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A B S T R A C T   

There has been significant development in metal additive manufacturing (MAM) technology over the past few 
decades, and considerable progress has been made in understanding how various processes and their parameters 
influence the properties of printed metallic parts. Despite this, the knowledge concerning its characteristics has 
been dispersed across a variety of publications and sources, making it difficult to gain a comprehensive un-
derstanding of the entire field, especially for businesses interested in additive manufacturing (AM). In order to 
bridge this gap, periodic reviews encompassing state-of-the-art as the whole are necessary. Therefore, this article 
provides a comprehensive overview of the essential features of MAM techniques based on the most recent sci-
entific knowledge. It explores emerging research on four of the most significant technologies, including material 
extrusion (ME), binder jetting (BJ), powder bed fusion (PBF), and directed energy deposition (DED). As well as 
providing an outline of fundamental process characteristics, ongoing efforts to optimize them and current 
challenges, it also highlights gaps in understanding and future research and development needs. A significant 
feature of this review is the provision of substantial documentation regarding the mechanical properties of 
materials processed by a variety of commercial systems, including a variety of novel hybrid additive 
manufacturing (HAM) machines. This is accompanied by an investigation into the most recent works done to 
characterize the environmental impact along with a conceptual framework for improving the energy efficiency 
(EE) of the manufacturing process. As a result of reporting on both the characteristics of several MAM processes 
along with their sustainability features in one integrated article, it is anticipated that this information will serve 
as a valuable resource for both the academic and manufacturing communities to better appreciate and under-
stand what differentiates MAM from traditional manufacturing (TM) processes, thus facilitating its future 
advancement and adoption.   

1. Introduction 

Manufacturing processes are in the midst of a paradigm shift - one 
that integrates the growing trend of fabricating more sophisticated 
products alongside the emergence of advanced manufacturing technol-
ogies, often referred to as Industry 4.0 (I4.0) or more commonly known 
as the fourth industrial revolution [1]. Underpinning one of the five I4.0 
central research themes is a group of technologies that have emerged 
from a process that was originally known as rapid prototyping (RP), 
developed in the 1980s [2]. As this technology matured over the years 
through significant advances in materials science along with hardware 
and software developments, industry and academia realized that the 
term RP no longer accurately reflected the true capabilities of modern 
technologies. The latest machines could manufacture functional parts 

with material properties comparable to those fabricated traditionally, 
especially for metals [3]. Instead of subtracting or forming material into 
the shape of a product, feedstock in the form of wire or powder could be 
either fused, melted, or bonded layer by layer directly from a three- 
dimensional (3D) computer-aided design (CAD) file and with minimal 
human intervention [4]. Over the course of this period, several terms 
and definitions were introduced that were frequently ambiguous and 
confusing, and it became evident that these would need to be stan-
dardized. Through cooperation between the American Society for 
Testing and Materials (ASTM) and the International Standards Organi-
sation (ISO), 52,900:2017 [5] was developed, establishing additive 
manufacturing (AM) as the official industry name while recognizing 3D 
printing as a commonly used synonym. 

Today, modern AM technologies can be used to manufacture prod-
ucts from various materials, such as metals, polymers, ceramics, and 
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composites [6]. Among them, arguably, metal AM (MAM) has shown the 
most significant impact across various industries. For instance, in the 
medical sector, MAM has been successfully used to print a number of 
surgical titanium implants recently [7]. In the aviation industry, the 300 
parts used to make up the heat exchanger assembly in the GE9X engine 
for the Boeing 777× have been reduced to a single component that is 40 
% lighter and 25 % cheaper [8]. SpaceX also reduced the production 
time for its Super Draco engine as well as the weight of their Raptor 
engine by 40 % [8,9], and NASA will soon replace the main engine for 
the Space Shuttle with MAM parts in order to also reduce production 
time and weight [9]. In the construction industry, MAM was recently 
used to manufacture the world's first printed metal bridge from 308LSi 
austenitic stainless steel (SS), which spans 10.5 m over the Oudezijds 
Achterburgwal canal in De Wallen, Amsterdam [10]. As a result of case 
studies such as these and reports of rapid growth rates [11], the profile 
of additive technologies has increased dramatically, resulting in a 
greater emphasis on their ability to produce reliable and reproducible 
mechanical properties. 

Consequently, various communal limitations have been identified 
regarding different failure modalities, such as low plasticity and reduced 
fatigue performance, among others [12]. Some of these have been 
attributed to microstructural discontinuities arising from defects such as 
high residual stress (RS), surface roughness, lack of fusion (LoF), high 
porosity, shrinkage, and distortion [13]. There is also evidence that the 
mechanisms underlying these defects are associated with the complex 
thermal actions metal parts undergo during printing, such as rapid 
heating, cooling, and solidification, leading to microstructures and 
mechanical properties that differ from those produced traditionally 
[14]. Equally, it has also been recognized that the process parameters 
can significantly influence the prevalence of these defects, some of 
which include layer thickness (LT), build orientation, input power, span 
speed, hatch spacing, infill, and scan strategy, among others [15–20]. It 
is important to note, however, that, unlike established metalworking 
techniques which have produced consistent properties over an extended 
period of time, a similar understanding of the relationship between 
processing, structure, and property for MAM is still underdeveloped, 
which is one of the most pressing research issues in additive technology. 

[21–23]. Despite these specific challenges, certain scenarios exist where 
MAM is well suited for various applications, with clear technical ad-
vantages over TM processes. For instance, the cost of casting or 
machining a product is directly proportional to its complexity [24]. 
Features with sharp internal corners, cavities, or thin walls may require 
more process operations, and different tooling, resulting in increased 
production time. Similarly, complexity increases when tight tolerances 
or good surface finishes are needed. Comparatively, adding material 
layer by layer to create a 3D part means that MAM is not limited by the 
same limitations, which is why it is often described as a process where 
complexity is free. [25]. Nevertheless, some have argued that as 
complexity increases, print times and the quantity of material required 
may also increase [26]. Rather, it has been suggested that complexity is 
preferred would be more appropriate [27]. This means that MAM is most 
beneficial with components that have either complex geometric features 
or internal lattice-type structures, similar to natural materials such as 
the porous interior of a bone. In this way, the part's mass can be 
significantly reduced by only assigning material where it is structurally 
necessary, thereby reducing the amount of material required, reducing 
print times, and improving the EE of the printing process. It is also 
known that certain alloys can be difficult to process with traditional 
methods [28]. For instance, most nickel-based superalloys are notori-
ously difficult to machine as they are liable to resist shear, tension, and 
compressive forces. The high nickel content tends to lead to workpiece 
hardening, which significantly increases the cutting pressure leading to 
deformation and eventual tool wear [29]. MAM is able to print many of 
these hard-to-process materials without expensive tooling, especially for 
intricate parts with internal fluid channels, such as heat exchangers 
[30]. In addition to geometric benefits, MAM has been shown to reduce 
production time by eliminating process steps inherent to TM techniques 
[31]. When working with MAM, powders, wire, and other feedstocks are 
typically purchased off-the-shelf and can be instantly loaded into the 
printer. This is in contrast to the foundry workflow, where raw material 
must be melted, refined, and held before pouring the molten metal. By 
printing components near net shaped (NNS), which refers to parts that 
are geometrically as close to the final design as possible, the need for 
designing, analyzing, and fabricating tooling, jigs, patterns, and molds 

