures is minimized. Langelaar [209]
offered a method to optimize the part topology while also mini-
mizing the required supports while varying product orientations.
Cheng and To [62] proposed a method to optimize the part
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orientation to minimize support requirements and residual stresses.
In general, it can be said that part orientation is a multi-criterion
optimization problem, as it is linked to many quality features, e.g.,
part quality (shape, dimensional accuracy, surface quality), building
time and costs, support requirements, and the accessibility of sup-
port structures. Leutenecker et al. [214] showed that over 55% of
design rules for major AM technologies are, directly or indirectly,
linked to part orientation. Although much research is directed to
definition of process settings for AM processes, relatively little work
has been focused on the relation of combined optimization of pro-
duct geometry and process settings.

For all AM process variants, design rules have been developed
that define the features and products that can be produced. They are
mostly used for the definition of geometry in a manual design pro-
cess. Furthermore, databases have been developed of applicable AM
features [235]. In the context of this section, automated geometry
definition is mostly focused on TO-based methods that take into
account various constraints such as sharp angles, permissible angles
for down-facing surfaces, minimum hole sizes and minimum strut
sizes. Furthermore, research has focused on automated methods for
manufacturing analysis, including a state-of-the-art overview on this
topic (See [243]. As an example, Shi et al. [342] developed a method
to recognize geometrical features within a part and automatically
assign their manufacturing complexity. [173] presented an approach
that is also able to handle freeform approximations of geometric
features and proposes design changes to overcome manufactur-
ability problems.

While many design methods take manufacturing into account,
methods that also take post-processing, testing and qualification
into account are rare. Product design methods, also focusing on post-
processing, have mainly considered issues like supports (accessi-
bility for removal [244], stability [86] and collision avoidance [57]
during finish machining of functional surfaces, or design tools to
minimize finish milling operations [171]) and thermal post-proces-
sing steps. As the production of end-use parts for critical applica-
tions is on the rise, testing, qualification and certification becomes
more and more important. For low production volumes, as found in
AM, non-destructive testing is the norm, but these testing methods
all have their own requirements on the product to be tested. For
example, for computed tomography (CT) scanning, the minimum
size of the pores that can be detected scales linearly with the
thickness of the part [299]. Finally, recent research [331] described a
framework that considers both post-processing and testing-oriented
design for additive manufacturing.

The vision on future needs and expectations

Many examples of product design strategies for various life
cycle stages have been presented in this section. Some aspects
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Fig. 3.1.1. Use of Topology Optimization to define self-supporting product geometries.

are, however, still under-represented and are expected to be
addressed in future research. One of the drawbacks for AM is the
high cost of manufactured parts. Research addressing the link
between production costs and design features is required to
allow for early cost prediction and design optimization.
Furthermore, methods for qualification and certification of AM
parts are seen as the next step required for the further integra-
tion of AM in such sectors as aerospace, automotive and bio-
medical. Although the impact of product design on the printing
success is known, methods to predict certification potential as a
function of product design are still missing (for example, lattice
support design inside a conformable channel for structure sup-
port and fatigue performance). Further topics to be addressed
include artificial intelligence (Al) and machine learning-based
methods for product design and optimization. Finally, if real-
time monitoring for closed-loop quality control is realized, this
might have a profound effect on the geometries that can be
manufactured using AM, thus further relaxing design con-
straints.

Work preparation

Work preparation deals with actions to ensure that the optimal
design of the product is realized both from technical and economical
viewpoints. It includes tasks such as two dimensional (2D) and 3D
part nesting and orientation, design of support structures, slicing
and hatching strategies, and selection of optimal process settings.
Optimization strategies within work preparation depend on the
product design and process chosen, directly interact with other work
preparation steps, and co-define part characteristics and required
post-processing steps (see Fig. 1.4). As such, research addressing
work preparation for metal AM focuses on understanding and op-
timizing work preparation steps as well as developing rapid and
accurate simulation tools for process planning at both the product
and build levels.

From Computer Aided Design (CAD) model to numerical control (NC)
program

The present problems/challenges

When additive manufacturing moved from prototyping to the
production scale creation of products, the requirements on produc-
tion processes and resulting products have become more rigorous.
The steps from the CAD model, over the design of the supports and
the build, to the actual machine instructions contribute significantly
to quality and economic success of the resulting parts. Many of the
steps associated are interrelated and new methods and tools need to
be developed to gain insight into those relations that help the de-
signer and the process planner make the right choices.
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State of the art and current developments

AM file formats

A number of file formats have been developed for CAD vendor
independent representation of part/product information [307]. The
Standard Tessellation Language (STL) file format is still the de facto
standard for transfer of geometric data to the AM machine operating
software. It defines geometries by tessellation of the model surfaces
using triangles and is applicable for monochrome, mono-material
designs. 3D Manufacturing Format (3MF) and Additive Manu-
facturing Format (AMF) are newer formats that are able to cope with
more advanced AM objectives like textures, multi-color, multi-ma-
terial and material gradients. Both have not reached the penetration
level within industry to replace STL. However, as an indication from
the membership of the industry consortium, 3MF seems to have
better support from industry [1]. Next to product data, file formats
have been proposed to support interoperability of processing related
information. These mainly focus on exchange of 2D slicing related
data, such as Layer Exchange American Standard Code for Informa-
tion Interchange (ASCII) format (Leaf), Slice (SLC), Common Layer
Interface (CLI), Hewlett-Packard Graphics Language (HP-GL), and
Multi-Material AM file format (MAMF), and storage and exchange of
data related to all additive manufacturing process steps [256].

Design of support structures

For some AM processes, a level of natural support functionality is
available within the process, as, for example, powders providing
support for layers built above [119]. In many cases however, support
structures are required by the designed geometry or the AM process
and these can affect product quality, material utilization, (post)
processing time, and cost.

Within laser powder-based fusion (PBF-LB) of metals, support
structures are required to be thermally conductive so as to reduce
the buildup of thermal stresses, while rigid supports are required to
help buttress overhanging faces, and to constraint the part while
being produced or during post-processing (machining or thermal
treatment). Research on support structure optimization focuses on
reduction of printing time, costs, and post-processing effort [174].
Part orientation strategies focus on the reduction of support volume,
printing time and beneficial support locations over product faces,
while meeting the requirements of geometric dimensioning and
tolerancing. Many strategies on the optimization of support struc-
ture geometry have been developed, focusing on reduction of sup-
port volume while maintaining the functional characteristics of
these structures [[174]] or, for example, reduction of vibrations
during post-process machining [86]. Contact free supports have
shown a positive effect on reduction of part curl and dimensional
accuracy compared to non-supported geometry [70]. Finally, much
research has been conducted to optimize the product geometry to
reduce the need for support structures (see Fig. 3.1.1) [420].
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Part orientation

The orientation of parts in the build space impacts surface and
shape quality (including dimensional tolerances and warping) as
well as build characteristics like costs, time, build volume utilization
and suitability for post-processing [214]. Furthermore, in powder-
bed based processes the correct orientation of the part relative to the
recoater movement may reduce the forces on the printed part and
increase the success of the process [306]. As such, part orientation is
considered a multi-objective optimization problem and many,
mostly genetic algorithm based, solution strategies have been pro-
posed. Leutenecker-Twelsiek [214] proposed to include optimal part
orientation early in the part design process and developed a method
for optimization of orientation at the feature level. Langelaar [209]
proposed a topology optimization strategy that combines part to-
pology, support structure optimization and part orientation,
showing the applicability of the strategy in 2D. Lastly, support-free
parts can be realized by local part orientation relative to the build
direction using 5-axis deposition strategies [400].

Process settings

Depending on the type of AM process, many process settings can
be selected to optimize the AM process. For metal AM, the use of
energy to locally melt the material is among the most important
process parameters.

In PBF-LB processes, the laser is used to supply an additional dose
of energy to locally sinter/melt powder particles, resulting in solid
material after cooling down. At high processing speeds, a required
dose of energy thus transforms the powder to consolidated solid
material with the associated microstructure and mechanical prop-
erties, with some residual stresses. Although there are various de-
finitions related to volumetric, areal, or linear energy density, the
energy dose is typically expressed as the Volumetric Energy
Density (VED):

LaserPower (W)

VED =
ScanSpeed (%)*HatchSpacing (mm)*LayerThickness (mm)

(1)
The optimal energy dose depends on the material used and local
conditions, such as location within the build, local part geometry
and local thermal history. The VED is typically set for a finite number
of regions of the part (for example core, top surface, side surface/
contours, supports, and lattices). There is a large body of work de-
fining VED settings for many powdered materials. Variations in scan
speed and laser power at constant VED values have been shown to
affect the width and depth of the melt pool, which in turn affect the
amount of key holing pores and particle fusion [74,236,416].

Slicing and hatching

In most AM processes, parts of a build are sliced into layers to be
produced sequentially. For each (planar) slice, a pattern is defined.
The controller interprets the patterns and defines commands that
ensure that the laser or print head locally solidifies the material. The
design of these so-called ‘hatching patterns’ has an impact on
printing accuracy, speed, cost, material properties, and residual
stresses. For AM processes that only deposit material where required
(for example Directed Energy Deposition (DED) or Material
Extrusion) research is focused on more advanced slicing and
hatching algorithms. Liu et al. [228]| decomposed the product/build
in a way that allows for staggered processing of parts. This reduces
the non-productive movements of the tool but requires continuous
collision detection/avoidance during production (Fig. 3.1.2a). Pelzer
and Hopman [294] used a nonplanar path planning algorithm, with a
material extrusion rate dependent on variable layer height, to pro-
duce freeform top surfaces (Fig. 3.1.2¢). In another work, slicing was
recalculated, based on scan data of the previously deposited layer,
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during wire-arc AM (WAAM) [326]. They indicated that as-printed
dimensions are better approximated, resulting in reduced post-
processing efforts. Others have developed a part decomposition
strategy to minimize surface roughness per section by intermediate
reorientation of the part (Fig. 3.1.2b) [269]. Finally, the part may be
divided into interior and surface sections, and different slice settings
may be used for the different regions (Fig. 3.1.2d) [232].

The vision on future needs and expectations

Development efforts on software that focus on (integrated)
product design and work preparation steps will continue to in-
tensify. Design freedom of parts will be further used to optimize for
subsequent processing steps while software focused on work pre-
paration will support decision makers in better balancing the often
opposing effects related to design and work preparation.

State-of-the-art research is directed at Al and machine learning
in combination with real-time sensing (acoustic, thermal, optical,
among others) for parameter prediction and optimization, manu-
facturability prediction, and in-situ quality monitoring [176,345]. For
example Phua et al. [297] propose the usage of a digital twin that
combines surrogate modeling, in situ sensing, machine control sys-
tems and intelligent control algorithms to overcome printing defects
and quality issues while enabling qualification and certification. He
et al. [145] states that Al enables closed loop process control of
WAAM, which is stated to be critical for ensuring process stability
and repeatability. The paper furthermore presents an extensive
overview of research focusing on the application of Al related to the
design stage, to deposition control and to offline parameter opti-
mization.

Developments to strengthen the strategic position of AM (batch-
based production, closed loop quality control and start-stop control
for embedding devices) will also impact the requirements and tools
associated with pre-processing in ways that have yet to be in-
vestigated.

Modeling and simulations

The most common metal AM processes start from either a
powder or wire form of metal alloys or elementary materials. Due to
the fact that materials are built at every local point while making a
product, and the fact that it is extremely expensive, if not impossible,
to physically sense or examine material microstructure evolution at
locations of interest, the ability to model and simulate AM processes
and post-processes is essential for moving the technology forward.
While the remaining of this section mainly focuses on the simulation
of laser powder-based AM processes, the fundamental mechanics,
such as solidification and residual stress prediction, applies also to
other types of metal additive manufacturing processes.

The present problems/challenges

The main challenges of AM modeling and simulations are the
multi-physics nature and the multi-scale dimensional and temporal
nature shown in Fig. 3.2.1 summarized by Cao and Wagner of
Northwestern University for the 2019 National Academies workshop
on Data-driven Modeling for Additive Manufacturing of Metals
[270]. Therefore, one needs to consider different mechanisms and
scales in building up the corresponding simulation models de-
pending on the intention of the model, e.g., understanding the
fundamental mechanism of keyhole formation, understanding the
effects of material compositions and thermal history on the final
mechanical properties, considering the design of a laser scanning
path for a local area or for a large component, considering use of the
model for closed-loop process control, and considering simulation of
the residual stress or surface finish for analyzing fatigue behavior of
built components.
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Fig. 3.1.2. (a) Staggered processing of parts [228], (b) Surface roughness reduc

State-of-the-art and current developments

The state-of-the-art is summarized into two categories: under-
standing of the primary process mechanics, and rapid process si-
mulation tools for process planning.

Understanding of the primary process mechanics
For powder-based AM processes, models and simulations for
understanding process mechanics include:

e Interactions among solid powder particles in the powder bed
coating (spreading) process are often simulated using the dis-
crete element method (DEM) [82], Chen et al., [56] to capture the
essential mechanisms, while considering the powder’s rheolo-
gical behavior, shape, and size distributions. Fig. 3.2.2 shows a
snapshot of the resulting porosity after one coating pass [56].
Note the stochastic nature of powder morphology after powder
spreading, which indicates the need of having advanced simu-
lation tools to take this phenomenon into account particularly
when multiple layers are simulated. Fan et al. [102] considered
the dynamic contact and deformation mechanism in a multiple
layer powder bed using the discrete element method in the

Critical  Normalized

Length  Length by that

Scale (m)  at the part scale

102-1 1
105-103 ~103
10%- 10+ 102~ 10%
109 -10°

106-103 ~-103
104 - 102 104-102
105-103 ~102
106 - 104 ~104
10%- 102 10%-102
107-10% -105
10%- 102 10% - 102

Fig. 3.2.1. Critical length scales and time scales in AM.
Adapted from Tables 4.2 and 4.3 of NAE workshop [270]
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(d)

tion [269], (c) Extrusion rate dependency [294], (d) Variable layer height [232].

incremental updated Lagrangian framework. However, DEM is
computationally expensive and neural network-based machine
learning methods have been used to create a powder spreading
process map [414].

The interaction between powder particle and gas-liquid interface
in DED, considering particle speed, has been simulated using the
Volume-of-Fluid (VOF) method [411], which shows that particles
carry the gases into the melt pool. Furthermore, the interaction
between particles and the melt pool was simulated using a
coupled multi-physics particle-scale approach utilizing the DEM
for particle trajectory prediction, the computational fluid dy-
namics for free-surface thermo-fluidic modeling and the cellular
automaton method for grain growth evolution (see Fig. 3.2.3) [4].
They found that the role of the Marangoni convection is less
significant than the momentum imparted by the impinging
powder particles in the melt pool.

Melt pool dynamics have been extensively studied, particularly,
for PBF-LB, based on computational fluid dynamics to model
multiphase flows and fluid-structure interaction, including sig-
nificant developments by commercial software firms in recent
years, such as ANSYS Fluent, ESI's OpenFOAM, and Flow-3D® by

Critical Normalized
Time Time by that at
Scale the build scale
(sec)
Part life__ | 107 - 10° ~10%- 107
Build time 102 - 10 1
100 - 102 ~103-102
S_olidiﬂcation 104 - 102 ~108
timescale
Thermal diffusion 5_103 -107
timescale S i
Thermal convection 5 4 ADT
timescale b i

Needed at the part level l I Desired to be simulated l

Currently not simulated at the part level
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¢

Fig. 3.2.2. Simulation results of powder spreading. The black arrows in the enlarged
views (c1-c5) denote the velocity directions of particles [56].

1= 9846 ms =99 ms 1=99.42 ms

Fig. 3.2.3. Upper row - Simulation results of the melt pool evolution, particles im-
pingement, ripple formation, and temperature contour in DED, and bottom-row: one
sample resulting grain color map from EBSD at a central cross-section of a single spot
deposited by DED. [4].

Flow Science. A 2020 review article on this topic [69] not only
presented the main approximations and assumptions in common
modeling methods, but also illustrated the capabilities of the
leading simulation groups around the world, which provides
readers a good means to continue tracking the latest develop-
ments in this field. A different approach was taken in a 2021
review article of simulation methods [30], which organized lit-
erature based on the involved length-scale and physics.

Additionally, it is noted that the evolution of the solid phase and
fluid-solid interactions in the melt pool has not been captured in
the particle methods for PBF-LB, and there still lacks a realistic
and stochastic heat source model with experimental validation.
The success in modeling of melt pool dynamics for multi-layer
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Fig. 3.2.4. 3D simulation showing the inverse pole figure of the microstructure of
316 L stainless steel [50].

cases and the adhesion of partially melted powder particles to
the solidified surface can provide the needed predictions of sur-
face topography at various geometric setups (horizontal, vertical,
upskin or downskin) [341].

Microstructure evolution, including grain growth, grain orienta-
tions, grain morphology, phase changes, is critical to the resulting
mechanical properties and product performance. The phase-field
method, a diffuse-interface method for modeling interface evo-
lution, has been used in modeling microstructural evolution
[183]. A phase-field model suggests strong dependency of den-
drite orientation and surface roughness on scan speed [2]. A new
recursive scheme was derived for efficiently capturing the com-
plex grain morphologies in AM that often have a mixture of co-
lumnar and irregularly shaped grains, as shown in Fig. 3.2.4 [50].
The resulting microstructures can then be used in crystal plas-
ticity simulations for predicting the resulting mechanical prop-
erties [118].

Rapid process simulation tools for process planning

While the physics-based modeling as discussed above provides
many insights about various mechanisms happening at different
length scales and time scales associated with complex AM processes,
they require massive computational resources and time, making
them infeasible for most time-sensitive applications.