Nomenclature 

3D three-dimensional 
ADAM atomic diffusion additive manufacturing 
AM additive manufacturing 
ANN artificial neural network 
ASTM American society for testing and materials 
BJ binder jetting 
BMD bound metal deposition 
BSL binder saturation level 
CAD computer-aided design 
CAM computer-aided manufacturing 
CNC computer numerically controlled 
DED directed energy deposition 
DfAM design for additive manufacturing 
DM desktop metal 
EBM electron beam melting 
EE energy efficiency 
FDM fused deposition modeling 
FM formative manufacturing 
GE General Electric 
HAM hybrid additive manufacturing 
HAZ heat-affected zone 
HIP hot isostatic pressing 
ISO international standards organisation 

LBM laser beam melting 
LCA life cycle assessment 
LMD laser metal deposition 
LoF lack of fusion 
LT layer thickness 
MAM metal additive manufacturing 
ME material extrusion 
MIM metal injection molding 
mf manufactures standard 
ML machine learning 
mLS metal laser sintering 
NNS near net-shaped 
PBF powder bed fusion 
PM powder metallurgy 
RS residual stress 
SLM selective laser melting 
SLS selective laser sintering 
SM subtractive manufacturing 
SS stainless steel 
STL standard tessellation language 
Sy ultimate tensile strength 
Su yield strength 
TM traditional manufacturing 
TS tool steel 
WAAM wire arc additive manufacturing  
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can also be eliminated, along with the byproducts of CNC machining 
such as metal chips. In most cases, however, printed parts require some 
form of post-processing, such as machining, in order to remove build 
plates and support structures and to improve tolerances [32]. Other 
processes may also be needed, such as thermal debinding and sintering, 
in order to dissolve residual filament and achieve densification. For 
tailoring the mechanical properties of printed parts, it may also be 
necessary to perform post-heat treatments, such as hot isostatic pressing 
(HIP), aging, or annealing [33]. A wide range of materials have been 
developed specifically for MAM. These include aluminum alloys, stain-
less steel, nickel-based superalloys, titanium alloys, cobalt alloys, and 
refractory alloys, among others [22]; and their commercial availability, 
as well as their mechanical properties, are outlined throughout this 
article. Powder-based materials are most commonly used, although wire 
is also used in some cases; both materials are processed by melting or 
sintering, followed by solidification using energy sources such as lasers, 
electron beams, or heated nozzles [8]. In general, MAM processes are 
categorized according to ASTM/ISO 52900:2017 [5] into seven broad 
categories: material extrusion (ME), binder jetting (BJ), powder bed 
fusion (PBF), directed energy deposition (DED), sheet lamination, and 
vat polymerization. Among these seven processes, only four relate to 
metals. 

As one of the most commonly used processes, PBF is increasingly 
being used to manufacture products in industries including aerospace, 
medical, automotive, industrial, tooling, and consumer goods [34]. With 
these technologies, a fine layer of powder is deposited over a build plate, 
and an energy source is used to selectively melt or sinter a cross-section 
of the part into the powder layer. It is possible to further define PBF 
technologies based on their melting mechanism. In the case of laser- 
based machines, they typically fall into either selective laser melting 
(SLM) or selective laser sintering (SLS), whereas those utilizing electron 
beams are referred to as electron beam melting (EBM). As a popular 
process for repairing and adding material to existing parts, DED can be 
used with either wire or powder as the feedstock. [35]. As with PBF, 
lasers are typically used in DED to fuse the material; however, the main 
difference is that both feedstock and the energy source are usually 
located on the same print head. Powder-based DED machines are 
sometimes referred to as laser metal deposition (LMD) machines, while 
wire-based machines are known as electron beam-AM (EBAM) and wire 
arc-AM (WAAM). A variety of technologies also exist for BJ, such as 
nanoparticle jetting (NPJ), single-pass jetting (SPJ), and supersonic 
deposition (SD). BJ creates parts using a print head similar to a 2D 
printer that deposits liquid binder droplets layer by layer. When 
compared with PBF and DED, BJ offers two significant advantages. 
Firstly, multiple heads can be used simultaneously to print at several 
locations, allowing machines to print much faster [36]. Secondly, the 
machine is capable of producing low to medium numbers of identical 
parts, and batch production processes can be managed with the help of a 
large furnace for sintered parts [37]. 

Contrary to most other processes and as one of the most cost-effective 
methods for printing metal parts [38], ME does not involve the use of 
loose powder or wire. The particles of metal powder are instead bound 
together in a polymer filament similar to the feedstock used in metal 
injection molding (MIM). As with fused filament fabrication (FFF), ME 
feedstock is extruded through a heated nozzle onto a build plate to 
construct the part incrementally. Aside from printing, ME requires two 
post-processing steps: first, a debinding stage to dissolve the polymer 
binder, and second, a sintering step. Each of the technologies described 
above has its roots in TM processes, regardless of whether it's powder 
metallurgy, welding, or another type of metalworking technique. In 
spite of the extensive knowledge base that exists for some of these 
conventional processes, it does not reflect the unusual characteristics 
that printed parts exhibit, nor does it address many of the current 
technical challenges for additive methods, despite its advantages and 
recent developments. Based on the decades of research efforts that have 
resulted in a fairly mature knowledge base for these established 

techniques, it would seem that our understanding of printing metals 
could also follow a similar timeline. 