For example, for the volume shown in Fig. 3.2.4, the simulation
had a wall time of 20h [50]. A physics-embedded graph network
(PEGN) is proposed to leverage an elegant graph representation of
the grain structure and embed the classic phase field theory into the
graph network and achieved 50X speed acceleration [402]. Rapid
part-scale modeling is necessary for process planning. An explicit
AM finite element simulation package, Generalized Analysis of
Multiscale and Multiphysics Applications (GAMMA), has been de-
scribed [348] specifically for AM to solve the transient heat transfer
equations incorporating the nonlinear behavior caused by the ther-
modynamic properties of the material during the non-equilibrium
solution. The GAMMA code was further accelerated using Graphical
Processing Units (GPU) [264]. Speed-ups of about 100x - 150x
compared to an optimized single CPU core implementation were
achieved, making it feasible to simulate the temperature history of
the entire build in less than 1/10th of the physical build time [264].
Similar works have been conducted in other research groups as
discussed in two review papers [30,69]. Additionally, many analy-
tical and semi-analytical solutions have been proposed to offer a
trade-off between computation cost and accuracy of high-fidelity
models. Some models were extended for multi-track and multi-layer
cases [156,278,339]. Despite the recent progress in the field,
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Fig. 3.2.5. Sample AM simulation using commercial packages [Ansys [8]; Simuleon
[344]; ESI [422]].

analytical solutions deviate from realistic responses even in mod-
erately complex geometries as the analytical solutions include nu-
merous simplifications and/or assumptions. Commercial software
firms [Ansys [8]; Simuleon [354]; ESI [98]] with traditional strength
in CAD and/or finite element method (FEM) have been actively de-
veloping their AM simulation solutions with promising results, some
with the integrated computational materials engineering (ICME)
approach as shown in Fig. 3.2.5.

While simulation tools have shown the promise and the cap-
ability to rapidly predict thermal history at the part-scale, predicting
residual stress, geometry, surface finish, and resulting fracture and
fatigue performance remains a challenge. Due to inherent rapid
heating and cooling cycles during AM, significant residual stresses
are generated, that can result in build failure and dimensional in-
accuracies if not addressed properly. Unlike the temperature field,
experimental measurements of residual stresses and distortion are
time-consuming and very expensive [268]. Therefore, developing
robust and efficient models to predict residual stresses are of para-
mount importance. Thermomechanical FEM simulations have been
widely used to predict the residual stress in AM processes. In most of
the existing models, the thermomechanical simulation is performed
in two steps: 1) thermal simulation for calculating the temperature
field; and 2) substituting the strain due to thermal expansion into
the stress equilibrium equation, such as the inherent strain method
to efficiently and accurately predict residual stress and distortion in
PBF parts [58]. To speed up the simulation, step 2 is executed layer-
by-layer rather than following the laser path point-by-point (see
Fig. 3.2.6) [268].

| block/meta-layer
_ oll,

Fig. 3.2.6. The predicted residual stress right before the cutting step using flash
heating with 1 block/meta-layer [268].
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Temperature-dependent anisotropic material properties

Material properties, particularly temperature-dependent prop-
erties, are critical to the accuracy of numerical simulations. For ex-
ample, to represent melt pool dynamics accurately, temperature-
dependent surface tension and wetting forces, Marangoni effects,
and evaporation-induced recoil pressure need to be taken into ac-
count. Under the constraint of experimental measurements, it is
recommended to develop a model system and utilize an advanced
in-situ monitoring system with an extra high sampling rate to de-
velop an open database of both temporal and spatial anisotropy
dependency of properties. The combination of both in-situ and ex-
situ experimental data with numerical simulations should be ex-
plored to calibrate critical material parameters using the latest data-
driven methods. Once these critical material properties parameters
are determined for a simple model system, to achieve the general-
izability over unseen complex geometries, a recently developed
Recurrent Graph Neural Network (RGNN) architecture may be
used [263].

Physics-based data-driven models

In recent years, data-driven modeling has received significant
attention for contributing to the modeling, design and control of
advanced manufacturing processes [43,405], as summarized in a
2022 review article [265]. It was noted that the majority of recent
machine learning (ML) methods have been implemented for additive
manufacturing [65,87,89,188,223,274,286,296,305,351,422]. Those
approaches were developed to train the ML model to establish a
function mapping between input and output data, that is, it learns a
specific model whose performance is determined by the training
data properties. Deep learning-based approaches stand among the
most studied and applied methods due to their strong capability for
handling complex modeling and decision tasks. Hybrid models that
utilize both experimental and simulation data have merged to im-
prove the prediction accuracy and to reduce the computational cost.
For example, Moges et al. [260] proposed an unbiased model-in-
tegration method combining physics-based, simulation data, and
measurement data for approaching a more accurate prediction of
melt-pool width. Du et al. [89] proposed the hybrid model for de-
tecting balling in laser powder bed fusion. Liao et al. [221] developed
a physics-informed neural network combining a partially observed
temperature data measured from an infrared camera with the phy-
sics laws to predict full-field temperature history and furthermore,
to discover unknown material and process parameters. However,
further study of architectures and engineering implementations is
needed for handling noise/uncertainties, feature extraction, and
transient boundary conditions that will be critical to qualification
and certification [120].

Optimization at the level of work preparation and process chain

The present problems/challenges

To enable economic production of large product volumes through
metal AM, work preparation and post-process chain planning need
to be considered. Several subtasks of the work preparation for the
AM process are already (or at least partially) automated, such as part
orientation for minimizing build height or amount of support ma-
terial, generation of supports, part slicing, layer hatching, scanning
strategy, process parameter determination, etc. However, the in-
tegration of those subtasks into a global automated AM work pre-
paration system is missing: see e.g., Section 2 for integration with
part design, Section 3.1 for optimization of the whole trajectory from
part model to NC programs, and Section 3.2 for physics-based
modeling of the AM process. However, currently many process
planning and work preparation tasks still must be done manually.
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Yet, further automation and optimization of work preparation are
likely to yield substantial economic benefits. In particular, the fol-
lowing work preparation activities offer promise:

Combining and nesting of different AM parts in one build job,
AM-specific scheduling for a mix of heterogenic products,
Selection and scaling of AM production processes,

Extending the work preparation for the AM process to include the
pre- and post-process chain planning.

The idea of nesting describes technology-specific orientation and
positioning of several products within one build chamber of an AM-
machine [10], which takes the advantage of the geometrical design
freedom of AM. The possibility of creating complex geometries re-
sults in the idea of building several parts within one build job, or
even within each other part [10].

To fully utilize the potential of nesting for AM production, an
integration of nesting approaches with production scheduling is
necessary [63]. Optimizing the production schedule for an in-
dustrial AM machine park is an ongoing challenge, which is based on
two key phenomena, especially for metal AM. Firstly, the low pro-
cess stability requires an experience-based control of scheduling
decisions. Quality control is necessary for each new combination of
build job and AM machine. Secondly, the above-mentioned nesting
of different products within one build job yields the potential for
optimizing the production scheduling and thus needs to be in-
tegrated in AM-specific production scheduling optimization pro-
blems.

Aside from scheduling and nesting products, a challenge for
metal AM concerns process selection and scaling, based on product
requirements and economical production volumes. Due to the dif-
ferent process characteristics, among metal AM processes, and lim-
ited knowledge about emerging AM technologies, a holistic decision
regarding the best metal AM technology for a part is difficult. The
usually limited availability of materials for metal AM processes re-
stricts the possible technologies and the achievable material prop-
erties [410].

Finally, in addition to selecting the ideal AM technology for a
given product, the pre- and post-process chain planning remain
challenges [194]. Based on the product requirements, specific pre-
and post-processes are obligatory, e.g., hot isostatic pressing (HIP)
for turbine blades or machining for precision parts. Moreover, cer-
tain industrial branches require safety and health related certifica-
tion and quality control, e.g., for airplane parts or medical endo-
prostheses [330]. In addition to product related requirements, AM
technologies usually require specific post-processing steps, such as
de-powdering for powder bed fusion (PBF) based processes or
binder dispersion for certain binder-based processes.

State of the art and current developments

In general, the process of nesting can be divided into two
methods. The positioning in one spatial plane, called 2D nesting, is
possible for all metal additive technologies. 3D nesting, which also
enables the position of parts above or within each other, is currently
a focus of research in academia and industry.

All powder bed based multi-step-metallic technologies are able
to position green bodies of products on top of each other during
their consolidation process. In contrast, technologies based on DED
as well as sheet lamination technologies are not able to use 3D
nesting because of their fundamental process characteristics. In
addition, 3D nesting is not desirable for some processes because of
the cost of removing support structures in the post-processing phase
or because of the influence of heat diffusion [415]. For PBF-based
processes that use an electron beam as source of fusion (PBF-EB), 3D
nesting maybe possible. For powder PBF-LB, 3D nesting is currently
not possible due to residual stresses induced by the laser beam
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requiring connection to the base plate for each product in the build
job [330].

Several approaches exist to optimize the number of possible
parts within one build job [10,47,63]. Canellidis et al. [47] as well as
Zhang et al. [415] suggested genetic algorithms for the 2D nesting of
parts on the platform of the machines, which can be transferred to
metal AM. Arndt et al. [ 10| developed and implemented a conceptual
algorithm for 3D nesting that employed multi-criteria optimization.
Chergui et al. [63] proposed a novel heuristic for 2D-nesting.

In regard to production scheduling, one of the first work on
efforts to integrate 2D or 3D nesting problems into scheduling al-
gorithms was published in 2018 [63]. This work mostly focused on
tardiness and machine utilization. Current solutions usually center
on 2D or 3D nesting problems to increase machine utilization
through minimizing empty build volume. The optimized build jobs
are consecutively used as input for the scheduling problem, which
tries to minimize the delay of all orders as was shown by Chergui
et al. [63].

Several approaches exist to support process selection [237], but
due to the fast development of technology improvements and the
emergence of new AM technologies, wide adoption of those pro-
posed approaches is difficult [410]. Planning complex AM-based
production sequences, such as combining conventional forming
processes with AM technologies in one process chain, is an ongoing
research issue [170,316]. For production scaling, AM offers high
flexibility based on tool-free production. For a larger production
volume, careful planning and process selection for production ramp-
up and ramp-down becomes increasingly important. One example of
combining PBF-LB, binder jetting, metal injection molding, and
conventional powder metallurgy from a manufacturing company,
GKN Ltd., is depicted in Fig. 3.3.1 [178].

Lastly, the selection of the best process and machine for pre- and
post-processing steps is a complex and largely neglected area of
research [194]. Rapid development of new AM technologies and
domain specific development of support processes by AM-machine
producers offer a dynamic variety of possibilities. First, planning
approaches not only focus on selecting the ideal support process
sequence for a given AM technology, but also balance the machine
specific capabilities to improve the throughput of AM based process
chains [194]. Exemplary PBF-LB process chain concepts are shown in
Fig. 3.3.2. They are characterized by the use of multiple chambers (2)
or modular, transportable chambers (3 and 4), so that non-value-
added pre- and post-processes can be removed from the build
chamber and can be run in parallel with the value-adding build
process.
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Fig. 3.3.1. Combination of metal AM and conventional technologies over the life-cycle
of large volume powder metallurgy parts.
Adapted from [178].
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Generic PBF-LB sub-processes
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Fig. 3.3.2. PBF-LB process chain concepts for improved throughput [193].

The vision on future needs and expectations

Nesting is expected to lead to an improvement of the economic
performance of AM by increasing machine utilization [298]. This is
achieved by better utilization of the available build space as well as
by reducing the number of non-value-added loading and unloading
steps of AM machines. Further improvements are expected based on
more advanced manufacturing technological capabilities as well as
improvement of nesting algorithms. Nonetheless, technology-spe-
cific challenges for nesting parts exist (e.g., due to residual stress
induced in metal PBF-LB processes and therefore required support
structures) and have to be solved.

A fully integrated solution of nesting and scheduling has not
been developed yet, but is expected in the near future due to the
need of more economic AM production. Combining process selec-
tion and scaling approaches will lead to an improvement of eco-
nomic AM production by fully utilizing its technological flexibility.
Finally, optimizing the pre- and post-processing in combination
with the AM technology will enable increasing competitiveness of
AM production in comparison to other production technologies.

Overall, the work preparation for AM application yields high
potential to enable the economic production of higher product vo-
lumes in the same amount of time. It is expected that research in this
area will continue to support a growing number of industrial ap-
plications and increasingly complex planning.

Production by AM

This section deals with AM itself or production using AM. AM
production calls on an AM process that requires an AM machine and
AM material to be processed on the machine. This is represented as a
triangle in the middle of Fig. 1.4 (see three boxes with red text): the
top vertex represents “AM processes” resting on “AM machines”
(bottom left vertex) and “AM materials” (bottom right vertex): this
triangle represents the interaction and intertwining between AM
“process”, “machine”, and “material”. In what follows, subsections
will be devoted to each of these three items. However, the subsec-
tion on “AM processes” will be split in two to discuss first the AM
processes themselves, followed by a separate subsection discussing
how AM processes can be combined with other processes into what
is referred to as “hybrid processes”. At the end, a separate section is
devoted to “in-situ process monitoring and real-time control”, a
trendy AM subject that is, again, very interlinked with the process
(that is being monitored and controlled), the machines (required
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sensors, hardware and software), and the material being processed
(and possibly being observed and controlled during processing).

Individual metal AM processes

Metal AM processes are becoming more and more technically
mature. AM parts are no longer just used as mere prototypes but are
being utilized in various fields in industry and medicine. A com-
prehensive overview of (metal) AM processes and related termi-
nology and abbreviations is given in ISO/ASTM 52900 [165]: please
refer to this standard for the extended abbreviations given below.

Metal laser powder bed fusion (PBF-LB/M) and laser directed
energy deposition (DED-LB/M) are the most widely used processes
[396] and are therefore discussed into more details in the following
sections. The basic principles of these processes are described in
previous work [330]. Besides the above-mentioned ones, there are
numerous other relevant metal AM-processes ranging from electron
beam processes (PBF-EB/M, DED-EB/M) [ 113,130,409/, wire-based or
directed-arc DED (DED-Arc) [190], ultrasonic sheet lamination (SHL-
UC/M) [190,215]. The later paper [190] also describes some more
exotic or ‘unconventional’ metal AM processes (like friction or re-
sistance AM) which are not further discussed here.

Besides the previous single-step processes (SSt processes ac-
cording to [165], there are also two-step or multi-step approaches
(MSt processes according to [165] comprising printed green parts
and subsequent polymer debinding and sintering or infiltration (e.g.
BJT-MSt, PBF-LB-MSt/M/PA, MEX-TRB-MSt/M/ABS, VPP-UVL-MSt/M)
[123,309]. Such multi-step processes will only be discussed shortly
in this Section 4.1 (on AM processes) and will not be discussed in
Section 4.4 (on materials for metal AM) as this paper focuses on one-
step or direct metal AM.

Some newer processes - that are hard to classify using the pre-
sent ISO/ASTM 52900 process classification structure and abbrevia-
tions —are occasionally discussed as well: e.g. cold gas dynamic
spray deposition (a cold-spray variant of material jetting AM or MJE-
CS/M) [311] or wire-based molten/liquid metal deposition (a metal-
wire-based material extrusion or MEX process) [376,399].

The present problems/challenges

Despite the wide range of different metal AM processes, the
underlying principle is identical: an automated system uses layer-
wise deposition of material, based on digital data, to form a part
geometry [330]. This facilitates the high degree of design freedom
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and flexibility that is attributed to additive manufacturing. However,
compared to conventional manufacturing technologies like casting
or forming, the layer-wise generation of parts has some dis-
advantages that must be overcome to open up new applications.

The first and foremost point that must be addressed to support
further growth of AM technologies is to increase productivity and to
lower costs. This includes improvements of the processes them-
selves and also automation of pre- and post-processing steps (see
Section 3 and Section 6).

Second, further research regarding AM-specific materials (see
Section 4.4) and the influence of the conditions during AM proces-
sing on the resulting material properties is necessary. This does also
include multi-material and tailoring of material properties by con-
trolling the process conditions (e.g., solidification and intrinsic heat-
treatment).

Third, the reliability of AM processes must be further improved.
Since parts are generated in numerous steps layer-by-layer, the
chance for defects or anisotropy is accordingly high. A further
challenge for quality control is that AM parts are often manufactured
as unique pieces or in small batches, and iterative process devel-
opment - which likely includes destructive testing of the parts -is
consequently not an option. Hence, effective online process mon-
itoring and process control systems (Section 4.5) have to be devel-
oped to increase reliability and part quality. This point goes also
hand in hand with the build data preparation and simulation
(Section 3), while processing (this Section 4) and post-processing
(Section 6) are crucial for process stability.

State-of-the-art and current developments

Existing AM processes are continuously improved and new pro-
cesses are constantly being introduced. While the basic process
principles of important metal AM processes like PBF-LB and DED-LB
are described elsewhere (e.g., Schmidt et al. [330]), the following
section provides an overview of recent developments and research
activities that address at least one of the above challenges and have
the potential to further promote the application of metal AM tech-
nologies in the future.

Beam shaping. Typical laser beam sources for the PBF-LB/M process
are single-mode fiber lasers with a Gaussian beam profile and
powers between 100 W and 1000W [157]. However, other beam
profiles can be beneficial for processing hot-cracking sensitive alloys,
reducing spattering or increasing surface quality and process speed.
Currently, different approaches for metal PBF-LB with modified
beam profiles are being researched. Matthews et al. [242]
investigated the effect of elliptical and Bessel beam profiles on the
metal PBF-LB process and confirmed a strong impact of the beam
profile on the process and the resulting microstructure. In their
experiments the beam profiles were realized by specialized lens
systems. Further possibilities for tailoring beam shapes are diode
lasers, combinations of multiple laser beams, diffractive optical
elements [314]| or special optical fibers [33,144|. While these
approaches still included scanning of the part cross-section, the
next visionary step would be an areal exposure to fuse part sections
or even complete layers in one step. This approach is already used
for polymer-based AM (including HP’s metal jet fusion process
involving a polymer binder) to cure UV-resins. In most cases a
digital micro-mirror device is used for light distribution. Current
technology is however limited to laser powers in the 100 W range.
Provided that corresponding beam shaping technology for multi-kW
applications is developed, areal exposure has the potential to
significantly speed up metal AM. Currently, the application of
tailored beam profiles has been demonstrated only in laboratory-
scale experiments. However, in future PBF-LB systems, tailoring the
beam profile can provide an additional lever for controlling the
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metal PBF-LB process and can therefore contribute to an increase in
part quality, process stability and productivity.

Multi-material and spatially resolved material properties. The
principle of AM holds not only the potential to tailor the desired
part geometry but also the material properties within a part. This
facilitates manufacturing of optimized parts, with for example, a
wear-resistant hull and a ductile core or with favorable anisotropic
properties that are adapted to the load case. This, however, requires
the adjustment of machine technology (Section 4.3) and
correspondingly additional process development. While multi-
material processing within DED processes [388] and even more in
cold gas spraying [311] can be realized comparably easily, it requires
heavy modification of PBF systems, since the deposition of multiple
powder components is more challenging [383]. Possible solutions
that have been demonstrated at the laboratory scale are either
vacuum removal of powder layers and subsequent recoating with a
second material [36] or nozzle-based deposition systems
[27,386,387,388,406]. An recent and original development is the
raster- and pixel-based powder deposition system developed by
Aerosint, Belgium, a company acquired by Desktop Metal in July
2021. This system will be further described in Section 4.3 on
‘machines for metal AM'.

In addition to powder deposition, metallurgical effects must be
considered, as some metal combinations tend to form an undesired
brittle phase in the transition zone (e.g., Cu and Al). This problem is
avoided in cold spray deposition AM, since no material is melted.
Besides multi-material, microstructural features in single materials,
such as grain size and grain orientation, can be controlled by the
conditions during AM and harnessed for locally tailored material
properties in metal AM parts. This has been demonstrated for alu-
minum alloys by Rasch et al. [315] or for titanium and nickel alloys
by Pobel et al. [300]. While recent scientific progress has demon-
strated the potential of multi-material metal AM parts or single
material parts with tailored microstructure, these approaches are in
their infancy and require further development.

Process monitoring and online quality control. Effective process
monitoring systems for metal PBF or DED processes hold the
potential to increase part quality and reduce the effort for process
development by establishing a closed-loop process control for
increased process stability. Possible approaches for process
monitoring include thermography [208], photodiodes and
pyrometry [135], camera-based methods [96], and acoustic
emissions [195]. For PBF-EB, backscattered electron detection has
been proposed by Pobel et al. [301]. To establish closed-loop process
control, real-time data processing is required, which necessitates
powerful hardware and software and further research to correlate
sensor signal with actual process events. This topic will be covered
in detail in Section 4.5 (in-situ process monitoring & control).

Two-step AM processes. In contrast to direct AM methods, two-step
methods generally comprise printing of a green part employing
feedstock material consisting of metal powder and a polymer binder
or solvent with subsequent debinding of the polymer and sintering
or infiltration of the remaining porous additively-shaped metallic
part. For printing of the green part, low cost AM methods like
extrusion-based AM (ISO MEX-MSt/M) or binder jetting AM (ISO BJT-
MSt/M) can be used, since no fusion of high melting metals is
required. Furnace debinding and sintering processes are already well
established for metal injection molding and are easily scalable.
Comprehensive reviews of extrusion-based printing with regard to
two-step AM are provided by Rane and Strano [309]| and Gonzalez-
Gutierrez et al. [123]. Furthermore, advanced system technologies
are available for powder bed approaches, e.g., binder jetting (BJ), and
droplet-based methods such as material jetting. These processes are
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within the scope of current research activities and gain interest due
to their high flexibility and cost-saving potentials.

Another promising two-step approach to lower manufacturing
costs of metal parts is indirect AM. This approach comprises printing
of sand molds and subsequent metal casting [308]. The elaborate
melting process for the production of a dense metal body is out-
sourced from the actual AM step to a subsequent casting process.
This has the potential to lower costs, as no expensive equipment like
high-power lasers or electron beam guns are required during AM
and the energy to melt the metal is provided by a simple melting
furnace. By assembling multiple printed sand cores, complex geo-
metries can be realized. Since the metal part in these indirect pro-
cesses is not produced by AM itself, no attention is paid to those
processes in the other sections of the paper.

The vision on future needs and expectations

Current and future needs with respect to metal AM processes
include cost reduction, increased productivity, and process stability
as well as a tighter control of the resulting material properties that
may involve multiple materials. Evolutionary enhancement of ex-
isting technologies, such as multi-laser systems, or an increasing
level of automation of pre- and post-process tasks, e.g., adjustment
of build platforms or removal of finished build jobs, will contribute
to these goals. However, more fundamental progress in the following
areas is required to bring AM processes to the next level:

e Novel methods of energy delivery to the process zone that fa-
cilitate improved control of the spatial and temporal intensity
distribution to increase process speed and stability; this includes,
among others, beam shaping and areal exposure specifically for
high-power processes like PBF-LB and DED.

AM processes that facilitate tailoring of material properties by a
high level of control of the temperature fields during processing
or by the introduction of multi-material processes.

With respect to the former issues, we expect further develop-
ments regarding the cooperation of multi-laser or energy source
AM processes. Cooperating lasers (or energy sources like electron
beams) mean that the lasers no longer operate independently
(typically in distinct and separated areas of the layers) for the
mere purpose of increasing productivity, but rather they are
synchronized to cooperate (e.g., by following one another or
moving concentrically), for example to impose a specific spatial
or temporal energy profile to the material.

Novel cost-efficient approaches with good scalability for manu-
facturing large AM metal parts without expensive equipment by
two-step or indirect processes.

Effective methods for process monitoring and related algorithms
to extract process information from raw data in real-time; this
enables closed-loop control, thus facilitating increased part
quality and reduced process development effort.

Hybrid (AM) processes

When AM-processes alone do not meet the requirements, hybrid
processes can be an attractive solution to overcome typical AM-re-
lated restrictions. In this context, process chain correlations and
impacts have been investigated [137]. AM hybrid processes are de-
fined as the use of AM with one or more secondary processes or
energy sources that are fully coupled and synergistically affect part
quality, functionality, and/or process performance [333]. This de-
scription is derived from the general definition of hybrid processes
in manufacturing given by the CIRP collaborative working group on
Hybrid Processes [211]. A general objective of hybrid manufacturing
is the “1 +1=3" effect, meaning that the positive effect of the hybrid
approach is more than the sum of the advantages of individual single
processes [332]. Based on that, AM hybrid processes enable
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adjustment of part properties or processing of materials, which
cannot be realized by conventional manufacturing approaches or AM
alone. The main goals are the improvement of part quality and
performance [333] or an increase in productivity. Potential process
combinations are AM plus forming of metal material, AM plus tra-
ditional machining processes like milling or grinding [413], AM on
sintered substrates like alumina ceramic plates [360] and AM in
combination with other laser-based processes like laser re-melting
and polishing [252] or laser heat treatment. Some AM processes also
combine several non-conventional processes: e.g. combination of
laser and ultrasound processing, laser and electric arc proces-
sing, etc.

The present problems/challenges

The main challenges of AM hybrid processes are the control and
utilization of interactions between the processes to achieve the de-
sired part properties. This requires understanding of the process
mechanisms and interaction between the processes that are com-
bined.

Design of hybrid processes. The design of hybrid processes includes
the selection of the respective processes to realize the desired part
properties. Most of the hybrid AM approaches consider subtractive
manufacturing processes such as milling or grinding. Combinations
of metal AM and laser-based processes for surface treatment like re-
melting or laser surface hardening are the subject of current
research, as well as the combination of laser additive (e.g., PBF-LB/
M) and laser subtractive processes (e.g., laser ablation/erosion).
Combinations with forming operations have seen few applications,
although there is a high potential of combining forming with
additive manufacturing. This includes the specific benefits of
forming operations like work hardening, surface smoothing, and
geometric precision. To use these potentials, a fundamental
knowledge of process mechanisms is necessary.

Control of interactions and process mechanisms. Hybrid processes
imply the application of different manufacturing processes to a
processing zone, which interact with different process mechanisms.
The mechanisms underlie the physics of the singular processes and
their combination as a whole. Therefore, the interactions must be
understood for each single process and for the hybrid processing
approach. To exploit the process mechanism to realize the desired
part properties, a time- and position-resolved application is
necessary. This can make the integration of measurement
equipment into the process space necessary. Besides
understanding process mechanisms, it is important to adjust the
process to control the mechanisms and use them for manufacturing
industrially relevant parts.

State of the art and current developments

The approach of hybridizing AM processing in combination with
forming is the subject of several research activities. These focus on
different technologies of AM and forming, design of machine setups,
investigation of interactions in process chains, and characterization
of resulting part properties.

A great potential of AM and forming is that the technologies are
applied where necessary to reduce changeover time [250] or shorten
production times of AM processes [21]. The integration of different
technologies into one machine setup has been patented in some
case. These include a device for incremental forming, DED-LB and
milling [152], which is integrated for example, in a commercially
available hybrid machine (from DMG Mori company), or the appli-
cation of bulk metal forming directly after depositing a layer of
material [22]. Several investigations also focus on process chains
consisting of forming and subsequent additive manufacturing to
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create a hybrid component. Early investigations in this field have
been done for titanium alloy (Ti-6Al-4 V) sheet metal forming and
PBF-LB [328] or PBF-EB [327], as well for steel alloy (316 L) PBF-LB
and forming [287]. The AM process can also be used to manufacture
semi-finished products for subsequent forming [346]. Such parts
could also be post-processed by milling after AM to receive a defined
initial geometry for a subsequent forming operation as shown for
incremental forming [302] or rolling [255]. The application of
forming and AM can also be more energy efficient than processing
the whole part by conventional processes [26]. The AM process could
be used for increasing the stiffness of formed sheet metal compo-
nents by applying additional material on the surface of the formed
part [23] or to manufacture semi-finished sheet metal with material
accumulation for a subsequent forming operation [24]. The proper-
ties of parts manufactured by process combinations of AM and
forming have been investigated in different contexts such as bonding
strength [329], residual stresses, deviation [138] and distortion
[157], formability of sheet metal with additively manufactured ma-
terial [373] as well metallographic structure [44]| and hardness dis-
tribution [150].

The concept of a hybrid machine that combines additive and
subtractive technologies is suitable to address specific disadvantages
related to the AM process, such as residual stresses, low accuracy
and unsatisfactory surface finish quality [71]. More than ten com-
panies offer machine tools that combine laser AM processes (often
DED) and milling (often 5-axis) [340]. Because subtractive processes
are often used as post-processing technology, more details are pre-
sented and discussed in Section 6.

Other hybrid approaches combine laser-based AM with other
laser processes, like laser-based surface treatment processes [333].
Laser remelting (after each layer is deposited and melted, or after
every n'" added layers, or after only the final/top layer) is more and
more applied on PBF-LB and DED parts to improve the relative
density and mechanical properties (by remelting after each n™
added layers), or improving surface finish (by remelting only the
upfacing surfaces) [252,408]|. Laser additive (mostly PBF-LB) and
laser subtractive (laser ablation or erosion) manufacturing is another
interesting combination that allows for the improvement of accu-
racy laterally (by laser milling the contours of the layers) or verti-
cally (by reducing the thickness of a deposited and melted layer
using laser ablation/erosion). Recent work applied this technique to
remove the elevated edges that often occur in PBF-LB at the border
of melted layers [254]. Additionally, laser-shock peening has been
applied to induce beneficial compressive residual stresses in the
material. Thus, the resistance to fatigue and stress corrosion cracking
is increased [179].

Researchers have already demonstrated the many benefits of
combining several laser processes. For example, surface roughness
could be reduced, density raised, geometric accuracy increased,
tailored microstructures and mechanical properties can be realized
(by hardening or surface treatment) and new possibilities are made
feasible (e.g., micro-machining of small holes, slots and ribs, using
laser ablation/erosion). Early examples of laser micro-machining are
given in Fig. 4.2.1 and Fig. 4.2.2 [408].

The vision on future needs and expectations

AM hybrid processes is a subject of ongoing research. Secondary
processes in hybrid AM can be based on forming, machining, laser
processing (heat treatment, remelting/polishing, shock peening,
ablation/erosion, etc.) or other non-traditional processes (ultrasonic,
electric arc, plasma processing). However, with a few exceptions
(like combinations with milling or laser remelting), most other
combinations are only in an early development stage. Laser-based
secondary processes are especially interesting as they can be easily
integrated in laser AM machines, possibly using the same laser and
scanner mechanism. Future needs include the following:
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New machine concepts need to be developed to utilize the ben-
efits of hybrid manufacturing processes to the fullest by a tar-
geted improvement of the material properties.

Advanced in-situ sensing technologies are needed to collect
process data and derive associated control strategies and adjust
manufacturing parameters to fabricate products in a final or close
to a ready-to-use state (see Section 4.5).

Design and product development guidelines need to be rewritten
to fully exploit the benefits of singular additive and hybrid
manufacturing processes (see Section 2).

Inevitably, simulation tools and models will be required to avoid
cost-intensive iteration in designing the manufacturing processes
and getting closer to the “first-time-right” principle (see
Section 3.3).

Machines for direct metal AM

The present problems/challenges. The AM machine is one, if not the
most, important factor for guaranteeing final part quality. Main
machine challenges are productivity and repeatability executing the
AM process, resulting in excessive variations in part density,
microstructure, and surface roughness. Early years of PBF and DED
processes were characterized by their aim of providing high power
energy systems to assure the processability of basically any material.
The default near-infrared (NIR) laser systems with a wavelength
around 1030nm to 1070nm are mainly suitable for additive
processing of materials like steel, aluminum casting alloys, and
titanium; for high reflectivity materials (like Cu, Al, Au, ...) visible
laser light (500-600 nm) might be preferable. In recent years, with
high power energy sources being available at reasonable costs, the
trend has shifted towards more process-specific developments and
solutions.

For instance, PBF processes require a different system archi-
tecture compared to DED processes due to the different working
principles. Furthermore, shielding inert gas environments needed
for PBF and DED systems are achieved differently. While PBF-LB
machines require the build area to be covered with inert gas, DED-LB
systems provide inert gas locally at the interface of the laser with the
material. With PBF-EB (also called EBM) and DED-EB (also called
EBAM) machines, a vacuum environment is required; the generation
of such a vacuum atmosphere within the entire build envelope is
time and cost-intensive, especially for larger parts.

A goal of these manufacturing machines should be to minimize
the influence of the machine layout on the part quality. Efforts along
these lines should be considered depending on the direct AM tech-
nique used: PBF-LB, PBF-EB, DED-LB with powder (DED-LB-Powder),
DED-LB with wire, DED-Arc (always wire-based), DED-EB and
nozzle/extrusion-based metal deposition techniques (liquid/semi-
liquid material extrusion, droplet deposition, cold spraying).

State of the art and current developments. As mentioned above, one of
the main challenges in PBF processes is productivity (the build time),
which is highly influenced by the number of energy sources used. In
PBF-LB/M, multi-laser systems have been an area of interest in
recent years. SLM Solutions AG (Germany) even provides a machine
equipped with up to twelve high power lasers [251]. These laser
machines are mainly aiming at higher productivity, whereby the
lasers operate in parallel mode, each covering a different area/patch
of the build platform. The lasers can also operate with different spot
sizes: small spots for accurate fusing of contours and small features,
and large spots for fusing the inside of larger areas. Whereas lasers
used for PBF-LB/M are still mostly continuous wave lasers, some
commercial machines integrate lasers that can operate in pulsed
mode [253,371]. This could be beneficial for a wide range of
applications like surface polishing, material densification by laser
shock peening [207], or the fabrication of structures with complex
small-scale features such as mass-saving lattices.
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Fig. 4.2.1. Top: making a hole @ < 300 um in pure additive mode is not possible (no true hole). Bottom: two true holes of = 100 um produced by first AM building a massive part
without hole and then laser drilling/trepanning the hole(s) in that massive part using the same Nd:YAG laser in pulsed mode with intermediate vertical part shift after each n

layers.

Fig. 4.2.2. Cylindrical micro-pins, down to 100 um diameter, produced by additive
building a larger pin (diameter 500 pm), then laser eroding the contour to reduce the
diameter.

Another important aspect is the size of the build platform be-
cause it is decisive for the maximum size of the final part. Therefore,
larger systems have been designed and fabricated over the last few
years. Spreading the powder material homogeneously over the en-
tire powder bed has proven crucial for reducing the overall scrap
rate [181]. However, as a feedstock-specific inhomogeneity of the
powder bed cannot be fully eliminated, the use of in-situ optical
monitoring systems (see Section 4.5) is suggested.