Research efforts have increased significantly to accelerate the 
development of MAM recently. However, most publications are 
dispersed over a variety of journals, reports, and various other sources. 
Because of this and other factors, there is a significant lack of experience 
in the industry. Technologists may have some knowledge of one or more 
of these topics; however, few individuals possess a comprehensive un-
derstanding of all of these subjects. As a result, companies have limited 
access to expertise in order to take advantage of the benefits of MAM. In 
order for MAM to be widely adopted, it will be necessary to overcome 
the limited foundational understanding of additive technologies that 
currently exist within the workforce. In order to fully appreciate the 
advantages and disadvantages of MAM to decision-makers, technical 
experts need to have a thorough understanding of its capabilities and 
limitations. Therefore, a single reference source featuring evidence that 
is both up-to-date and empirical would be useful in supporting academia 
as well as industry in filling this gap. In light of this, periodic reviews of 
current research understandings and needs are essential. While there are 
many excellent and detailed review papers on MAM, which are briefly 
discussed below, it is important to keep in mind that this industry is 
rapidly growing and that new technologies and discoveries are often 
being made. As a result, it is common for review papers that are several 
years old to be outdated. There are also some that focus solely on specific 
themes, such as defects, processing parameters, optimization methods, 
and mechanical properties. In view of these factors, it is often chal-
lenging to evaluate the benefits and limitations of MAM compared with 
traditional methods. Therefore, this review article provides an overview 
of the process characteristics of the most commonly used MAM tech-
nologies today and a summary of their mechanical properties alongside 
reference values for a number of TM methods. An evaluation of the 
current knowledge base of each MAM classification is performed as part 
of this review in order to determine what opportunities exist for future 
research. Thus, the scientific contribution and novelty of the present 
work is an in-depth review of the current state of the technology, the 
gaps in the literature, and the research needs that will benefit the 
expansion and advancement of MAM in the future. In the same vein, the 
present work differs from other review articles as it also provides a 
distinct perspective on the sustainability credentials of MAM when 
compared to TM. This is done by providing extensive evidence of the 
most recent research in this area, including the specific energy con-
sumption (SEC) required to print 1 kg of material for a variety of MAM 
technologies and a framework to improve the EE of printing metallic 
components. Due to its comprehensive examination of both the process 
characteristics and the environmental impact of MAM, the current paper 
offers an in-depth understanding of it from a holistic perspective, which 
is especially valuable for researchers and technologists approaching the 
subject for the first time. 

2. Review structure, objectives, and limitations 

This review draws on a variety of sources, including peer-reviewed 
journal articles and international standards. Furthermore, industrial 
publications from commercial data are used when there is no informa-
tion in the scientific literature (e.g., mechanical data). Although this 
review article cites unsubstantiated data, it recognizes the need for 
further research. As a result, this article provides a concise overview of 
MAM technology. It can serve as a starting point for identifying potential 
research topics to study in the future, especially if comparisons are to be 
made with materials manufactured using TM processes. These materials 
are marked as manufactures (mf) standard. While there are a large 
number of publications on MAM, there are only a few review articles 
that summarize the technologies, challenges, and applications related to 
this field. The purpose of this section is to provide a brief overview of the 
major findings of these previous articles. It also aims to evaluate whether 
any significant changes have been made since publication. A generic 
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MAM workflow is then presented, followed by a more detailed analysis 
of the literature regarding each MAM process. Finally, a segment is 
devoted to sustainability by summarizing the latest research findings. 

Before ASTM/ISO 52900:2017 [5] was developed, Frazier [39] 
evaluated MAM and used the terms powder bed, powder feed, and wire 
feed to distinguish the technologies. An analysis of the microstructural 
properties of several materials was also performed, with Ti-6Al-4 V 
being the focus, followed by a review of the mechanical properties of 
other various materials. It is important to note that at the time of this 
review, materials were limited in availability, especially for commercial 
use. There is a discussion of the challenges associated with MAM's cer-
tification, followed by a consideration of the business case and envi-
ronmental implications of MAM technology. The main findings of this 
review paper were that material anisotropy, the lack of established 
standards for the qualification of parts, the high cost of feedstock, and an 
inadequate understanding of the environmental implications all served 
as fundamental barriers to the adoption of MAM at that time. An in- 
depth review of the processing defects, thermal histories, post- 
processing, microstructure, and mechanical properties related to 
directed DED and PBF was provided by Sames et al. [40], with a 
particular focus on comparing the limitations of these two technologies. 
The review notes that some applications do not require parts to undergo 
post-processing since the as-printed microstructure is sufficient. How-
ever, many applications do require post-processing. As a result, the re-
view highlights the importance of characterizing as-printed 
microstructures in order to develop printing processes that entail little or 
no post-processing in the future. Furthermore, the study discusses future 
research topics based on the limitations of the technology. These include 
faster deposition rates, improved quality control, the reduction of 
human input through more reliable machines, a reduction in hardware 
and feedstock costs, and the development of a broader range of mate-
rials. Laser beam melting (LBM), EBM, and LMD were considered the 
most popular MAM technologies at the time Herzog et al. [33] published 
their review. This article mainly focuses on the relationship between 
process parameters, microstructure evolution, and mechanical proper-
ties. A helpful description concerning feedstock production is also pro-
vided, along with an explanation of how powder production can affect 
certain characteristics, such as particle morphology, particle size, and 
chemical composition. Finally, the microstructure and mechanical 
properties of various metals are considered. The authors acknowledge at 
the time of this review that attempts to fully characterize anisotropy 
would be a significant advancement in the field of MAM. 

Zhang et al. [41] reviewed the latest developments and the process 
characteristics of PBF, DED, BJ, and sheet lamination. Additionally, the 
microstructural and mechanical properties of each process were 
compared and evaluated. Furthermore, data on the properties of various 
commercial systems were collected and compared with those of wrought 
metals. The results of this study indicated that the correlation between 
process parameters and material properties, and microstructure has not 
yet been fully understood. In order to understand the relationship be-
tween structure and property, the authors suggested that a number of 
theoretical models, such as heat and mass transfer, residual stress, and 
distortion evolution, are explored. For improved production efficiency, 
they also propose optimizing the process parameters in the future for 
both the design and the implementation of MAM methods, such as 
efficient heat treatment. As a final step, materials databases, as well as 
technical standards, should be developed in order to avoid repeatability 
issues. 

The mechanical properties of metal parts manufactured by PBF and 
DED have recently been examined by Haghdadi et al. [21]. As part of 
this review, austenitic, maraging, and precipitation hardened (PH) steels 
were discussed in depth, as well as notes regarding the influence of 
various post-processing heat treatments on the microstructure, me-
chanical properties, and corrosion properties of these metals within each 
classification. Moreover, a valuable section discusses some common 
challenges associated with MAM, including residual stresses, anisotropy, 

and porosity. At the time of publication, 17–4 precipitation-hardened 
(PH) SS was the most popular material, and PBF and DED were the 
most common printing machines. Additionally, the researchers noted 
that MAM could enhance pitting corrosion resistance in austenitic steels 
because manganese sulfide inclusions (MnS) cannot form during rapid 
solidification, and some defects may not be remedied by post-processing 
heat treatments. As a result, it may be necessary to develop more 
effective heat treatments. Finally, as a result of the complex thermal 
cycles that printed parts undergo, unique microstructures can be pro-
duced, which differ from those produced by subtractive manufacturing 
(SM) and formative manufacturing (FM) processes. While these findings 
are encouraging, this particular review is primarily focused on material 
characteristics, not providing a comprehensive overview of MAM's 
general challenges and issues. 

The most noteworthy feature of the above reviews is that none 
compares MAM with TM and only Frazier discusses the lack of research 
that has been conducted to evaluate the sustainability of MAM. Several 
studies are cited by Frazier to assess their idea based on energy effi-
ciency (EE) and suggest that it should be compared with TM. Addi-
tionally, no discussion of ME technology is included in any of these 
articles. Nevertheless, it is important to keep in mind that some progress 
has been made since these reviews were published. Because this field is 
undergoing rapid development, a contemporary perspective would be 
helpful. Moreover, the subject of MAM is comprehensive, which limits 
the amount of information that can be conveyed in a single article. The 
present review is organized into eight parts. Section 3 describes a typical 
MAM workflow. Each MAM category and its corresponding technologies 
are described in Section 4. ME is characterized in Section 5, BJ is 
characterized in Section 6, PBF is characterized in Section 7, and DED is 
characterized in Section 8. A summary of current knowledge regarding 
sustainability issues is presented in Section 9. In Section 10, the entire 
subject is recapitulated, and the main challenges for each technology, 
including the matter of sustainability, are summarized individually. 

3. The typical MAM workflow 

Fabricating a metal structure with MAM involves several stages. The 
manufacturing workflow for one product may differ from those for 
another depending on the product being created. Similarly, depending 
on the application, a prototype part may only require printing in order to 
determine its suitability before committing to the production of large 
quantities. On the other hand, parts that are intended to replace high- 
value, structurally significant components may require various post- 
processing treatments and quality inspections prior to their use. In 
general, however, these processes can all be summarized in one flow 
diagram, as illustrated in Fig. 1. These stages are briefly described one by 
one in the following paragraphs. 

3.1. Design 

The origin of all additive parts is a digital representation of the 
physical product. This can be achieved with a 3D CAD model incorpo-
rating all geometric features as well as additional ones, such as internal 
infills and support structures. 

3.2. Conversion 

After the design has been completed, the issue of interoperability 
must be addressed, which refers to the ability of digital technologies to 
exchange and make use of information with each other. For this reason, 
a file must be translated into data that can be understood by the MAM 
machine. This is achieved by converting the 3D CAD file into a standard 
tessellation language (STL) file. 
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3.3. File transfer 

The STL file can then be transferred to the MAM machine or uploa-
ded to a ‘slicer’ software such as Markforged Eiger platform, which 
converts the 3D data into 2D layers or slices, which can be used to 
calculate the tool path or G-Code needed to manufacture the object. 

3.4. Configuration 

Prior to printing, the MAM machine must be properly configured and 
variables set. Settings of this type would include those related to the 
process parameters, such as the orientation of the parts, the thickness of 
the layer, and the inclusion of rafts, among others. The slicing software 
can also be used to adjust and select these parameters. 

3.5. Print 

The printing phase can vary greatly depending on the technology 
employed. Depending on the geometry and size, printing is typically the 
most time-consuming activity taking anywhere from a few hours to 
several days to complete. However, the printing process is the one ac-
tivity that requires very little human intervention apart from intermit-
tent monitoring of the progress. 

3.6. Removal 

Once parts are fabricated, they can be removed from the build 
chamber. Process dependant, parts can also be subjected to a debinding 
stage to dissolve excess material or sintered in a furnace to achieve part 
densification. 

3.7. Machining (optional) 

Depending on the intended application, post-processing machining 
can be carried out to improve tolerances or surface finishes. Build plates 
and any other auxiliary features, such as support structures, can also be 
removed either physically or mechanically with either wire EDM or 
band saws. 

3.8. Heat treatment (optional) 

The complex thermal cycles that metal parts are subjected to can 

often cause a buildup of internal stresses, and heat-treating parts can 
relieve this. Furthermore, different types of heat-treating methods can 
be used to tailor the mechanical properties and reduce porosity. These 
can include HIP, annealing, and aging, among others. 

3.9. Inspection (optional) 

Finished parts can also be subjected to external non-destructive tests 
(NDT) such as fluorescent liquid penetrant (PT), visual (VT), surface 
roughness, and dimensional accuracy. Internal radiography (RT), elec-
tromagnetic (ET), and ultrasonic (UT) to check for defects. 

3.10. Handover (optional) 

After quality assurance, parts are ready to be used and handed over 
to the customer. 

4. MAM classifications and commercial systems 

Table 1 lists the four MAM categories defined by ASTM/ISO 
52900:2017. Table 2 lists the commercial availability of various com-
mercial ME systems along with Table 3 for BJ, Table 4 for PBF, and 
Table 5 for DED. The following sections in this article will consider a 
selection of these machines from each category and report on their 
mechanical properties. These are then compared against values for some 

Inspection

Conversion

 STL file 

conversion.

Examined for 

defects.

File Transfer

STL uploaded to 

slicing software.

Heat Treatment

Tailors 

 properties.

Configuration

Parameter 

optimization.  

Improves surfaces 

and tolerances.

Handover

Design

Parts are now 

finalized.

3D CAD file 

creation.

Removal

Print

Parts printed are 

layer by layer.  

Parts are removed 

from the machine.

Machining

Fig. 1. An example of a typical MAM process workflow.  

Table 1 
MAM processes modes and applications [5].  

Process Abbreviation Mode Typical Applications 

Material 
extrusion 

ME Material is selectively 
dispensed through a 
nozzle or orifice 

Functional metal parts, 
prototyping, 

Binder 
jetting 

BJ A liquid bonding agent 
is selectively deposited 
to join powder 
materials 

Functional metal parts, 
low-rate production 
runs of non-critical 
components 

Directed 
energy 
deposition 

DED Focused thermal energy 
is used to fuse materials 
by melting as they are 
being deposited 

Functional metal parts, 
repairs, adding 
material to existing 
parts 

Powder bed 
fusion 

PBF Thermal energy 
selectively fuses regions 
of a powder bed 

Functional metal parts, 
functional prototyping  
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TM methods. 
\ 

5. ME technology 

The ME market accounted for 10 % of all MAM sales in 2020 [55] 
and, compared to other technologies, is said to be more EE as there is no 
demand for high-energy lasers. It is also easier to operate [56] and 
60–80 % more economical than PBF [44]. First patented in 1988 by S. 
Scott Crump of Stratasy Inc., it was named fused deposition modeling 
(FDM) and was primarily used for layer-wise polymeric and composite 
manufacturing [57]. The patent expiration in 2009 paved the way for 
several manufacturers to develop proprietary technologies founded on 
FDM. Consequently, various systems based upon the initial patent have 
emerged since then. Despite this, only commercially available metal ME 
systems in Table 2 are reviewed in this work. 