The shielding gas atmosphere is another key influencing factor
on the final part quality. Research is focused on adjusting the gas
flow within the build envelope to avoid contamination of the
powder feed stock and defects due to spatter or powder agglom-
eration within the part [107]. Further studies focus on the ideal
position of the products within the build envelope to reduce defect-
probability [75] due to, for example, powder bed contamination.
Increased process chamber sizes result in larger amounts of powder
required for performing the PBF processes. Thus, automated and
optimized solutions for powder handling, part cleaning [78,352], and
even support structure removal [318,356] are introduced to avoid
unnecessary idle times of the machines during production. Some
machine developers even went further in integrating metal AM
machines, powder handling systems, and automated guided trans-
portation systems (AGVs) in an integrated production line [88,95].
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Manufacturing products from single material may not meet
product requirements to the fullest. Advances in multi-material
deposition will help to tackle this challenge by locally modifying the
material or alloy composition, thereby leading to altered or graded
material properties, e.g. [64,357,375,386].

In contrast to PBF, DED processes are highly detached from build
envelope specific influencing factors as the processing nozzle typi-
cally generates a local shielding gas atmosphere, eliminating the
need for a closed processing chamber filled with special gases.
Larger parts can be fabricated using DED systems with greater axes
reach.

One great potential of this technology is the fabrication of multi-
material-parts without great effort by using either different powder
hoppers or processing nozzles for supplying the powder material
into the processing zone (see Multi-Metal DED machine of company
Meltio). By adjusting the mass flows of the respective components
(powder hopper or nozzle), graded structures can be generated.
Correspondingly, the development of new powder supply systems to
minimize the temporal delay when switching powders is inevitable.
Recent developments in DED heads accommodate both powder flow
and wire feed allowing for more material combinations.

The start-up company Aerosint (Belgium) recently developed a
multi-material "Selective Powder Deposition" (SPD) system that can
be retrofitted to a variety of powder-based AM machines (https://
aerosint.com). So far such system was integrated into PBF-LB/M
machines of Aconity, a PBF DMP printer of 3D Systems and in binder
jetting machines of Desktop Metal who acquired Aerosint in 2021.
The SPD deposition system consists of one or more rotating drums
(typically 3 drums, each delivering a separate powder material).
Each drum has thousands of tiny peripheral powder dispensing
holes representing a grid of 300 um pixels, each pixel being pro-
grammed to deposit a specific material at a specific pixel location.

The company Sciaky developed an original electron beam DED
machine characterized as Electron Beam AM or EBAM [304]. This
machine uses an electron beam to melt an off-axis fed metal wire.
One of its advantages is that using material in wire form is much
cheaper than the price of the same material in powder form [304].

NIR lasers have proven to be the state of the art in laser-based
metal AM over the last two decades. Recent developments, however,
led to high-power laser sources in the visible wavelength range. For
instance, using green [368], or blue laser sources [210] can result in
drastically improved energy efficiency during manufacturing due to
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the higher optical absorptivity of many materials like copper or
nickel at these visible wavelengths. Laser systems with output
powers around 1.5-2.0kW are available for both green and blue
wavelengths, which is sufficient for PBF but only partially meets the
need for DED processes.

Part-to-part differences in additively manufactured specimens
hinders the industry-wide use of this manufacturing technology. To
reduce the effects of machine-specific influencing factors and har-
monize testing of the functional performance of PBF machines (e.g.,
shielding gas flow), an international standard regarding the machine
acceptance was recently published [166].

Another important challenge is the real-time acquisition of pro-
cess information like thermal or geometrical data [367]. First, re-
levant data needs to be recorded during the process. This is
especially challenging for PBF processes due to fast movement of the
laser spot and the necessity to follow and refocus optical measure-
ment devices to generate spatially resolved information on, for ex-
ample, temperature evolution. This particular issue will be covered
within the scope of Section 4.5.

The vision on future needs and expectations. To turn metal AM into a
more accepted serial production system there are still some
machine-specific issues that need to be tackled in the near future:

To fully exploit the benefits of beam shaping, technical devices
for beam shaping, e.g., diffractive optical elements (DOEs) or laser
sources capable of dynamic beam shaping, need to be integrated
in commercial PBF and DED machines;

Visible wavelengths have shown tremendous potential in laser-
based AM for materials like copper. These laser sources might
also be suitable for more materials, depending on the respective
optical absorption. Extensive research will be required in the
future regarding energy efficiency and corresponding part qua-
lities;

Rather than using multiple lasers operating in parallel and in-
dependently in different areas of the part or layer being manu-
factured, cooperating lasers (e.g., one laser following the other, or
a large-spot laser surrounding the smaller spot of the second
laser) could be used to optimize the temperature profile around
the melt pool in order to, for instance, achieve a desired micro-
structure or reduce residual stresses.

The creation of suitable interfaces and advances in local powder
deposition concepts will support the fabrication of graded or
multi-material products in the future.

New techniques for laser beam focusing might be required in the
future if lasers are to be used in a parallel way, if larger build
envelopes are targeted, or if a fast defocusing of the laser beam
would help in increasing the build rate.

New concepts for metal PBF-EB machines will be needed in the
future which only generate a local vacuum so that bigger parts
can be manufactured without the need for extremely large
manufacturing enclosure.

e A better control of the temperature within the work volume of
the machine (e.g., using infrared or inductive pre- or post-heating
systems) will be helpful in controlling the temperature profile
and reaching targeted material properties already in the as-built-
state.

Repeatability needs to be addressed as part-to-part variations
significantly hinder a wide industrialization of AM processes as
unpredictable changes in material properties hinder certification.
One potential way to meet this challenge could be provided by
closed-loop control systems (see Section 4.5) which auto-
matically counter deviations.

Closed-loop control systems, however, demand high-precision
and high-speed acquisition and analysis of process information
anywhere within the build envelope. New machine concepts will
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be necessary to allow a local and high resolution capturing of
data like melt pool temperatures or geometrical part properties
in all AM processes.

User-friendly software solutions, incorporated into AM machines,
will be required in the future to help unexperienced operators
and end-users in designing build jobs to reduce part scrap rate
and down times.

Integrated and automated manufacturing chains are needed to
connect the single software solutions available in the field of AM
with the manufacturing machines and the corresponding post-
processes to reduce lead times and boost efficiency and enable
rapid qualification of AM process chains and AM parts.

Industry-wide standards will be essential for ensuring the pro-
duct quality independent of the fabrication location, the machine, or
the powder material used. This topic should be tackled by estab-
lished committees at International Organization for Standardization
(ISO) and ASTM International in the future.

Materials for metal AM

The present problems/challenges

The challenges regarding AM materials are well known [39] as
only a limited palette of materials can be processed or are com-
mercially available today. This group mainly contains castable alu-
minum alloys, titanium- and nickel-based alloys, stainless steels as
well as low-carbon tool steels. Good weldability is generally a de-
cisive factor when selecting material for AM. Additionally, common
problems with residual porosity, micro-cracks, residual stresses,
inhomogeneous/non-equilibrium micro-structure, anisotropy, pro-
blems with undesired oxide layers on powder, or oxidation of
printed material result in further uncertainties when manufacturing
parts additively.

On the other hand, AM offers unique possibilities as to the in-
troduction of new (metallic) materials with unique properties. In
contrast to subtractive and forming production technologies where
the material is formed first in the form of a blank, billet, or sheet, and
is then ‘machined’ or ‘manufactured’ into the desired part geometry;
in AM the part material and the part shape are often created/pro-
duced at the same time layer after layer. This offers unique possi-
bilities like applying a local variation of the material properties by
adjusting the microstructure or the addition of alloying components
to locally modify the material system.

State of the art and current developments

Until recently, the palette of common commercially available
PBF/DED metal AM alloys was limited to pure titanium (cpTi), tita-
nium alloy (Ti6Al4V), stainless steels (316 L and 17-4PH), maraging
steel (18Ni300), aluminum alloy (AlSi10Mg), cobalt-chromium alloy
(CoCrMo), and nickel based superalloys (IN718 and IN625) [39].
Recently several powder producers and research laboratories have
developed dedicated metal powders for AM. They have developed
new variants of the traditional AM powder compositions mentioned
above, optimized powder particle size distribution, added special
coatings, or nano-decoration particles to the surface of the powder
particles, etc.

Major improvements can often be achieved by slightly modifying
the composition of the material. For example, it turned out that
adding few percent of Si to aluminum alloy (Al7075) not only en-
abled AM to achieve densities over 99%, but also almost completely
eliminated the occurrence of micro-cracks [261]. Rather than pro-
ducing powders with that new composition, the researchers mixed
up typically 1-4 wt% Si powder particles to the Al7075 powder and
used that powder mixture directly in the PBF machine where in-situ
alloying happens. Working with mixtures of (elemental) powders of
different chemical composition gives an incredible freedom to vary
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the final composition of AM components. Others have modified Al-
Mg alloys by adding Sc and Zr for better PBF processing and better
material properties [355]. Some of those modified Al-Mg powders
are now commercially available under the trade name Scalmalloy®.

The fact that AM offers the possibility to create the materials
during the part manufacturing process, e.g., by in-situ chemical re-
action, offers the opportunity to apply or generate new material
compositions at hardly any extra cost (e.g. by just changing the
mixing ratio of mixed powders). It also opens the path to totally new
metal matrix composites (MMC) or reinforced materials. For ex-
ample: Dadbakhsh et al. [77] applied an in-situ reaction between Al
and ZnO to alloy Zn and an aluminum alloy (Al6061) (bringing it
closer to Al7xxx) and to reinforce the aluminum with nano-scale
aluminum oxide (Al,03) particles. Other Al, Ti, and steel MMCs have
already been tested, starting from mixtures like Al/Fe,03, AlSi10Mg/
SiC, Ti/C, Ti/SiC, Ti/SisNg4, Ti/Mo,C, Fe/SiC. A survey is given in Dad-
bakhsh et al. [76]. Han et al. were able to produce (TiB + TiC)/Ti
composites by in-situ PBF of Ti and B4,C powders [140]. Another
upcoming group of AM materials are high-entropy alloys that can be
3D printed using various AM processes (PBF-LB, PBF-EB, DED-LB,
DED-EB, DED-Arc), either by starting from high-entropy powders or
by in-situ reaction of elemental powder mixtures. A nice review of
AM of high-entropy materials is given in [139]. It is expected that
those various systems and processes will gradually reach industrial
application and that the palette of new materials (MMC, high-en-
tropy and others) will widen to cover specific material requirements.

Yet, not all metal AM techniques can be used for processing
whatever material. For instance, wire-based extrusion using molten/
liquid metal deposition [376,399] is today only applied to aluminum
alloys that can be put in a viscous semi-solid state, as done in tix-
omolding. Applications to magnesium may be expected in the fu-
ture. For magnesium alloys the WAAM (wire-arc additive
manufacturing or DED-Arc) process [190] might still have ad-
vantages over other processes. EBSM (Electron Beam Selective
Melting), i.e. a PBF-EB process, on the other hand is well suited for
processing brittle materials like TiAl [130].

Over the last two decades and still today, a tremendous amount
of research has been devoted to characterizing the resulting material
properties and to optimizing process parameters in metal AM
[6,227,417]. Currently, the potentials of locally modified processing
strategies to achieve functionally graded properties are investigated
[313]. This enables the spatial tailoring of the material properties.
Countless papers appear in the literature on these issues. While
most work still goes to properties like density/porosity, strength, and
ductility, the scope of research has gradually extended to include
residual stresses [359], fatigue and dynamic properties [94], and
formability [25,151,288]. The latter is particularly important when
considering hybrid processes that combine AM with forming tech-
nologies.

It is important to notice that studies on material properties today
are not only based on experiments, but they also apply substantial
modeling and simulation [116,184,285,321,381,409]. Today several
companies offer commercial versions of this modeling soft-
ware [353].

The vision on future needs and expectations

The future will see tremendous efforts in further expanding the
palette of metallic AM materials as well as further efforts to char-
acterize the corresponding material properties and to model the
processing and to predict the properties:

e Research and development will be devoted to materials that
cannot be processed well by means of AM today. Huge efforts are
needed to expand the palette of steel, titanium, aluminum, or
nickel alloys that can be 3D printed, but also to expand the pal-
ette to material classes (alloys or composites) that cannot be well
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processed today, like highly reflective, highly conductive mate-
rials based on Cu or Au [358], lightweight materials like Mg, high
strength refractory materials (W, Mo, Stellites, etc.), magnetic
materials [192], high entropy alloys, engineered alloys, MMCs,
and many more.

In-situ alloying will be addressed even more in the future, as it
offers a unique opportunity to develop and process new material
compositions.

An increased interest in the formation of MMCs can be expected
in the future. In principle, any carbide, oxide, or other particle
type can be added to tailor the material properties.

e New powder systems with optimized properties need to be de-
veloped in the future. For example, improved processability could
be achieved by modifying the particle size distribution or iden-
tifying suitable coatings for a better powder supply.
Furthermore, the material portfolio will gradually be focused on
materials susceptible to cracking. Advanced knowledge on
countering factors may be used to reduce crack formation via
beam shaping and improved system technology to implement
the required methods.

Multi-material processes need to be developed, especially with
the aim of fabricating load-optimized products and functional
grades. However, an adequate system technology is required,
which was discussed in Section 4.3.

Modeling the AM processing, post-processing (heat treatments,
machining, forming, etc.), and resulting properties of AM mate-
rials will be a major issue of further research and development.
While still in its infancy, the development of digital twins for
these purposes will become a hot topic [199,393].

In-situ process monitoring and real-time control

The present problems/challenges

Processing conditions in AM often vary substantially in the short
term (e.g., within a single build or single layer), as well as in the long
term (e.g., from day to day). Short term variability might be due to
local variations of geometry and heat flow conditions (e.g., at sharp
wedges, thick or thin walls, or when scanning on powder versus
solid substrate) or in view of the inclination of downfacing surfaces,
the type of support structure, etc. Variability might also be due to
the stochastics of powder deposition (e.g., irregular powder feed,
local variation in powder layer thickness, or zones with larger or
smaller powder particles), or due to gas flow turbulences. Long term
effects include variations in environmental conditions (humidity,
temperature, powder moisture content, purity of protective gas,
leakage in processing chamber, etc.), variability among powder
batches (composition, particle size distribution, moisture, etc.), de-
gradation of the optical systems (laser power, dirt on optics, thermal
lensing, etc.), cleanliness of powder filters, etc. Many short and long
term effects cannot be anticipated and require in-process actions
like adjusting processing parameters, or interrupting, adjusting and
restarting the build.

The process variability often results in variable part quality and in
unexpected defects (pores, cracks, unmolten powder particles, melt
pool Raleigh instabilities, balling, distortion due to residual stresses,
undesired inclusions, local part overheating affecting the micro-
structure and part properties, etc.) which are only detected after the
part is totally built, resulting in high scrap rates. In-process mon-
itoring with in-process feedback and/or feed-forward control may
remedy this variability.

In-process monitoring
In-process monitoring may be used to assess the part’s quality
and/or defects while the AM process is ongoing. This could allow:
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e Generating a quality or defect certificate after each part is built
giving confidence on part quality without the need for extensive
(often destructive) post-process quality checks.

e Stopping the process at an early stage if a severe defect occurs
that would turn the part to scrap, thereby avoiding the process to
proceed until the part is fully built and avoiding spending more
time and cost in completing a defective part.

e Adjusting the process settings as soon as the monitoring system
observes deviation from normal conditions, thereby avoiding the
production of low quality or defective parts.

As summarized in the state-of-the-art section below, various in-
process monitoring systems have been developed recently at re-
search organizations or by commercial entities. Many monitoring
systems apply optical sensing in the visible or infrared (IR) spec-
trum; the latter corresponding to thermal monitoring. The mon-
itoring is either done with photodiodes (global/integral sensing
giving one output value representing the total optical process ra-
diation) or with cameras (resolved sensing that allows for mon-
itoring radiation as a function of location in the powder bed or in the
melt pool) [73,201,295].

A major remaining challenge is to find a correlation between in-
process monitoring data (e.g., total melt pool radiation or melt pool
size and shape) and post-process part defect analysis (e.g., pores).
This can be done by comparing a 2D or 3D map of monitoring data
[149] with a 2D/3D map of the part obtained by X-ray CT
[124,212,258]: Fig. 4.5.1 and Fig. 4.5.2 compare two 2D maps by
overlaying the CT and monitoring data. Notice the relatively poor
match that may be partially due to poor thresholding of the mon-
itoring and CT images, but is most probably also due to physical
phenomena that will be explained at the end of this section.

Feedback control

Applying feedback control yields additional challenges. The first
is in terms of speed: there is need for high image frame rate and
readout speed (ensuring to catch juxtaposed images at high scan
speed), fast image processing (e.g., calculating melt pool area, and
length, width), fast decision making, and fast process actuation (e.g.,
laser, heater or blower response time). To achieve high control speed
(>20kHz), some researchers have implemented the whole mon-
itoring, image processing, and control logic on field-programmable
gate array (FPGA) chips, rather than relying on the computer pro-
cessing speed [67,72]. Another challenge is the lack of insight in the
AM process and the relation between real-time process parameter
adjustment and response of the process. Suppose you have estab-
lished the relation of monitoring data to part defects and the mon-
itoring system detects a situation that may result in a local defect
(e.g., dross or pore), then the question arises what feedback action is

Fig. 4.5.1. Top: Mapped camera image data (melt pool size). Bottom: CT pore analysis
(small black dots with white border are pores; the 3 larger black areas are cooling
channels) [67,124].
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Fig. 4.5.2. Comparison between ‘defects’ detected from monitoring data (green
pixels) and from CT scan (blue pixels). Red pixels mean coincidence between green
and blue pixels [124].

to be taken to remedy to the problem: reducing or augmenting laser
power, scan speed, hatch distance, or rescanning/remelting the last
layer, possibly after recoating the layer, or some other action.
Finally, establishing a correlation between monitoring data or a
control action at location x and at time t and the occurrence or
elimination of a defect somewhere in the part is a difficult issue:

e An abnormal melt pool at location x in layer N will not ne-
cessarily yield a pore at location x in layer N, but will rather
generate a keyhole pore in layer N-4 to N-5.

e A pore that is induced at location x in layer N may not be present
in the final part at layer N; the pore may indeed be remelted upon
scanning layer N+1 and N +2, thereby closing the pore.

e Similar negative or positive location or time ‘delays’ do not only
affect defect monitoring, but also affect the efficiency of control
actions.

State-of-the-art and current developments

Pioneering work in process monitoring and feedback control was
done by Mercelis at KU Leuven in 2004-2006 [201,249]. The mon-
itoring system he implemented combined a photodiode (PD) and
high-speed NIR camera looking at the melt pool coaxially with the
laser beam and through the galvanometer scanner of a PBF-LB/M
machine. As such, the PD and camera ‘follows’ the movement of the
laser spot over the powder bed, keeping the melt pool in the middle
of the picture.

The feedback control system of Mercelis was a simple propor-
tional-integral-derivative (PID) control adjusting the laser power to
maintain the total melt pool radiation (PD) or melt pool size
(camera) at a constant level. That primitive system proved effective
in suppressing overheating and dross formation when scanning
downfacing surfaces and overhangs (Fig. 4.5.3) or when scanning
narrowing geometries yielding unwanted heat accumulation.
Fig. 4.5.3 shows the ability of the PID control to keep the melt pool
size under control when scanning across the overhang zone.

Fig. 4.5.3. Bridge structure produced with: left) fixed settings resulting in dross,
pores, and sagging of overhang, (see lower picture left); right) proportional feedback
control of laser power to maintain a constant melt pool intensity. Top pictures
showing resp. camera images of melt pools when scanning across the overhang zone.
Lower pictures showing resulting parts [249].
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Recently, several research groups and machine vendors applied
similar monitoring systems [101,128]. In spite of the aforementioned
contribution, and with a few notable exceptions, feedback control
has been insufficiently explored [73,101,128,149,180,201,257]. To
cope with the problem of speed, some researchers have applied
FPGAs to reach monitoring, image processing, and control cycle
times up to 20-30 kHz. Others use slower PC and software-based
feedback control limiting the response to only adjusting process
settings for the next layer [378].

Rather than using co-axial thermal monitoring (i.e., using NIR
PDs or cameras observing melt pool radiation through the galvan-
ometer scanner), several applications use simpler off-axis thermal
sensors (NIR PD/cameras) to observe the whole or partial build
platform and detect hot spot defects within the layer being
scanned [197].

Monitoring is not limited to observation of visible or thermal/NIR
radiation. Some applications use piezoelectric sensors or micro-
phones to monitor acoustic process emissions (air- or structure-
borne) [97] or use process-integrated ultrasonic testing [319] to
identify different levels of defects (porosity, cracks, delamination,
broken supports) in PBF-LB. Some machines are also equipped with
systems monitoring the powder deposition process or the protective
atmosphere around the processing area [35].

More elaborate reviews on in-situ monitoring of metal AM have
been published in [101,126,128,240]. Others [101,240] have provided
a partial list of monitoring and feedback control systems that are
available commercially.

The vision on future needs and expectations

AM monitoring and real-time control are both still in their
infancy.

Though already applied in commercial systems, much remains to
be done in terms of monitoring:

e Most existing optical systems monitor in the NIR spectrum, just
below the laser wavelength of typically 1070 nm i.e., in the range
of 750 nm - 1000 nm [67]. Monitoring in the lower visible spec-
trum below 750nm [381] or in the NIR/IR spectrum above
1500 nm (i.e., above, rather than below, the typical wavelength of
fiber lasers of around 1070 nm) may yield additional useful in-
formation [128].

e Another strategy would be to monitor at two or more wave-
lengths to obtain pyrometric temperature measurements (i.e.
calibrated absolute temperature measures), instead of using
hard-to-calibrate single wavelength relative temperature mea-
surements [101,114,293].

e Some researchers are looking to in-process use of other radiation
spectra: electron emission in electron beam PBF [11,397], X-ray
imaging in PBF-LB (planar [133,292] or 3D CT [217] imaging,
limited to small samples in specific test setups), or X-ray dif-
fraction measurements [46]. Yet more R&D is required to reach
full maturity.

e It is very likely that there will not be one sensor that can detect
all relevant defects. Rather, in the future, it will be of great in-
terest to fuse multiple data sources and sensors.

e Hardware improvements are still needed to eliminate aberrations
in the optical system that yield image distortion, e.g., near the
edges of the build platform.

e The largest problem is still to find a good correlation between
monitoring data and real part defects, taking into account
eventual positive and negative time delays between the occur-
rence of a monitored event (e.g., oversized melt pool) at a certain
location in a layer and a defect that may appear or disappear in a
lower or higher layer. This requires a profound physical insight
into the melting and re-solidification process, but may also call
on extended probabilistic analysis of huge amounts of
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experimental process data. Some researchers have already
started to apply Al, Artificial Neural Networks (ANN) or machine
learning techniques to identify correlations between monitoring
data and pore occurrence [128]. The problem becomes even more
challenging when aiming to correlate with other defects: cracks,
undesired micro-structures, residual stresses, etc.

e Efforts should be devoted to find additional and better mon-
itoring parameters containing more information on the process.
Beside melt pool intensity, size, shape, and elongation (i.e., melt
pool length to width ratio), other parameters may contain more
information, e.g., thermal gradients at the tail of the melt pool
[312], laser plumes [127], or spatter data (amount, size, direction,
etc.) [29]. In this context it is of high interest to correlate the
process monitoring not only to process/part defects but also to
consider the effects of defects on the mechanical properties and
by this the functional fulfillment of the additively manu-
factured part.

e In-process detection of defect generation (e.g., pores or cracks) or
other induced process anomalies (e.g., overheating or balling)
that will affect the final part properties can be made more effi-
cient by combining monitoring data with process modeling or
digital twins. For example, combining in-line 2D thermographic
images (XY images taken within a layer) with a process model
that predicts the temperature profile in the build direction (Z
direction) [125] could improve the anticipation of keyhole pores
or of the resulting microstructure (columnar or equiaxial grains).

e Attention should also go to in-situ monitoring of the geometry,
dimensions and surface topography (roughness) of the part.
Some initial work involving fringe projection has been performed
recently [85]. Others are experimenting with in-situ coherent
interferometer scanning/imaging [81,109].

As to process feedback control, almost everything remains to be
done. Few academic systems have been developed and patented
[68,201], but none are available on the market, not even a simple
control that would definitely stop the build job upon detection of a
signal that may yield an irrecoverable defect in a part, nor a control
system that would temporarily stop the process to take a re-
mediating action like powder recoating or remelting/removing the
last layer before reactivating the build process [68]. Real-time ad-
justment of process settings will be a next development that will
require better insight in interpreting monitoring data (see above) as
well as insight into appropriate control strategies and actions: what
to adjust to remedy to various process anomalies? Rather simple
actions could be to change laser power or scan speed [249]. Devel-
oping strategies involving changing scan spacing, layer thickness,
scan patterns/strategy, etc., will be even more difficult to implement,
as this requires in-process real-time slicing, hatching, etc. In order to
achieve efficient in-process feedback control, one may need to move
to advanced control theory, process-model-based control possibly
combined with feedforward control, digital twins and other ad-
vanced techniques [224].

The challenges ahead of us for realizing feedback control may be
substantial, but possibly it could evolve to a situation as happened in
the late 1970 s early 1980s where real-time adaptive control systems
were developed for electro-discharge machines (EDM) that today
equip almost all commercial EDMs [349].

Off-line Metrology and Quality Control of AM parts

Although the adoption of metal AM by industry has been con-
tinuously increasing over the last decades, its relatively low level of
maturity still causes significant machine-to-machine and part-to-
part variability. Therefore, off-line metrology plays a significant role
for achieving necessary quality control, especially for safety-critical
components used in aerospace and medical industries. On the other
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hand, due to specific characteristics of metal AM processes, novel
off-line metrology needs have arisen, such as precursor material
characterization, qualification of complex forms and surfaces like
lattice structures [245], and material integrity verification [379]. A
recent review paper on geometrical metrology for metal AM sum-
marized the challenges and the latest advances in off-line metrology
of AM parts [212]. The significant challenges associated with the
coordinate and surface metrology of metal AM parts were identified
as: “(i) complex freeform shapes, (ii) characteristic surface texture
with typically high roughness, (iii) multiple occlusions and difficult-
to-access features, and (iv) wide material range with different op-
tical and surface properties.” A result of these challenges is the lack
of measurement traceability, which hinders quality control efforts. In
addition, the lack of AM part qualification and certification standards
has slowed the industrial adoption of this technology [336].

Metrology of precursor materials
The present problems/challenges

It is evident from existing literature that the properties of pre-
cursor materials have a significant effect on the AM processes and
the resulting parts [39]. Precursor materials for metal AM are mostly
in the form of metal powders. The characteristics of metal powders
influencing the AM processes and the AM part quality are: chemical
composition, thermal properties, and flow and spreading properties
leading to layer density. On the other hand, particle size distribution
(PSD), morphology, particle density, and cohesion are important
powder characteristics affecting flow and spreading properties [347].
Many of the existing methods of material characterization were
developed for bulk materials; and applying those to metal powders
used in AM processes requires special considerations. Although
metal particles mixed in paste form and metal wires, used FDM and
DED processes respectively, are also gradually gaining more atten-
tion, powder form of precursor materials is most commonly used in
industrial applications. Therefore, this subsection focuses on me-
trology associated with metal powders.

State of the art and current developments

Chemical composition of metal powders is determined by well-
established elemental analysis methods such as X-ray photoelectron
spectroscopy (XPS) [42] and Energy Dispersive X-ray (EDX) Spec-
troscopy [60]. On the other hand, measurement of thermal proper-
ties of metal powders are complicated due to particle-to-particle
and particle-to-infiltrated gas interactions in powder beds. Recent
efforts have focused on application of conventional methods of
measuring thermal conductivity to power bed specimens, such as
transient hot wire method and laser flash method, to powder bed
specimens [61,389,412].

Thermal conductivity of five different metal powders were
measured, using the transient hot wire setup shown in Fig. 5.1 lo-
cated inside the pressure-controlled gas chamber, under varying gas

Powder %

(a)

(b)

Platinum wire (d = 25.4 ym) ‘, /
Teflon grommet -
. . ' ~
Copper wire . Copper test section
(Cavity dimension: 80 mm x 7.5 mm x 7.5 mm)
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types (argon and nitrogen), pressures (10°> Pa - 10° Pa) and tem-
peratures (300-450K) [389].

The laser flash method is another well-established method to
determine thermal diffusivity, heat capacity, and thermal con-
ductivity of solid materials [289,412] applied this technique, in
combination with a finite element heat transfer model and multi-
variate inverse model, to indirectly determine thermal conductivity
of encapsulated nickel and titanium alloy powders used in AM
processes.

They reported the ratios of conductivity of powder to that of the
solid ranging from 3.4% to 6.9% for the two materials. However, the
shape and material of the powder containers as well as interface
between the powder and the container contribute to measurement
uncertainty, which needs to be carefully assessed in the future.

An important feature influencing other powder characteristics is
the particle size distribution (PSD). Although there are multiple
methods of PSD measurement, three most common methods used in
AM applications are sieving, laser diffraction (LD), and dynamic
image analysis (DIA). Sieving is a very practical method to classify
particle sizes and analyze size distribution [164,226]. However, it is
not a method of size measurement. LD determines volume-based
PSD using laser light scattering with the assumption that the powder
sample consisting of spherical particles [160]. Nevertheless, some
studies have provided ways to determine the actual particle shape
using LD [233]. DIA is capable of measuring size and shape of par-
ticle silhouettes, using a high-speed, high-resolution camera, as they
pass through a sample cell in front of a light source [161]. Yet, there
are multiple metrics to describe the particle size and morphology,
which produce different results. Furthermore, due to multiple as-
sumptions involved, the PSD results obtained from different mea-
surement methods are not always consistent with each other [241].
Researchers have conducted studies of the comparison of these
methods to determine sources of inconsistencies [218,391]. To im-
prove interpretation of these comparisons, assessment of measure-
ment uncertainty has been the focus of recent studies [175,390].

Flow characteristics of powders are of significant interest for
controlling the quality of AM processes. Conventional methods in-
clude the Hall funnel test, which measures the weight of powder
flowing through a funnel orifice as a function of time [163]. However,
gravity-induced flow in this test does not provide sufficient in-
formation about spreading performance in PBF applications. To im-
prove the prediction of spreading performance, instruments
measuring rheological properties of metal powders, which most
commonly determines the shear stress-strain relationship of the
material as a function of strain rate and frequency, have been used
[66,142].

Other methods measuring the flow geometry (e.g., static and
dynamic angle of repose) have been used for flow characterization
[31,403].

Recent developments have introduced metal pastes [5] and
metal-infused filaments [385] for metal AM processes. Metal pastes
are deposited through a nozzle, typically fed by a type of pump.
Therefore, the viscosity of the paste is an important characteristic

Nichrome wire heater

Powder

Teflon stand

Current source
(Transient hot wire)
Digital multimeter

Fig. 5.1. Transient hot wire experimental setup: (a) Copper powder holder with platinum wire immersed into the powder, (b) A nichrome wire, wrapped around the powder

holder to heat the powder [389].
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Fig. 5.2. Powder spreading testbeds [259,281].

that influences the print quality. Measurement of metal paste visc-
osity is accomplished by rheometry [234]|. A piezoelectric rotary
vibrator instrument to measure linear viscoelasticity has been de-
scribed [189,225] studied rheological properties of aqueous alumina
paste using a ram extrusion setup and compared the extrudate ve-
locities with varying ram velocities to determine optimum ram ve-
locity to avoid significant liquid phase migration.

The vision on future needs and expectations

Although the above-mentioned methods provide important in-
formation about powder characteristics, they fall short in predicting
the actual spreading performance. Therefore, some researchers rely
on computational models to predict such performance [55,146]. In
parallel to these efforts, more direct measurement of spreading
performance has been the focus of some recent studies.

Image analysis of the spread area on a spreading test platform
has recently been investigated [158]. Several spreadability metrics
were calculated including coverage fraction of test area and coverage
fraction of bounding box of the spread layer. [122,259,281] described
adjustable and modular testbeds for testing spreadability while re-
plicating the operating conditions of commercial AM machines (see
Fig. 5.2). However, currently, there is no consensus among the re-
searchers and users of AM technology on the definition and the
metrics of powder spreadability. For PBF processes, more research is
needed to establish proper metric(s) for spreadability that accurately
predicts the powder behavior during AM builds in different en-
vironmental conditions. Similarly, lack of metrics/requirements for
powder flow in DED processes leads to the need for more research
efforts in this area.

Metrology for metal AM parts

The present problems/challenges

Like all manufacturing processes, the objective of off-line mea-
surements of metal AM parts is to ensure that manufactured parts
meet the design intent as captured in final product specifications.
They consist of dimension, form, surface topography requirements of
internal and external features, residual stresses considerations, and
defects. Other well-established off-line measurement methods used
by the metallurgy community for microstructure, mechanical, fa-
tigue, and corrosion characteristics are similarly applied to AM parts,
hence they will not be covered here.

State of the art and current developments

Leach et al. [212] described in detail both contact and non-con-
tact coordinate metrology methods to measure the complex form of
AM parts. Therefore, they will not be discussed in this paper. Since
this publication, there has been incremental progress in this field,
but no major breakthroughs. Among those metrology methods, X-
ray computed tomography (XCT) has been identified as one of the
most promising methods to measure both internal and external
features as well as surface topography. However, uncertainty of XCT
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measurements is still a weak link in such measurements. The lack of
international standards to provide guidelines to develop task-spe-
cific uncertainty for XCT measurements results in the use of existing
guidelines developed for coordinate measuring machines (CMMs) in
XCT applications [162]. However, according to the Guide to the Ex-
pression of Uncertainty in Measurement (GUM), correction of all
systematic errors of XCT systems is needed [168]. This is very diffi-
cult in XCT measurements due to the existence of a large number of
influencing factors that cannot be accounted for quantitatively. The
metrology community has been working to develop alternative
formulations addressing this problem [103,143]. A recent study
provided a comparison of the proposed alternatives in the dimen-
sional measurement of internal features as well as flexible objects
and reported the differences in uncertainty estimation within
5pm [380].

For AM surface characterization, there is often debate about
which surface texture parameter and filter settings to apply. But, as
has been reported by Leach et al. [212], surface texture parameters
need to be chosen based on the specific task at hand, e.g., quality
control [248,291], functional correlation [18,213] or hunting for op-
timum process parameters [49,84,93] and process signatures
[12,196,421] and defects [350]. Therefore, the choice of parameter or
filter setting is case specific. There has also been some incremental
progress in the use of feature-based [275,276] and multi-scale [198]
characterization approaches and optimization of measurement
methods [79,110,147,363].

Due to the creation of high temperature gradients during metal
AM processes, residual stress is a significant source of deformations
and reduced structural integrity of fabricated components.
Modeling, prediction, and minimizing residual stress is therefore one
of the top priorities for AM users [105]. However, there is no direct
measurement method for residual stresses. They are inferred from
measurements of elastic strain, speed of sound through the material
or magnetic signature, which are all related to the stress [394].
Various techniques have been described to capture these measures
[155,343,394] (see Fig. 5.3 for comparison of these techniques).

Other factors influencing structural integrity of additively man-
ufactured components include the defects and porosity generated
during AM processes. The types and characteristics of such defects
have been studied extensively in literature [91,185,324]|. However,
their effects vary depending on the functional requirements of the
AM parts.