5.1. ME process 

ME is characterized by the extrusion of the material to create a 3D 
part. Unlike other MAM processes that utilize loose metal powder, ME 
machines consume a flexible feedstock similar to MIM media composed 
of metallic powders bound in a polymer matrix that functions as the 
binding system giving rise to a safer feedstock [38]. A typical ME ma-
chine represented in Fig. 2 (a) will extrude the bound powder in addition 
to ceramic release material stored on a separate spool in a heated 
chamber. The feedstock is heated to a temperature above the polymer 
binders' melting point via the heated print head (Fig. 2 (b)), extruding 
the softened material onto a heated build plate. The build plate travels 
on the vertical z-axis, extruding material in separate layers equidistant 
to the preceding layer; simultaneously, the print head attached to a 
gantry system moves in the perpendicular (x, y) plane to form the shape 
of the part. 

At the same time, ceramic release material is deposited between the 
part and any overhanging support structures and the build plate, 
allowing ease of separation after printing. Extruding material layer upon 
layer tends to give rise to anisotropy that can be caused by the intro-
duction of voids (Fig. 3 (a)) or ‘air gaps’ between each deposit that can 
compromise the adhesion between each layer [15,58]. Consequently, 
the strength of the bond and, to a greater extent, the metal part is the 
weakest perpendicular to the plane of material deposition [59]. ME also 
produces parts with mediocre surface finishes due to the nozzle's circular 
profile, where the bound powder is compressed and deformed into a 
quasi-elliptical shape against the previous layer, illustrated in Fig. 3 (b). 
Thus, ME parts inherently include undulating side profiles and notches 
between layers which cause undesirable stress concentrations. Hence, 
post-processing machining is advised. 

Next, the as printed or ‘green’ part is debound through a ‘washing’ 
process. The fragile and lightly bound workpiece represented in Fig. 4 
(a) is placed inside a heated debinding machine, initially dissolving a 
proportion of the binder system's core component in a solvent illustrated 
in Fig. 4 (b). The binder systems can influence the production process 
and quality of the finished component and has a typical constitution of 
three parts: polymers, waxes, and additives and can be further defined as 
the core, the backbone, and the additive [38]. The core component ac-
counts for 50–90 % of volume, where materials used are those with low 
viscosity, are dissolvable, and can undergo catalytic degradation (e.g., 
elastomers, waxes, and amorphous polyolefin), which are easily 
removed in the initial debinding stage. The backbone component ac-
counts for 0–50 % of the volume, where materials used tend to be 
resistant to debinding solvents, which helps retain the strength of the 
debound part before sintering, such as polyolefins. The final additive can 
account for 0–10 % volume of the binder system. It can be composed of 
plasticizers, tackifiers, and compatibilizers, among others, that can help 
to increase the adhesion of each successive layer or add flexibility to the 
otherwise rigid filament to store in a spool [38,60]. The core component 

Table 2 
Commercial ME machines.  

Process Technology Manufacturer/ 
Machine 

Build 
volume, 
mm 

Country Ref. 

ME Atomic diffusion 
additive 
manufacturing 
(ADAM) 

MarkForged 
Metal X 

300 ×
220 ×
180 

US [42,43] 

Automated 
multi-material 
deposition 
(AMD) 

TRIDITIVE 
AMCELL 

Ø220 ×
330 

ES [43] 

Bound metal 
deposition 
(BMD) 

Desktop Metal 
(DM) Studio 
System 

289 ×
189 ×
195 

US [43,44] 

Pellet additive 
manufacturing 
(PAM) 

Pollen AM PAM 
Series M 

Ø300 ×
300 

FR [43]  

Table 3 
Commercial BJ machines.  

Process Technology Manufacturer/ 
Machine 

Build 
volume, 
mm 

Country Ref. 

BJ BJ ExOne X1 800 × 500 
× 400 

DE [37] 

BJ ExOne 
Innovent+

160 × 65 ×
65 

DE [45] 

BJ DM Shop System 350 × 220 
× 50–200 

US [46] 

Single pass 
jetting (SPJ) 

DM Production 
System 

490 × 380 
× 260 

US [47] 

Supersonic 
deposition (SD) 

SPEED3D 
LightSPEE3D 

300 × 300 
× 300 

AT [48]  

Table 4 
Commercial PBF machines.  

Process Technology Manufacturer/ 
Machine 

Build 
volume, 
mm 

Country Ref. 

PBF DMLM GE Additive M2 
Series 5 

250 × 250 
× 350 

US [49] 

DMLS EOS M 100 Ø100 × 95 DE [50,51] 
DMLS EOS M290 250 × 250 

× 325 
DE [50,51] 

SLM Coherent Creator Ø100 ×
1000 

DE [51] 

SLM RenAM 500 250 × 250 
× 350 

UK [51]  

Table 5 
Commercial DED machines.  

Process Technology Manufacturer/ 
Machine 

Build 
volume, 
mm 

Country Ref. 

DED LMD Meltio M450 150 × 170 
× 425 

DE [52]  

DED DMD 500D 1219 ×
1219 ×
600 

US [53]  

Laser- 
engineered net 
shaping (LENS) 

Optomec CS 
1500 

900 ×
1500 ×
900 

US [54]  

DED DMG Mori 
Lasertech 65 DED 

735 × 650 
× 560 

UK [54]  
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is eventually dissolved, leaving only the backbone in place, and is 
referred to as being in its ‘brown’ state, retaining much of the backbone; 
nonetheless, it is still highly porous (Fig. 4 (c)). The part is then placed 
inside a furnace and is gradually heated from an ambient temperature to 
70–90 % of the metal's melting point [38], thermally decomposing the 
residual support component of the binder system shown in Fig. 4 (d). As 
temperatures rise inside the furnace, solid bonds or necks form between 
the metal powder particles, reducing the surface energy of the part [61]. 
As temperatures reach the metal's melting point, atomic diffusion of 

metal particles occurs, leading to the formation of solid bonds, reducing 
porosity, and transforming a lightly bound metal powder into a 96–99.8 
% theoretically dense metal part [44,62,63] (Fig. 4 (e)). This densifi-
cation results in shrinkage of the part by 12–20 %, which the systems 
software accounts for during the file transfer stage. 