The measurement methods rely on the critical sizes and dis-
tributions of such defects, which are the subject of ongoing research.
Non-destructive inspection methods, including acoustic, ultrasonic,
magnetic and XCT, for detecting various sizes of defects typically
found in AM parts have been studied [100,279]. An overview of
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Fig. 5.3. Schematic indication of the approximate capabilities of the various techni-
ques of residual stress assessment. The destructive techniques are shaded grey. [394].
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porosity measurements is provided by Wits et al. [395]. Although
more expensive compared to other methods, XCT is the most relied
upon method to measure defects and porosity. Accuracy evaluation
of porosity measurements by XCT using a calibrated object has been
reported [148].

Kim et al. [186] investigated the effects of XCT acquisition para-
meters on the probability of detection (POD) of simulated defects.

The vision on future needs and expectations

In the area of traceability of XCT dimensional measurements,
more robust uncertainty assessment techniques will be needed in
the future. Recently, a unified approach to traceability of XCT di-
mensional measurements, proposing a framework for the model-
based uncertainty assessment using a combination of Monte Carlo
simulation and the instrument scale calibration, has been de-
scribed [108].

In the area of AM surface metrology, as mentioned earlier, the
choice of parameter or filter setting is case specific. For example, in
heat transfer/cooling channel applications, the effect of surface to-
pology such as the presence of inverted cusp structures (weld beads)
and spatter particles are as important as the other parameters like
hydraulic diameter [112,238]. Therefore, specification of topography
to optimize heat transfer requires measurement bandwidths from
micrometers to tens of millimeters (i.e.,, a dynamic range greater
than 10%). For most current metrology tools this implies either
stitching or data fusion, resulting in large data sets with the asso-
ciated impacts on modeling. On the other hand, there are some
general features present on an AM surface and these can be used to
develop general guidelines, which are being worked on by various
stakeholder organizations. The prospect of measuring surface topo-
graphy in-process is now becoming a reality [85,229,418] and there
are commercial offerings based on fringe projection technology. An
unsolved problem for AM is that the present surface characterization
parameters are not suited to characterize re-entrant surface features
(like re-entrant spatter or surface pores) that often occur in AM.
Machine learning has a good potential to predict such surface tex-
ture parameters [284].

Non-destructive testing methods for defect detection suffer from
high noise floor and complexity of signatures due to complex part
geometries and interactions among various types of defects.
Therefore, machine learning and Al tools for pattern recognition are
being investigated to help identify various types of defects [121].
Such complexities also necessitate the model-assisted measurement
approaches [187]. Inexpensive detection methods for industrial ap-
plications are being pursued utilizing recent advances in resonant
acoustics methods [246].

Qualification and certification of AM parts

The present problems/challenges

Literature on mission critical metal AM applications indicate that
exploitation of the full potential of AM requires robust quality con-
trol and qualification procedures with clear certification require-
ments [322,335]. However, there is a lack of consensus about how to
achieve these conditions, resulting in the lack of industry standards
for qualification and certification. Even the definitions of qualifica-
tion and certification vary depending on the context and application.
Utilization of the ISO online browsing platform revealed more than
150 definitions for each [169]. Due to their involvement in critical
aerospace and medical applications, the Federal Aviation Adminis-
tration (FAA), the National Aeronautics and Space Administration
(NASA), and the Food and Drug Administration (FDA) in the U.S. are
active in the efforts to drive the development of qualification and
certification standards for additively manufactured parts. In the
absence of such consensus-based industrial standards and the
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general lack of relevant industry data, these organizations have de-
veloped guidance and specifications for their specific applications.

State of the art and current developments

NASA has produced two documents to address the qualification
of PBF-LB processes and the fabricated parts [267,266]. These
documents provide a general framework for adapting NASA’s ex-
isting design and safety standards for the safe implementation of AM
parts. AM parts are assessed by their consequence of failure, struc-
tural robustness, and AM risk, which addresses part inspection
feasibility and build process sensitivities. The required Part Pro-
duction Plan (PPP) includes CAD models of the parts, material in-
formation, required witness test coupons and acceptance conditions,
complete build part location and orientation in the AM machine
workspace, list of all production steps, build logs and inspection
reports. NASA generated two new standards identifying the
minimum set of requirements for AM parts used for NASA crewed
spaceflight systems [272] and identifying requirements for control of
AM equipment, facilities, and personnel [273]. FAA requires com-
pliance with existing federal regulations regardless of the manu-
facturing method used. At the request of FAA, the Aerospace
Industries Association (AIA) recently developed a guidance docu-
ment for certification of AM components [7]. This document ad-
dresses the unique aspects of certifying AM components for
aerospace applications and provides methods of compliance with
existing federal regulations for PBF and DED processes by con-
sidering current industry best practices. It identifies five focus areas:
i) process development (including, feedstock material specification,
machine acceptance, key process variables, process parameter set,
support structures, part position and orientation, and post-proces-
sing), ii) supply chain qualification, iii) material properties (process
specific allowables and design values) development (providing basis
for static, fatigue, and damage tolerance analyses), iv) part design
qualification (part specific allowables based on representative test
specimens), and v) quality controls (including process quality con-
trols, build quality plan, and post-process inspection methods). The
FDA also issued guidance on technical considerations specific to
devices produced by AM [104]. It provides recommendations specific
to design, fabrication, and testing of AM medical devices. To address
nuclear power plant industries’ needs, ASME published a new
document defining the criteria for additively manufactured pressure
retaining metallic components [13].

The vision on future needs and expectations

A recent review on qualification and certification for metal AM
identified three fundamental components as standards, rules, and
regulations [59]. It provided the summary of activities for the de-
velopment of rules and regulations by organizations in the U.S,,
Europe, and Asia providing services such as feasibility evaluation,
training and consultancy, quality management system accreditation,
testing and audit, and survey. As an outlook for future developments,
this review paper proposed another framework for digital qualifi-
cation and certification.

In the AM standards community, there are efforts to develop in-
process and post-process inspection standards to support qualifi-
cation of AM parts. Recently published standards include ASTM
E3353 [16], ASTM F3490 [17], ASTM E3166 [15], ISO/ASTM
52948 [167].

All the above-mentioned documents require an expensive and
time-consuming series of destructive and non-destructive tests on
parts and test specimens to qualify the final AM products. To speed
up such qualification efforts, model-assisted qualification utilizing
multi-physics modeling to develop robust parameter-process-
structure-properties-performance relationship chains will be among
the highest priorities [262]. While utilizing such models, uncertainty
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quantification plays an important role in making qualification as-
sessments [384].

Subtractive post-processing of AM parts
The present problems/challenges

As-built AM parts usually show an elevated surface finish, which
can be due to different causes, such as the feedstock material char-
acteristics, deposition parameters, partially fused powders, and
balling effect. Nevertheless, surfaces characterized by tight geome-
trical tolerances and high surface finish are required for subsequent
assembly as well as for characteristics like fatigue life, wear and
corrosion resistance, which are primarily affected by the surface
finish and have to be assured for the part service life. On this basis,
subtractive post-processing operations are generally mandatory
after AM of metal parts. In view of the near-net-shape approach
associated with AM, these post-processing operations can be clas-
sified as finishing ones. The geometrical complexity of the surface to
be finished usually impacts on the selection of the type of post-
processing operation to be carried out. The very significant design
freedom that AM technologies enable may, in fact, hinder the use of
those finishing operations that make use of fixed tools, since hidden
zones, enclosed features, very small corners or lattice structures may
not be accessible by conventional tools. As an alternative, non-con-
ventional machining processes can be used to finish intrinsic part
features as well as internal chambers or channels.

For the case of conventional subtractive post-processing opera-
tions, the basic concern is about the machinability of AM metal al-
loys, which can be very different than that of wrought alloys of the
same chemical composition. The non-homogeneous cooling condi-
tions inherent to AM may induce microstructural features and, thus,
mechanical characteristics that may lead to a very different ma-
chining response in terms of forces and power consumption, chip
morphology, tool wear, and machined surface finish and integrity.

State-of-the-art and current developments

Conventional subtractive post-processing operations

Titanium alloys (Ti6Al4V in particular), cobalt alloys, tool steels,
and titanium aluminides are the most investigated among the metal
alloys fabricated through DED, PBF-LB and PBF-EB processes. Among
the machining operations, turning is the most investigated; drilling
and milling have also been extensively suited.

The machinability of Ti6AI4V fabricated through DED using wire
feedstocks was evaluated [282] and showed that non-uniform
cooling and porosity in the AM process had deleterious effects. The
performances of Ti6AI4V fabricated through PBF-LB and PBF-EB
were compared with those of the wrought alloy proving a sub-
stantial difference of behavior, which was ascribed to the different
mechanical and thermal properties of the investigated alloys [325].
In particular, the microstructural anisotropy induced by the AM
process was demonstrated to have a significant effect on machin-
ability. As an example, in the case of end milling of PBF-LB Ti6Al4V,
the tool life was found to decrease and surface integrity to improve
[230] when machining horizontally manufactured samples as com-
pared to vertically manufactured ones. This was identified to be a
consequence of the different orientation angle of the microstructural
features (see Fig. 6.1). Besides Ti6Al4V, the machinability of other
AM titanium alloys for high-load aerospace applications has gained
attention. For example, machining of PBF-LB produced titanium
alloy Ti-5553 studied by [129] and that of PBF-EB produced gamma
titanium aluminide studied by [303]. The CrCoMo biomedical alloy
fabricated by PBF-LB showed a peculiar microstructure and crystal-
lographic texture that significantly influenced the material response
to milling [106]. It was shown that the fabrication of tool steel
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Lateral view
of the tooth

Fig. 6.1. Mechanics of cutting when end milling Ti6Al4V samples produced by PBF-
LB [230].

inserts through AM allowed for an easy customization of dies and
molds, which may be exploited for injection molding and die casting.
In [290], the machinability of nickel alloy Inconel 625 fabricated by
PBF-LB was found to vary in terms of peak milling force and chip
morphology at varying building direction. PBF-LB produced mara-
ging steels [111] and tool steels [41] were found to have improved
machinability performance after heat treatment. The possibility to
fabricate parts made of functionally-graded materials through AM
poses new challenges in machining. For example, functionally-
graded parts made of Ti6Al4V and WC, and fabricated via DED, were
turned and demonstrated a material variation effect, also in terms of
layer build strategy, on the machining response [283].

Grindability has also been found to be strictly correlated to the
AM microstructure. The grinding and dressing parameters must also
be adjusted to reflect the different microstructure of the part ma-
terial compared to the one produced by the traditional route. A novel
process named Shape Adaptive Grinding for polishing PBF-LB and
PBF-EB AM Ti6Al4V parts was developed [32], and was demon-
strated to be capable of finishing concave and convex curvatures
with low surface roughness values (up to 10 nm) for a set of three
different tools with different grain sizes.

When simulating machining operations carried out on AM me-
tals, the modeling of the peculiar microstructural features char-
acterizing the AM metal becomes necessary. As an example, the
machined surface integrity of PBF-EB Ti6Al4V was numerically
predicted [372] considering the thickness of the alpha lamellae
characterizing the AM metal microstructure. Whereas, Segebade
et al. [334] considered the PBF-LB AlSi10Mg anisotropy character-
istics to predict chip morphology.

Non-conventional subtractive post-processing operations

Non-conventional subtractive post-processing operations are
generally used to improve the AM surface finish, in some cases also
giving raise to an overall surface integrity improvement.

Electro-polishing (EP) can be used to finish AM metals taking
advantage of anodic levelling (macro-smoothening) and brightening
(micro-smoothening) to get smooth and bright internal and external
surfaces. The effects of EP on various AM alloys, e.g., titanium alloys
[337,374], nickel-based alloys [20], Fe-based alloys [51] and CoCr
alloys [80] have been recently investigated. A combination of over-
potential and conventional EP processes was proposed to finish PBF-
LB aluminum alloy lattice structures [51]. Despite its advantages, EP
presents some challenges in the post-processing of AM parts. As a
rough initial surface would impede a fast and effective EP process, a
hybrid approach comprising an additional post-processing operation
to reduce the as-built surface roughness to a certain extent is ad-
visable [141,338].

Abrasive Fluid Polishing (AFP), using a combination of liquid
impingement and abrasion from abrasive particles, is particularly
suitable for polishing AM parts with complex internal structures
such as lattice structures, internal channels, and thin-walled
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components used in aerospace and mold industries [[115], without
risk of damage and contamination. The AFP main limitations (i.e.,
long polishing time and low processing efficiency) may be overcome
through hybrid processes, as was proposed in [271], where a novel
hydro-dynamic cavitation abrasion technique was developed to
finish AM AlSi10Mg internal channels, yielding 80% higher material
removal and 90% better surface finish than the case of pure cavita-
tion and abrasion.

Blasting, based on erosion localization and intensification
through a driving stream of abrasives against the part [247], is
capable of lowering the roughness of outer surfaces by removing
partially melted powder particles, layer marks, and improving the
part mechanical properties [19] as well the part residual stress dis-
tribution [52], therefore leading to a general enhancement of the
part surface integrity. To overcome some of the blasting drawbacks
(i.e., noise issues, tapered geometry of the machined features, and
impairment of the subsurface layer by micro-cracking when working
a brittle material), the combination of blasting with other post-
processing operations can effectively give a benefit.

A process chain combining sanding, polishing and burnishing
was investigated in [404] for finishing PBF-LB 316 L parts, which
made use of magnetic field-assisted finishing (MAF) (see Fig. 6.2).
This process chain was proved to reduce the surface roughness and
promote compressive residual stresses.

Laser polishing (LP) was studied in [354] to improve the surface
finish and wettability of DED 316 L parts. Particular attention was
paid to a correct laser power intensity in order not to increase the
remelted layer thickness. LP was also used in [419] to post-process
PBF-LB IN718 parts, reducing the surface roughness up to 98% and
improving the mechanical and wear properties of the surface. Sev-
eral researchers at KU Leuven [252,408| were able to reduce the
surface roughness by a factor of ten using laser re-melting of the
outer surface. Intermittent laser re-melting also achieved a porosity
reduction of a factor of 20 in [408]. In [401], CW fiber laser and
nanosecond pulsed laser polishing was used to finish Ti48AI2Cr2Nb
samples fabricated through laser deposition. It was shown an en-
hancement of the part surface integrity, which, in turn, allowed an
improved wear and corrosion resistance compared to the initial
surface conditions when using CW laser polishing.

The combination of conventional and non-conventional sub-
tractive operations for post-processing AM parts is also an active
research field. As an example, the use of precision grinding followed
by electro-polishing to enhance the surface integrity of PBF-EB
Ti6AI4V parts was investigated in [131], stating that this combined
approach made it possible to reduce the surface roughness to a value
of 0.65 pm.
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Fig. 6.2. Schematics of the magnetic field-assisted finishing processes [404].
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The vision on future needs and expectations

Post-processing of AM parts poses challenges that both academia
and industry are facing right now as a consequence of the different
aspects that distinguish AM-based process chains from those based
on more traditional fabrication processes. In this context, we feel
that there are several aspects requiring special attention from the
scientific community:

Robust guidelines for the choice of the most appropriate sub-
tractive post-processing operation must be developed accounting
for the part geometrical features to be processed, desired char-
acteristics, and processing costs. As an example, some techniques
just improve the surface finish (e.g., chemical methods) while
some others improve both the surface finish and surface integrity
(e.g., conventional machining operations).

The design of a metal part fabricated by AM requires a proper
design and optimization of the post-processing steps, which are
necessary to meet the product final requirements. In this sense,
the concept of concurrent engineering is even more demanding
than in case of conventionally-fabricated parts.

Design for Additive Manufacturing must also into account post-
processing operations, in order to rethink the AM-based process
chain as a whole. For instance, the AM process design should
consider no or minimal supports.

New and functionally-graded metals fabricated through AM re-
quire an extensive characterization of their response to sub-
tractive post-processing operations, the latter being strictly
correlated to their peculiar microstructural features.

One of the most challenging issues is to design and optimize the
machining steps taking into account, on one side, the micro-
structural and mechanical properties induced by the AM process,
and, on the other side, the part in-service characteristics.

Post-processing operations and hybrid additive/subtractive ma-
chines are being specifically developed for finishing AM parts,
comprising the characteristics of different operations, which can
either be conventional or unconventional or both. Of course,
achieving an understanding of the mechanisms associated with
hybrid processes is very challenging, which may limit their actual
application in an industrial context.

Interoperability and cybersecurity
The present problems/challenges

Within Industry 4.0, connected cyber physical systems enable
efficient cloud manufacturing through vertical and horizontal in-
tegration of these systems. Based on its highly digital nature, AM is
seen as one of the production technologies in that vision.
Interoperability for AM focuses on how to ensure reproduction of
digital models at predefined quality levels, when they will be pro-
duced using different data formats, engineering tools and manu-
facturing hardware. Interoperability research also deals with the
development of solutions that allow for the safe and reliable ex-
change of data among all entities in the AM value chain.
Cybersecurity deals with protecting confidentiality, integrity, and
availability of data and 3D models in a world where digital manu-
facturing, after the medical world, is the most targeted industry by
cyberattacks [398]. These cyberattacks potentially target all digital
entities in the AM life cycle and may hijack or damage hardware,
corrupt data or result in intentional reduction of print quality.
Counterfeiting of products is seen as a major challenge for cyber-
security, as this reduces profits while also leading to possible safety
or security risks.
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State of the art and current developments

Cybersecurity

To facilitate security of the digital thread, blockchain technology
for AM is being developed. It allows for the establishment of mutual
trust among all partners in a competitive environment, at low cost
and without the need to include sources from outside the members
of the digital thread [220,239]. Every participant of the digital thread
has the ability to validate any step of the product development, from
design changes to final product testing and qualification. For ex-
ample, in the aerospace industry, the traceability of the production
of parts is required to obtain certificates of airworthiness. Mandolla
et al. [239] described the development of a blockchain based digital
twin for metal-based AM. It was shown that the introduction of the
blockchain concept could reduce the effort required for demon-
strating the mandatory traceability, compliance, and authenticity.
From that viewpoint, it could also play a major role in supporting the
interoperability with and within the AM industry.