5.2. Material characterization of ME 

Despite modest commercial availability of materials for ME 

Fig. 2. (a) Schematic of a ME machine (b) Schematic of a typical ME print head mechanism.  

Fig. 3. (a) Schematic of voids between extruded deposits (b) Schematic of radius and notches in extrude material layers.  

Core component Backbone Metal particles Ceramic particles

(a)

Green part

(b)

Debinding

(c)

Brown part

(d)

Early sintering

(e)

Sintered part

Fig. 4. Schematic of feedstock morphology - adapted from [38] (a) as printed, (b) debinding - thermal decomposition of the core binder component, (c) brown part – 
following the debinding process, (d) early-stage sintering – thermal decomposition of the residual backbone (e) sintered – thermal densification of metal powder 
particles. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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(Table 6), it is reported that other materials, such as titanium alloys and 
aluminum alloys, are in development [62]. Data for commercially 
available materials are shown in Tables 7, 8, and 9. Results are 
compared for both the Metal X (ADAM) and DM Studio System (BMD) 
for 17–4 PH SS, H13 tools steel (TS), and copper, where wrought and 
MIM material equivalents are included for comparison. Typical material 
properties appear promising, with the Metal X and Studio System usu-
ally outperforming MIM in the as-sintered state except for BMD copper 
elongation. 

5.3. Process characteristics of ME 

A broad body of knowledge exists for mature extrusion-based pro-
cesses such as FDM and FFF, and a comprehensive explanation can be 
found in [38,69]. Conversely, only a limited amount of research has 
been conducted to characterize modern ME processes. Since newer 
technology is based on these mature extrusion techniques, it is helpful to 
discuss previous reports to understand the similarities. One of the most 
common causes of defects in mature extrusion-based processes is 
anisotropy [17]. This is said to be caused by the linear formation of 
intra-filament pores at the interface between solidified layers caused by 
the spherical profile of the extrusion nozzle [15,58]. These pores pro-
duce localized stress concentrations that compromise the strength of 
bonds and can result in structures prone to premature failure in the 
plane parallel to the direction of a load and that build orientation, and 
LT can significantly influence their manifestation [59]. For example, 
studies have shown that FFF tensile samples printed perpendicular to the 
loading direction (flat and on-edge) demonstrate the highest strength, 
whereas samples printed parallel to the loading direction (vertical) 
exhibit the lowest strength [16]. Other studies have also confirmed that 
flat and on-edge samples outperform vertically printed samples and 
have a higher relative density [20,70–72]. It has also been shown that 
minimal LT can similarly improve tensile in addition to reducing pore 
size, thereby improving overall density [16]. However, other studies 
have reported the opposite effect [73]. For instance, increasing the LT 
has improved the tensile strength of some parts. It is believed this could 
be the result of reducing the number of filament strands and, therefore, 
interfaces between bonds, which, in turn, could result in fewer intra- 
filament pores. However, another similar study revealed conflicting 
findings when the density of printed parts was found to be negligible 
after altering the LT [74]. In terms of work done for modern ME tech-
nologies, it has been shown that BMD parts can exhibit similar me-
chanical properties to MIM by orienting parts flat and with rafts [44]. 

For example, sintered samples were shown to have a tensile strength of 
776 MPa in one study, which is in the range for MIM, at 775 to 950 MPa. 
However, stiffness in these parts can be reduced by as much as 7 %, 
although it is believed that this can be negated by improving surface 
finishes through machining. However, this has not been demonstrated. 
Thus, it would be helpful if future work was carried out to determine the 
influence of post-processing on BMD parts. There has also been a recent 
attempt to manufacture a Sterling engine from 17 to 4 PH SS to un-
derstand the challenges associated with designing and manufacturing 
metal parts using BMD [75]. One of the main issues was the significant 
deviations observed up to 0.50 mm in some areas with high aspect ratios 
compared with the original 3D CAD model. Though, it might be possible 
to compensate for this by adjusting the thicknesses of features during the 
design stage. Nevertheless, this example shows that care should be taken 
when designing products where critical elements have high aspect ratios 
or are relatively thin. Like BMD, only a narrow scope of literature exists 
for the ADAM process. Among some of the work done, it has recently 
been shown that the density of sintered parts with solid infill was 
comparatively low (90 %) [42]. It is interesting to note that these ob-
servations conflict with data that has been published by the Markforged 
and others who claim that 99.7 % is achievable [62]. The LT for the 
ADAM process can also influence the microstructural characteristics of 
printed parts [56]. An analysis of samples printed in various orientations 
shows that parts exhibit increased strength along planes parallel to the 
extrusion direction and weakest orthogonal to the extrusion direction 
[20]. Overall, research has shown similarities in the characteristics of 
parts printed with modern and mature ME processes. Although it has 
been comprehensively demonstrated that vertically printed parts exhibit 
weaker tensile properties compared to other orientations, there is 
insufficient evidence that establishes similar relationships between 
printing metallic parts, either flat or on-edge, particularly for the ADAM 
process. Furthermore, the effect of LT has not been adequately investi-
gated, and studies contradict one another regarding its impact on me-
chanical properties. In order to achieve high-quality metal parts by ME, 
it is crucial to understand and report on these influential variables. 
Consequently, further studies must be conducted to characterize the 
microstructure and mechanical properties of metal components manu-
factured in this manner. To better appreciate the differences between 
various manufacturing techniques, these properties should also be 
compared with parts manufactured using TM processes such as casting, 
turning, and milling, for example. It is also noteworthy that several of 
these studies highlight the disparity between manufacturers' data; 
therefore, this is another area worthy of investigation. A summary of the 
advantages and disadvantages of ME is described in Table 10. 

6. BJ technology 

Metal BJ can trace its origins back to 1993 when the technology was 
developed by MIT's Sachs et al. [57] and later patented as ‘three- 
dimensional printing’ (3DP), a universally accepted term for most AM 
technologies. The ExOne Company attained sole licensing of MIT's pat-
ent in 1996, yet it was revised in 2004, allowing Z Corporation exclu-
sivity to its use. Since then, and with the patent's expiration, many 
companies have developed various metal BJ technologies, with several 
of these presented in Table 4. Unlike other MAM machines that consume 

Table 6 
Commercial material availability for ME [43].  

Metal categories Alloy ADAM BMD 

Stainless steel 17–4 PH SS × ×

316 L SS .. ×

Tool steel H13 × ×

A2 × .. 
D2 × .. 
4140 .. ×

Nickel alloy IN625 × .. 
Copper Copper × ×

Table 7 
Comparison of reported mechanical properties of 17–4 PH SS for ME.  