Counterfeiting

Counterfeited AM parts have a potential large impact on the
safety of products, intellectual property rights of product developers
and economics. The availability of cheap and high quality 3D surface
scanning hardware however has enabled an almost effortless
pathway for counterfeiting.

Current research related to counterfeiting is directed towards
ways of ensuring that illegal reproduction of the design will result in
modified parts (for example the inclusion of product labels or pro-
duction errors) or by ensuring that products can be certified as
original and legally produced. The modified parts are among others
realized by creating unique, hard-to-copy (internal) features by im-
plementing modifications at the process, material, and/or CAD-file
level (see examples in Fig. 7.1). Wei et al. [387] developed a multi-
metal PBF system where CulOSn powder was used to create an
embedded quick response (QR) code in a 316 L part that could only
be identified by thermal imaging. Chen et al. [53] produced a QR
code by many small features dispersed over the volume of the part
so they will not influence the mechanical behavior of the part and
will only be created correctly with predefined segmentation and
slicing settings.

In addition to embedding authentication codes, the design files
themselves can be protected by adding design features that will only
be printed correctly if the production process settings are also
known (slicing settings, print orientation, layer thickness, etc.).
Gupta et al. [134] introduced a zero thickness split feature in the STL
file for a test specimen. The split feature reduces the print quality
and increases the chance of failure of the printed artifact if it is not
manufactured with the predefined processing settings and condi-
tions. Eisenbarth et al. [92] looked at ways to vary process conditions
for both PBF-LB and DED-LB. Within PBF-LB the volumetric energy
density (see Section 3.1) was varied to create porous structures
below the surface of the specimen. The laser power and scan speed
for the DED-LB process were varied, among others, resulting in dif-
ferent penetration depths and, with that, differences in the magnetic
permeability. In both cases Eddy current examination is used to vi-
sualize the coded patterns.

Some research focusses on capturing the fingerprint of the print
setup or the printed part without deliberate modifications to the
design or hardware setup. Adhikari et al. [3] assumes that the
combination of the AM hardware, process settings and product de-
sign results in an unique error distribution on the part produced that
can be used to authenticate that the part has been produced on a
certain machine. Sandborn et al. [323] uses the concept that internal
defects (pores etc.) alter the measured dynamic response, thus
creating an unique fingerprint that may serve as a unclonable fea-
ture for determining part identity.
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Interoperability

To enable interoperability, new data standards are being devel-
oped. For example, Application Protocol (AP) 242 Edition 2 [159]
focuses on product information interoperability capabilities for,
among others, product data management and 3D model based de-
sign. It enriches the product design data with information created
during the manufacturing stage (build orientation, build location,
minimal build volume, etc.). A standard published by the American
Society of Mechanical Engineers [14] defines recommendations for
product definitions for AM by including data and methods for con-
trolling both product and manufacturing definition. It includes re-
commendations like tolerance zones for dimensional accuracy, part
location and orientation, no-build zones around parts, fill patterns,
support structures and location and orientation of test coupons.
Milaat et al. [256] proposes to further extend the data standards
with process specific parameters and settings. Examples for L-PBF
include beam diameter, beam power or layer-to-layer scan strategy
rotation.

The vision on future needs and expectations

Next to embedding features in the parts that are printed, re-
search is looking at ways to fingerprint the hardware that is used to
create the prints. Hardware imperfections show up as small distin-
guishable patterns in printed objects, thus potentially allowing for
traceability of the production hardware [219]. Expert interviews
[206] confirm the attractiveness of blockchain for AM. They identify
four potential generic areas of blockchain-based improvement of AM
quality: intellectual property (IP) rights management, lifecycle
monitoring, process improvement, and data security. The current list
of barriers for implementing blockchains is long and includes com-
patibility issues among blockchains, a lack of standardization for
blockchain technology, and the configuration of the chosen block-
chain technology itself. As a key enabling technology, it might play
an important role, both in cybersecurity and in the support of in-
teroperability.

AM-impact on KPIs across the product life cycle
The present problems/challenges

Three often-quoted reasons for AM are the creation of i) light-
weight components, ii) complex 3D shapes (possibly with high level
of feature/function integration), and iii) personalized components.
These motivators suggest that AM provides functionality that is very
difficult to achieve with conventional manufacturing processes.
Moreover, these reasons indicate a strong focus on the use stage of
the product life cycle. Of course, AM has impacts on the other life
cycle stages as well. It is only by considering the totality of all the
impacts, or Key Performance Indicators (KPIs), of AM across the
entire life cycle of a product that an informed decision can be made
about the efficacy of AM relative to other processes.

In terms of KPIs, measuring the performance of AM applications
has largely emphasized production-related measures, e.g., costs,
time, quality, and profitability. However, there is increasing re-
cognition that all three pillars/dimensions of sustainability (en-
vironment, society, and economy) should be considered when
making engineering decisions. KPIs from environmental and social
perspectives such as energy consumption, material waste, green-
house gas (GHG) emissions, and health and safety should also be
assessed across the entire product life cycle. Kellens et al. [182]
provided an overview of the benefits and weaknesses of additive
manufacturing for these dimensions (see Fig. 8.1).

Looking at these KPIs, it is evident that challenges for AM exist.
These include inadequate data situations, e.g., environmental im-
pacts, and health and safety risks [182,231], as well as technological
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and economic uncertainties, such as low fatigue strengths and eco-
nomic performance relative to conventional manufacturing [182].
These challenges are considered below.

State of the art and current developments

Despeisse et al. [83] proposed the framework of Fig. 8.2 to show
the stages of the product life cycle (and the associated benefits to
that stage) that could be impacted by AM. These six areas/bene-
fits are:

1. Design of products and processes for efficiency: material waste
reduction and improved product performance.

2. Manufacturing system configuration: improved flexibility and
responsiveness for on-demand manufacturing, elimination of
inventory, and reduced storage cost.

3. New business models: increased collaborations between manu-
facturer and consumer through the customization and persona-
lization of the product.

4. Efficiency in use: improved energy efficiency in the use phase
through the adoption of lightweight products;

5. Product life extension: more durable products through simpler
assemblies (reduction in number of parts).
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6. Closed-loop systems: enhanced recyclability through simpler
supply chains and less material diversity.

It is to be noted that point (1) actually addresses two life cycle
stages: manufacturing (less material waste during processing) and
product use (better product performance). Moreover, points (4) and
(5) also emphasize the use stage of the product.

In this section, we will summarize the benefits and challenges of
AM for a variety of KPIs as reported in the literature. This discussion
will be structured according to the product life cycle stages noted
below:

e Product use: KPIs of AM products associated with the use stage of
the product including lower operating costs and less environ-
mental impacts.

e Manufacturing: KPIs for AM manufacturing processes including
time, quality, cost, environmental impacts, and worker health.

e Closing the loop: KPIs for measuring the effectiveness of AM in
fostering a circular economy across all stages of the product life
cycle.

In addition to these three points, business related decisions and
broader technology impacts will be discussed. In particular, we will
examine how AM is changing the design process itself and supply
chains. Social issues relating to AM-technologies will also be ex-
amined.

KPI-impact of AM on product design for use

The design of a product, the processes used to realize it, and the
associated supporting systems (e.g., business and logistics) affect the
performance of every stage in the life cycle of a product. It is well
known that decisions made during product design largely determine
the cost of a product as well as values for most other KPIs
[153,205,370]. It is for this reason that Design for X (DFX) is pro-
moted to ensure that all relevant stages and KPIs are considered in
the design process [203].

In this section, we are particularly interested in the challenges
and benefits associated with the use stage of the product life cycle
when AM processes are being employed. The main KPIs that may be
affected by the application of AM during product use are the oper-
ating costs and environmental impacts associated with the use
stage (owing to the light weighting of AM parts/components) [320].
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AM offers potential benefits during the product use stage such as
i) improved functionality, ii) improved quality and durability, and iii)
reduced product mass. AM can provide better functionality by of-
fering a designer greater freedom in geometry and shapes that can
better respond to the functional requirements of a product during
use. For example, AM can provide customized or personalized
functionality of products for medical devices and other medical
applications, based on the individual patient requirements and data.
AM can be used to produce products with various functionalities
such as prosthetics and orthotics (hip joint and limb), and dentistry
(crowns and dentures). These specific examples offer social sus-
tainability benefits, e.g., improved quality of life and lower health
care costs.

Improved quality and durability can extend product life and re-
duce maintenance and repair costs. According to Despeisse et al.
[83], AM can produce higher quality products that are more durable
during use. Longer product life and fewer needed product pre-
servation activities may reduce environmental impact.

With conventional manufacturing, simple components are often
combined to form an assembly. AM may allow the creation of a
complex product that requires little assembly. With fewer material
types, components and assembly interfaces, the product is likely to
be more durable (i.e., have a longer product life). More durable,
higher quality products are apt to have lower costs of ownership in
terms of maintenance and repair [132] - this is positive in terms of
economic sustainability.

AM allows a product to be designed providing the same function,
with a smaller mass (light weighting). Most often, this is pursued for
powered products, e.g., aircraft and automobiles. The aerospace in-
dustry has utilized AM in recent years, producing durable and
lightweight structures (e.g., engine and turbine parts, hinges, and
brackets). Lightweight parts require less power to be moved, which
can result in substantial energy savings (enhancement in terms of
environmental and economic performance) due to improved fuel
economy and reduced material requirements. It is reported [154]
that the mass of a 40,622kg aircraft could be reduced by
1650-2840 kg through AM, producing a fuel savings of 6.4%. For
additional information on KPIs regarding operating costs and en-
vironmental impacts, see also Section 2.

KPI-impact of AM on manufacturing

Unique process characteristics of AM technologies highly influ-
ence the manufacturing applications. These characteristics result in
benefits, detriments, and risks, which can be structured by time,
quality, cost, environment, and worker health impact.

The layer-by-layer principle of today’s additive manufacturing
technologies results in a processing time disadvantage for high
product volumes if compared to casting or sintering technologies
[182]. Nonetheless, the absence of tooling leads to an overall time to
market advantage when the number of product variants is high
[182]. Given the cycle time concern, current research is focused on
the acceleration of the core additive process times through process
parameter optimization, the use of multiple lasers, and automation
of pre- and post-processing steps [366]. It is expected that pre- and
post-process step automation will improve in the future, although
processing time performance is inherently bound to the underlying
physical principle and thus there are limits to performance im-
provement. Selecting the best AM technology as well as designing
the right product and process chain offer the most potential for
processing time improvement.

Manufacturing process stability and the achieved product
quality depend on the specific AM technology and the specific AM
machine, as also described in Section 4.3. Everton et al. [101] listed
the most common defects of PBF-LB: gas and fusion pores, balling,
unfused powder, and cracks. The process parameter selection for a
specific product is complex, and has a substantial impact on the
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resulting defects and therefore the resulting product quality [101].
Today, experience-based process parameter optimization provides
the most reliable results [366]. Automated technology and product-
specific parameter optimization will be possible in the future.
Methods like machine learning are likely to increase the perfor-
mance of simulations (and actual processes) via parameter optimi-
zation.

A classical cost structure can be applied to evaluate AM tech-
nologies. Kopf et al. [193] gave an example for PBF-LB process
chains: component cost was split into direct and indirect costs. Di-
rect cost covered material cost, building board cost, and special di-
rect cost. Indirect cost, consisted of machine, personnel, energy, and
the cost of creating an inert atmosphere in the build chamber. The
absence of tooling as well as the independence of the process time
from complex geometrical product features result in the “com-
plexity-for-free” slogan of additive manufacturing [366]. For addi-
tional information on KPIs regarding costs, see also Section 4.1.

An overview of the existing environmental impact analysis of
several metal and non-metal AM technologies was given by Kellens
et al. [182]. They showed that the quality and quantity of environ-
mental-impact assessments for AM technologies is limited, but im-
proving with time. Huang et al. [154] highlighted the cradle-to-gate
advantage of AM in comparison to casting-based manufacturing in
terms of energy consumption, energy intensity as well as the GHG
emissions on the example of five aircraft component systems that
are redesigned for AM. Overall, the cradle-to-gate impact for non-
AM-specific designed parts through AM is higher than through
conventional manufacturing, except for very small product volumes
with high tooling effort needed for conventional manu-
facturing [182].

To enable the integrated evaluation of ecological and economic
factors, multi-criteria decision-making methods have been a focus of
researchers. Zaman et al. [410] proposed an Analytical Hierarchy
Process (AHP) to evaluate several combinations of additive manu-
facturing processes and materials. The proposed criteria were
structured by material class and split into function, cost and en-
vironment. For future environmental improvements of AM applica-
tions, the appropriate AM process and machine selection is crucial.
The machine design, the build job configuration, and the process
parameter settings each influence environmental performance, and
can be modified to produce improvement [182].

Health and safety risks of AM due to harmful emissions and
accidents are unclear, resulting in a possible lack of protection.
Recent studies have stressed the uncertainty of health and safety
aspects [182,231]. The health and safety risks depend on the specific
AM process characteristics and the AM material. Due to a lack of
sufficient studies for AM, Lunetto et al. [231] analyzed other in-
dustries working with similar materials and process characteristics.
Several investigations highlighted possible health risks due to
chronic metal powder exposure [231]. Moreover, explosions and
fires, based on metal powder, have been reported [231]. To control
such risks, further studies of cause-effect relationships are neces-
sary, enabling the effective use of health and safety assessment tools.
For example, Bours et al. [40] analyzed the potential exposures and
hazards of AM processes and rated the danger of materials, taking
toxicity tests and the powder particle size into account. This in-
formation was combined to analyze which kind of safety require-
ments need to be met for specific process-material combinations.
Based on the current state of knowledge, to prevent health and
safety issues, dust collection, air ventilation, protective gloves,
glasses, and masks are suggested [182]. These protective measures
are being applied in industrial AM [231].

KPI-impact of AM on closing the loop
In contrast to the traditional linear economy (take-make-use-
dispose), a circular economy (CE) seeks to close material/ component
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Fig. 8.3. Remanufacturing of turbine blades using laser direct deposition vs. new blade manufacturing [392].

loops (and also recover energy investments) by employing ap-
proaches such as maintenance, reuse, remanufacturing, and re-
cycling. Product sustainability or circularity is increasingly a
consideration in product design and development. The DED AM is
well-suited to multiple applications in promoting a circular
economy, especially in terms of repair and remanufacturing. For
example, DED, and in some cases PBF-LB, can restore damaged parts
to their original shape by gradually adding material layers. In addi-
tion, AM can create customized components/parts for re-
manufacturing. Efforts such as repair and remanufacturing that
extend product life and avoid negative environmental consequences
due to landfilling, can be viewed as being environmentally bene-
ficial. Of course, the true impact of such strategies should be care-
fully examined with life cycle assessment methodologies. For
example, Gutowski et al. [136] reported that remanufacturing might
not always be the best environmental strategy.

Walachowicz et al. [382] analyzed the industrial repair process of
gas turbine burners by comparing conventional repair and AM-based
repair processes regarding energy consumption and resource effi-
ciency. They demonstrated, based on Sankey diagrams, that the
application of AM for repair has significant sustainability advantages
when the whole product life cycle is considered. This concept was
expanded in studies that considered repair and remanufacturing of
sometime non-repairable components such as engine turbine blades
[392]. In this study, it was shown that with relatively small defects
(low volume, that is, approximately 10%), DED-LB is preferable to
virgin manufacturing: at least a 45% reduction in carbon footprint
and 36% reduction in total energy use is achievable via DED. A
comparison of turbine blades is displayed in Fig. 8.3, exemplifying
this scenario [392].

A primary drawback to AM when considering EoL is poorer
strength fatigue of AM products. This may be attributable to a link
between surface roughness and fatigue life [369]. This issue can be
countered by optimizing print process parameters for smoother part
texture and better material properties [54].

AM is often conducive to enabling material recycling at both the
manufacturing and end-of-use (EoU) stages. After a printing process,
the unused powder can be collected, sieved, and perhaps reused in
subsequent builds. Moreover, by implementing an automatically

45

closed-loop system, unused powder can be reintroduced into the
printing process [407]. Furthermore, recycled materials such as
plastic and metals from EoU products can serve as feedstocks for AM
approaches [45].

With developing methods to better advance design for AM, there
is potential to enhance the product life and close material loops
(reduce usage of virgin material resources). Additionally, by reducing
product lead-time and transportation, and enabling smaller factories
positioned near customers, AM has the potential to shorten product
supply chains and eliminate steps in product development. These
changes serve to reduce the energy consumption and environmental
impact of a product from cradle to gate. In addition, hybrid/com-
bined processes (see Sections 4.2 and 6) offer the potential to reduce
steps in the manufacturing of products. This also likely offers en-
vironmental benefits.

KPI-impact of AM on business models and broader impacts

The impact of AM is not limited to manufacturing and product
design, but also impacts the supply chain, the business structure,
and the ease of applying and abusing technology. Regarding supply
chain management, the benefits of AM could result in on-demand,
remote AM plants with reduced product lead time, logistic cost and
transport time. However, recent findings [182] showed that there is
no clear advantage of distributed AM over centralized, conventional
manufacturing in terms of these KPIs.