Alloy Process Reported by Machine Orientation Condition UTS, MPa YS, MPa El, % Ref. 

17–4 PH SS Wrought CES Granta … … H900 Heat-treated 1379 1233.5 15 [64] 
Cast CES Granta … … H900 Heat-treated 1306.5 1161 4.35 [64] 
MIM Watson et al. … … As sintered 775–950 675–775 5–7 [44] 
ME (mf) Markforged Metal X (ADAM) Horizontal As sintered 1050 800 5 [20] 
ME Henry et al. ADAM All As sintered 776–999 580–765 0.76–3.2 [20] 
ME (mf) DM Studio System (BMD) Horizontal As sintered 1042 660 8.5 [44]  
ME Watson et al. BMD All As sintered 776 604 6.7 [44]  
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comparatively large amounts of energy, BJ machines (Fig. 5) require 
significantly fewer resources as no lasers, or electron beams are needed. 
Although many variations of the original design have emerged since 
1993, ExOne and DM machines are reviewed, and mechanical properties 
are compared. There have been several comprehensive reviews on the 
BJ process [41,76]; however, the following section provides a brief 
overview. 

6.1. BJ process 

Like printing ink onto paper, BJ performs similarly. Rather than 
printing in two dimensions (x, y), the process exploits the third 

dimension (z) to create a solid part when metallic powder particles 
adhere to one another via a liquid binder. Printing typically occurs at 
ambient temperature [77], which helps to eliminate thermally induced 
defects such as undesirable grain growth and distortion inherent with 
other heat source-reliant MAM processes [78]. In addition, the sur-
rounding metal powder functions as a temporary surrogate support 
structure. Thus, minimal waste is produced as no support structures are 
needed [76]. At the outset, a fine layer of loose metallic powder fed from 
a powder hopper is deposited onto a build platform via a re-coater, 
resulting in a typical LT of 50–200 μm. Then, via the inkjet printhead 
illustrated in Fig. 5 (b), moving in the x- and y-direction, droplets of 
liquid binder are selectively deposited onto the existing powder shown 
in Fig. 6 (a). The effect of capillary pressure, and to a lesser extent, 
gravitational forces, coerce each droplet of binder to infiltrate and flow 
into the voids between the metal powder particles (Fig. 6 (c)) to achieve 
a uniform distribution (Fig. 6 (d)) [79]. 

This binder distribution versus powder, known as the binder satu-
ration level (BSL), determines the green parts' mechanical strength, 
surface finish, and tolerance [80], where the BSL parameter is depen-
dent on the capacity of the inkjet print head [81]. A heated or ultraviolet 
lamp then passes over the initial layer to dry and cure the binder; this 
sequence is represented in Fig. 6. Following the binding and curing of 
the initial layer, the build plate moves in the negative y-direction 
equidistant to the first layer, where the re-coater applies the next layer of 
loose metal powder, and the additional binder is deposited. Replication 
of this process follows until the part is finalized. Although bound, the 
part is fragile, surrounded by excess metal powder, and has a relative 
composition of 25–50 % binder and air. As a result of the fragility of the 
part, the part must be first cured generally by placing the build platform 
inside a furnace at variable periods and temperatures depending on 

Table 8 
Comparison of reported mechanical properties of H13 tool steel for ME.  

Alloy Process Reported by Machine Orientation Condition UTS, MPa YS, MPa El, % Ref. 

H13 Wrought ASM … … Heat-treated  1580  1360  14 [65] 
Hot work CES Granta … … Annealed  1990  1650  9 [64] 
ME (mf) Markforged ADAM Horizontal As sintered  1420  800  5 [65] 
ME (mf) Markforged ADAM Horizontal Heat-treated  1500  1250  5 [65] 
ME (mf) DM BMD Horizontal As sintered  1325  650  2.3 [66] 
ME (mf) DM BMD Horizontal Heat-treated  1720  1250  5.8 [66]  

Table 9 
Comparison of reported mechanical properties of copper for ME.  

Alloy Process Reported by Machine Orientation Condition UTS, MPa YS, MPa El, % Ref. 

Copper Cast CES Granta … … H.C. copper  152.5  34  23 [64] 
MIM MPIF Standard 35 … … Heat-treated  207  69  30 [67] 
ME (mf) Markforged ADAM Horizontal As sintered  193  26  45 [67] 
ME (mf) DM BMD Horizontal As sintered  195  45  37 [68]  

Table 10 
Summary of the advantages and disadvantages of ME.  

Advantages Ref. Disadvantages Ref. 

Relatively safer 
feedstock. 

[38] High porosity. [42] 

Relatively 
economical. 

[44] Poor surface finishes because of the 
stair-stepping effect. 

[15,38,58] 

Easy to use. [38] Typically requires a debinding stage 
to remove polymer binder. 

[38] 

Relatively high 
geometrical 
accuracy. 

[56] Anisotropy typical due to voids 
between layers. 

[15,38,58]   

Strength is reduced in the plane 
perpendicular to the extrusion 
direction (z-direction). 

[59]   

Requires support structures for 
overhanging and unsupported 
features. 

[38]  

Fig. 5. (a) Schematic of a typical BJ machine (b) BJ print head.  
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section thickness, height, excess powder volume, and binding type; 
though, 6–10 h at a temperature of 200–260 ◦C is typical. Once cured, 
the part is extracted from the powder, cleaned, and the excess metal 
powder is recycled. To improve the mechanical properties of the green 
metal part, a secondary process is usually undertaken in the form of 
sintering. Sintering of the green part is performed to reduce porosity, 
densify, and improve mechanical properties [82]. 

Sintering is performed in two thermal cycles, usually in an inert at-
mosphere inside a furnace. First, a de-binding phase is performed where 
the binder evaporates at temperatures between 175 and 450 ◦C [77]. 
The brown part is then subjected to the final cycle, where densification 
of the porous part occurs at elevated temperatures. The atomic motion 
during this thermal cycle reduces surface area and surface energy during 
the increase in temperature from ambient to approximately 80 % of the 
melting point of the metal [36]. Fig. 7 represents the four stages of 
sintering. Initially, the density of the part is around 60 % of the theo-
retical [83], and at lower temperatures, densification is negligible with 
slight atomic movement and zero shrinkage, as shown in Fig. 7 (i). 
During the early stage inside the furnace, and as the temperature in-
creases, weak forces pull the particles together by grain boundary and 
volumetric diffusion [84], fostering mass movement and surface neck 
growth, leading to 2–3 % densification shown in Fig. 7 (ii) [77]. Then, at 
the intermediate stage, as furnace temperatures increase, growing necks 
amalgamate with pores between particles metamorphosing and 
shrinking into tubular pores conceding to 92–93 % densification of the 
theoretical shown in Fig. 7 (iii) [77]. Finally, as the maximum temper-
ature within the furnace is reached, tubular pores are reduced as grain 
growth accelerates, leading to pore isolation at the grain boundaries in 
Fig. 7 (iv). To achieve this level of densification, sintering in a vacuum is 
required. Generally, the final sintering volume is less than the original; 
however, the part's mass remains constant. 