Moreover, the performance of decentralized, remote AM depends
on the specific AM process chain. Also, possible logistic advantages
of shorter routes from raw material to manufacturing to customer,
have only a small impact on the environmental performance of to-
day’s supply chain networks [9,177]. In the future, due to the high
uncertainty in the global political landscape, centralized manu-
facturing seems advantageous. In contrast to this, regulatory ap-
proaches for increased sustainability and GHG taxation could result
in more decentralized, remote manufacturing by increasing the
importance of shorter logistic routes.

From a business model perspective, mass personalization is a
unique selling point, especially for design-oriented business-to-
customer (B2C) products. At present, the low volume of personalized
products and the absence of a tooling cost enable AM to accelerate
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Fig. 8.4. KPIs across the product life cycle and mapping to other sections.

mass personalization [366], see Section 2. Despite this, the economic
sustainability of mass personalization is unclear; however, potential
benefits include reduced inventory and extended product life [191].
Moreover, applying AM for rapid prototyping during product design
decreases the time to market for new products significantly [366]. It
remains to be seen if mass personalization, in combination with
decentralized manufacturing, can replace today’s mass production
and reduce the overall environmental footprint. Additionally, ad-
ditive manufacturing is enabling positive social benefits such as
customized crowns in dentistry and customized limbs in prosthetics.
Of course, there is always the danger of abuse of technology, e.g.,
creating weapons or sabotage tools. This is already happening in the
form of downloadable print files for weapons and shootings with 3D
printed weapons [362,364]. There is early research, also driven by
digitization, to protect or stop the manufacturing of certain products
based on blockchain technology or to integrate physical design
embedded security features, as also described in Section 7 [38,99].
Overall, the decreasing technological barriers through AM needs to
be balanced by additional new security or protective barriers. This is
an ongoing race.

The preceding section shows that there is a whole range of KPIs
to be considered in additive manufacturing along the product life
cycle. Fig. 8.4 therefore shows a visual representation of the KPIs
discussed here. In addition, the figure contains cross-references to
other sections for further information on the individual KPIs.

The vision on future needs and expectations
Based on the foregoing discussion on KPI-impacts of AM across

the product life cycle, it is evident that there are significant ad-
vantages of AM in terms of i) product function improvements (e.g.,
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weight reduction), ii) environmental impact through life extension,
reuse, and remanufacturing, and iii) affordable personalization.
Despite this, in certain life cycle stages, there is a negative impact of
AM (or no clear benefit). This translates into the following research
needs:

e Regarding product design for use, research should be conducted
in the fields of physical and digital design. User engagement is
needed in the product design phase that can help secure timely
feedback. Development and standardization of new materials to
meet usage needs (improved quality and reduced product
weight) is also required.

e A down-side of AM is the long build time, which makes AM a
poor fit to deliver high product volumes. In addition, concerns
regarding AM process quality and negative environmental/ safety
impacts are challenges that should be addressed in future process
and machine improvements. Decision support tools are also
needed for users to select the most efficient AM technology
(considering multiple KPIs) and to optimize the pre- and post-
process chain.
In an era where circular economy and the greenhouse gas im-
pacts of raw material production are increasing concerns, the role
of AM technologies at product EoL in closing material loops is
important. Certainly, greater attention should be directed at de-
veloping AM processes in support of value recovery from EoL
products (remanufacturing and repair). In addition, product de-
sign in an AM-oriented world should also reflect appropriate
consideration of DfX (design for remanufacturing, design for re-
cycling, design for disassembly, etc.).

With regards to the business impact, the advantages of decen-

tralized AM factories close to customers are not clear. The efficacy
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of decentralized facilities will ultimately be demonstrated by
their market appearance and associated successful business
performance. Holistic perspectives on the role of AM in terms of
both economy/productivity and the environment have yet to be
achieved, and are likely to vary dramatically from case to case.
Moreover, the overall net social impact of AM has to be under-
stood.

By combining economic, social, and environmental factors over
the product life cycle, a holistic evaluation of an AM application is
possible. Decreasing the effort and thereby increasing the use of
holistic evaluation approaches including all life cycle stages is a
major challenge for widening and efficient application of AM.

Challenges in training and education
The present problems/challenges

AM is relatively new as a manufacturing technology, especially
for metal parts. Training and education in this field implies changing
the way of thinking about many aspects of designing and manu-
facturing parts. But, at the same time, it is important to rely on
conventional knowledge and practices of material science, process
planning, post-processing and control, heat treatments, etc. So, the
main issue is to elaborate competence units that allow combining
conventional contents and to add sufficient knowledge to let the AM
actors decide how and why to choose and to combine AM technol-
ogies with the different other steps of manufacturing. At a more
tactical and strategic point of view, AM is also becoming a new way
of manufacturing/re-manufacturing/repairing parts, products and
systems in order to optimize their lifecycle. So, economic and
management issues are also important issues that have to be learned
by the AM actors, in addition, but mostly in comparison, with other
more conventional value-chains. Many challenges, such as mini-
mizing scrap, minimizing inventories, minimizing footprint, and
manufacturing “first time right”, have to be addressed by trainees.

State of the art and current developments

Fortunately, many initiatives, public and private, have been pro-
posed during the last thirty years. At the beginning, training was
quite exclusively based on manufacturing unique or very small
batches of parts. Learning by doing is the best way to learn how to
use a technology and to see the limits of its applications. More than
ten years ago, groups from ASTM and ISO started to elaborate
standards and many publications have shared good practices as well
as different guides. More recently, the European Commission has
proposed several Erasmus+ programs on AM, especially the Sector
Skills for Additive Manufacturing (SAM) project with a goal of
building up a European observatory of competences and employ-
ment in the field of AM. To achieve this goal, the consortium has
proposed a global methodology to accelerate the construction and
the delivery of teaching and training content all over Europe. This
approach is based on a certification of training centers in each
European country in order to create an efficient network in direct
relationship with the most skilled practitioners of the field. Many
other European projects relating to AM have a work package dedi-
cated to education and training. In addition, some partners con-
tribute to several of these projects, which helps in elaborating a
global set of coherent competence units’ contents in the field. Other
countries have proposed initiatives, like USA with US AM Forward.

The vision on future needs and expectations

The main issue to be solved is managing to provide the right
competencies to the market even if many evolutions are expected in
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the different fields detailed in this paper, from design to post-
treatments. Standardization of practices and robustness of technol-
ogies will help in stabilizing core knowledge and good practices that
will be transferable from one machine to another. One challenge is to
have more knowledge shared in open access concerning the best
design practices, the best manufacturing strategy and the best pro-
cess selection, the best combinations of machine parameters, the
best knowledge about material capabilities, etc. Several additional
challenges relate to metal AM in particular. In this field of applica-
tion, main levels of competences will have to be acquired:

e For designers, by ensuring a large spectrum of knowledge in
order to get a systemic vision of manufacturability issues related
to the parts/products while taking also into account the product
usage properties.

e For machine operators, by integrating environmental and safety
issues as well as managing materials life cycle, quality control,
and some first level of maintenance.

e For quality managers, by adopting a global vision in order to fit
the different requirements and to find the best means of control,
qualification, and certification.

e For commercial and marketing actors, by understanding all po-
tential developments and economical best practices. In fact, for
all practitioners in the company, to let them know more about
actual and future limits of AM technologies.

e For R&D people machine learning and data science will become
an indispensable tool for further development at all levels (de-
velopment of processes, hardware/machines, software, machine/
process control, materials, quality assurance, safety, post-pro-
cessing, etc.). Those actors should be educated with those new
technologies.

Summary and future trends

The aim of this paper is to propose a vision on metal additive
manufacturing, based on actual challenges, state of the art and
future trends for each section that corresponds to one brick of the
AM-based value chain, as described in Fig. 1.4. The main originality
of the paper relates to the links that exist between the different
bricks/steps/stages of this value chain (see Fig. 1.4), showing that the
future progress could not be achieved without a real systemic vision,
as demonstrated in the different sections of this paper.

This is why part design is not possible without a detailed
knowledge of the possibilities of the AM technologies. Some of the
main challenges at design stage are the following: minimizing
support structures, minimizing the volume of material, minimizing
the manufacturing time, validating the final properties of the ma-
terial and of the part according to the manufacturing strategies,
validating the manufacturing strategies (AM and finishing ones) as
well as the various inspection strategies (including post-process part
inspection). Based on such considerations, it is then expected to
optimize economic conditions with an accurate costing evaluation.

Work preparation is important because this is the step of the
process that would fix the future characteristics of the manufactured
parts. All parameters have to be chosen accordingly to the ex-
pectations/requirements related to the part and that have been
taken into account when designing the part. The key issue is how to
fix operational parameters according to the final characteristics of
the parts. A real integration between design and work preparation
would be of real benefit. All information concerning real time sen-
sing of the process would have to be connected with the models
used to prepare the design of the part and the manufacturing pro-
cess of a batch of parts. This information would also help in im-
proving the simulation models, which are very complicated to
elaborate, mostly because of the multi-scale and multi-physic issues
that have to be understood and modelled, based on data collected
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and machine learning applications. A global optimization at work
preparation stage could help in improving the efficiency of AM
processes and also more widely, the entire AM-based value chain.

However, what is really expected, especially for metal AM, is that
AM-based value chains become efficient and reliable production
systems, with respect to industrial standards. This goal could be
targeted firstly if individual AM processes fit the industrial re-
quirements in terms of the standard KPIs. Much recent progress has
been reported that focus on increasing the efficiency of manu-
facturing, decreasing the cost, improving the machine control (e.g.,
new beam shaping functions), extending machine quality control
systems, and extending the physical principles of AM technologies.
While AM is advantageous relative to conventional manufacturing
processes in that it does not need any tooling (e.g., complex and
costly tools such as molds or dies, or complex involute-shaped
hobbing cutters or grinding wheels) to manufacture parts, AM of
tools is attracting industrial interest in terms of tooling lead time,
cost, and quality [48]. Many new AM technologies could provide
interesting AM-based value chains coupled to conventional in-
dustrial production facilities requiring, for example, casting or in-
jection molding. In such case, the main benefit is to provide
capabilities to control energy/thermal flow within the tools with
optimized conformal cooling channels and also to facilitate the rapid
production change.

While AM has so far often been used as an isolated manu-
facturing system, more attention should go to the integration of AM
in a manufacturing process chain that combines AM with other
(conventional) manufacturing processes like metal machining,
forming, and heat treatment. The challenge and tendency are to
integrate those processes in a so-called hybrid production machine,
where several processes occur within the same machine. Hybrid AM
should be more than inserting an AM head (e.g., laser cladding unit)
within a milling machine. Substantial research should be devoted to
adapting cutting conditions for machining AM materials. This is even
more stringent when combining AM with forming processes. Hybrid
processing will be most profitable if the various processes being
combined (additive, subtractive, roughing, finishing, surface treat-
ment, texturing, heat treatments, etc.) are based on the same tech-
nology. Laser processing offers unique possibilities to do so as lasers
can be used for additive as well as subtractive manufacturing, for
forming (laser forming), for polishing or texturing, for thermal
treatments (such as annealing and hardening), etc.

However, in the center of these evolutions, there are still the
individual AM machines. One fundamental question is: “is it possible
to get a constant quality of the parts produced with metal AM ma-
chines?”. Reproducibility/repeatability is still an issue and a crucial
one with respect to the great expectations in the field of spare parts
and for production-on-demand. As soon as companies have swit-
ched to and invested in AM-based value chains, this question will
have to be answered in a robust manner. But, as described in this
paper, the variety of metal AM technologies opens several ways of
approaching this problem. Certain technologies are focusing on high
material deposition rate but rather low geometrical and dimensional
quality, mostly for large dimension products. At the same time, other
ones are focusing more on precision with smaller parts. In any case
and independently of the process, closed-loop control is expected to
be introduced across the industry and widely integrated into the
machines.

As investigation of this global system continues, the control of
the material transformation is absolutely crucial. During the devel-
opment of AM, even now, the most important challenge for AM
technologies has been to produce parts with, at the end of the de-
position/transformation process, the same material and similar
properties as compared to materials obtained with conventional
manufacturing technologies, like casting, forging, and machining,
with respect to the technical and, more specially, economical
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performance. There also may be huge potential in materials de-
signed for AM. The important challenge is in demonstrating that the
AM material meets the needs of the application, following whatever
quality/regulatory requirements may exist (not necessarily demon-
strating equivalency). However, the cost of material manufacturing
must be considered in addition to the material life-cycle. Specific
bulk/powder materials/alloys are to be designed for AM (even if in-
situ alloying is used to modify the material/alloy during the AM
process) to take into account the right balance between cost and
performances. Yet the question will be to provide modeling and si-
mulation tools to people in charge of process design and prepara-
tion, coupled with part design. This is a real challenge when
considering the combination of AM and other technologies in a hy-
brid way all along the AM-based value chain, and when considering
the integration of post-process treatments in these modeling and
simulation tools.

In order to provide accurate and representative models, new
knowledge has to be captured by exploring the processes using in-
situ process monitoring in order to achieve a completely integrated
system, from design to final part production. Different solutions for
observation of the physical transformation of the material have been
proposed but have yet to be industrialized and generalized. An in-
teresting challenge is to provide a complete on-line control of the
material transformation in real time, based on specific requirements.
These issues are complicated and are complex multi-physic and
multi-scale problems, addressing different KPIs at the same time.

Off-line metrology and quality control present numerous
challenges. Current XCT and non-destructive testing solutions have
to be adapted to the characteristics of AM parts: detection of
(minimal) internal and external defects, adaptation to the (max-
imum) size of AM parts, appropriate thresholding or edge detection,
specific roughness characteristics of AM parts, etc. Coupling the
physical defects to the process parameters and to the control of
these parameters is of significant importance to enable a real effi-
cient closed-loop control system. Thus, off-line metrology and
quality control techniques (in particular XCT) will help in learning
more in detail about these relationships among defects and process
parameters for a given material and for a given set of requirements.
A common database/information framework to access these re-
lationships between defects and process parameters would allow for
the improvement of the capabilities of the different actors in order
to globally increase the level of skills and good practices of the
companies and also let consumers/end-users be more confident in
AM part performance. This goal is very difficult to achieve because of
industrial competition and because of intellectual property. A roy-
alty system should be unacted in order to compensate those who
share their knowledge. In addition, in a coherent systemic approach,
there is a need for standards related to metrology and quality control
for AM, in particular for XCT measurement and roughness mea-
surement, but also for CMM measurement and material analysis
(e.g., settings for fatigue testing of metallic AM parts). Ultimately,
what is of collective interest is to develop and open up the market
and the applications of AM-based value chains, with qualification
and certification of AM parts, tools and processes. This would need
to take into account all stages of this value chain, in particular
subtractive post-processing of AM parts and finishing machining
operations, where much progress is needed and expected in order to
adapt design and machining conditions, in particular for new and
functionally-graded materials.

One very important issue is confidentiality. Even if switching
from physical logistics to digital logistics, interoperability and cy-
bersecurity have to be assured from start to end. In addition,
blockchain technologies have to be more widely integrated in order
to certify that the right process has been realized and also to avoid
additional illegal reproductions. Progress is expected to improve
interoperability all along the AM-based value chain, because at
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present, many individual systems are not up-to-date, need format
conversions, which may result in a lack or loss of information. With a
global systemic vision of such a value chain, it is exceedingly than
important to provide new solutions in order to promote a global
integrative approach from design to delivery, including all the dif-
ferent stages, even if subcontracted.

Finally, a global control of any AM-based value chain should rely
on a clear definition and application of KPIs that could/should be
traceable. This is expected in order to assess the AM-impact on KPIs
across the product life cycle, and in particular to achieve a real
understanding of sustainability performance. Considering all stages,
including the one related to part usage, many possibilities offered by
AM-based value chains should be exploited in order to really fit
many requirements. These requirements concern all aspects, from
economical ones to environmental ones. Different technical and in-
formation frameworks have been proposed showing the benefit of
AM-based value chains compared to traditional ones. Adopting and
controlling KPIs is one of the key issues of the generalization of
usage of these value chains, including certain potential B2C solutions
and manufacturing centers, exploiting the possibilities of persona-
lization of the products offered by AM. At a global level, AM allows a
real “just need” approach: by taking into account the “just need”
requirements of the future users (design for use), by designing the
“just need” product with lightweight approaches, by controlling the
global process of production by a “just need” production-on-de-
mand, by using the “just need” material and energy, by addressing
“just need” post-processing and control solutions, etc. End of life is
to be considered from the very beginning in terms of recyclability, by
integrating possibilities of disassembly, of remanufacturing, and of
material recycling, with a global vision of circular economy, with
decentralized production centres located close to the place of usage
of the products. Health and safety risks are obviously addressed and
specific KPIs are also considered. In short, the main challenge is to be
able to emphasize the capabilities of AM-based value chains to take
into account and to control specific aspects of the whole life cycle for
a product.

Obviously, all these issues have to be resolved by the different
actors acting along the value chain. There is also a great social
challenge with respect to the adoption of AM as a real production
technology, as a potential way of advancing manufacturing towards
the new paradigm, namely Manufacturing IIl, which, as a manu-
facturing advancement law, will be inevitably developed in the
foreseeable future. These advancements will need new skills for the
21st century workforce. When speaking of employment, training
and education are to be developed with respect to good practices
based on certifications. I[nitiatives at all levels, international, na-
tional, and regional are now in place in order to be ready to provide
new opportunities for employment for experienced people but also
for students who would like to extend their knowledge for positions
within AM-based value chains (in design engineering, materials
engineering, mechanical engineering, software engineering, auto-
mation engineering, manufacturing engineering, maintenance,
quality control, production management, marketing and com-
merce, etc.).
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