When necking begins in the early sintering stage, shrinkages of 1.5–3 
% of the green part are typical [77,85]. Several factors, particularly wall 
thickness, govern shrinkage, and the expectant reduction of smaller 
components with uniform wall thickness tends to be relatively assured 
compared to larger components with variable wall thickness. Thus, 

calculating, regulating, and counteracting shrinkage during the final BJ 
sintering cycle is a significant limitation compared to other MAM 
technologies. Although application-dependent, parts can be polished or 
machined to improve surface finishes. One of the main advantages of 
binder jetting is its final surface roughness of around Ra 6 μm after post- 
processing, and tumble polishing can result in finishes of Ra 1.25 μm 
[36]. 

6.2. Material characterization of BJ 

ExOne manufactures several BJ machines capable of processing 
various metals. Another is DM, with their Shop System and Production 
System. Table 11 presents availability from both companies. Table 12 
shows the materials currently in development by ExOne and DM, and 
Tables 13 and 14 compare the mechanical properties for 17–4 PH SS and 
316 L SS for the machines. 

6.3. Process characteristics of BJ 

BJ research is still relatively limited compared to other MAM tech-
nologies; however, a significant increase in activity has been underway 
over the last decade [81]. Most works focused on increasing the diversity 
of materials that could be printed in addition to microstructural analyses 
and various ways to achieve part densification. On the other hand, it has 
been suggested that insufficient research has been done on 

(a) Binder droplet (b) Binder impact (c) Binder infiltration (d) Binder distribution

Fig. 6. Schematic of binder droplet morphology.  

(a) (b)

Pore formation

Binder

Metal particle Resin bridge

Formed pore (i) (ii) (iv)(iii)

Fig. 7. (a) Schematic of powder particle binding mechanism (b) Four stages of sintering particle densification (i) ambient temperature (ii) Neck growth – initial 
bonding (iii) Pore rounding – necks merge to form tubular pores (iv) Pore closure – grain growth with closed pores. 

Table 11 
BJ Commercial material availability [86,87].  

Metal 
categories 

Alloy ExOne DM shop 
system 

DM production 
system 

Stainless steel 17–4 PH 
SS 

× × ×

316 L SS × .. ×

304 L SS × .. .. 
Tool steel M2 × .. .. 
Nickel alloy IN718 × .. ..  
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characterizing the mechanical properties of printed parts [36]. This 
observation is also acknowledged in the present review, given the lack of 
literature regarding the mechanical properties of modern BJ machines. 
As there was only one study documented above for 17–4 PH SS, this is 
particularly relevant. Similarly, predicting and controlling the accuracy 
of the part during printing and sintering because of shrinkage and its 
influencing mechanisms are still not well understood [97] despite the 
considerable effort that has already gone into understanding the char-
acteristics of part shrinkage. For instance, the tolerances of some parts 
can be dictated by how well shrinkage can be controlled, and sintering 
temperatures may be one of the most influential factors that dictate the 
degree of shrinkage as opposed to the sintering time or rate [81]. 
However, sintering time has been shown to influence the density of the 
green part and has resulted in shrinkages of up to 25 %. Nevertheless, 
several studies have shown that shrinkage is often very similar hori-
zontally yet higher linearly, partly due to the effect of gravity and partly 
due to the porosity amid the layers [98]. The weight of each successive 
layer has been thought to contribute to linear shrinkage, and that 
distortion during the sintering phase causes differential shrinkage rates 
due to thermal gradients [36]. It has been suggested that parts can be 
covered in non-reactive powder, such as alumina, to negate these effects. 
Another method relates to using reactive binders and nanoparticles. It 
may also be possible to print parts with consistent shrinkage levels by 

controlling the porosity by adding fugitive powders (e.g., nylon) [99]. In 
a similar context, the effects of shrinkage-related distortion have been 
investigated for parts with complex geometries. For example, it was 
recently shown that as sintering temperatures are increased, parts can 
distort by up to 1.0 deg. [99]. On the other hand, other studies have 
shown opposite effects. A framework for removable dentures was prin-
ted by BJ, demonstrating that complex metal structures like this could be 
printed with minimal deviation from the original CAD model (± 0.5 
mm) with consistent shrinkage. These pre-trials uncovered the amount 
of scaling required to counteract shrinkage, which was 17 % in the x- 
and y-direction and 19 % in the z-direction. Studies like this demonstrate 
that although many modern BJ machines can scale parts up to 
compensate for uniform shrinkage, the nature of shrinkage in some 
sintered parts is typically non-uniform and one of the most reliable so-
lutions to negate dimensional deviation is to predict the effects of non- 
uniform linear shrinkage during the design phase. However, much 
effort is required to forecast this reliably and may depend on the users' 
experience. Alternatively, an artificial neural network (ANN) based 
geometric compensation algorithm recently developed exhibited 
considerable improvements in part accuracy, helping to counteract 
shrinkage and deformation in DMLS parts [100]. Accordingly, it would 
be reasonable to suggest that future research and development based on 
this development would be beneficial to BJ technologies. A summary of 
the characteristics of shrinkage is given in Table 15. Various other 
process parameters can also adversely affect quality, such as the BSL, 
which negatively impacts the homogeneity, mechanical properties, and 
density of the final part [98]. The formation of the liquid binder droplets 
inside the inkjet print head is characterized by surface tension and vis-
cosity, with the size of droplets defining the accuracy of the part while 
BSL determines the overall performance. 

For instance, condensed saturation inhibits the proper bonding of the 
powder particles with the binding agent, reducing the mechanical 
properties. Conversely, highly concentrated BSL can cause excessive 
powder accumulation, resulting in geometric deviations; however, 
quantifying the appropriate BSL can be challenging [102]. Some recent 
studies comparing experimental and theoretical work have shown that 
capillary pressure primarily influences the BSL, yet measuring the 
interaction can be problematic [81]. Recent work has demonstrated the 
exceptional accuracy and mechanical properties obtained for 316 L SS 
green parts using novel phenolic binders and low BSL levels (30.2 %) 
with an LT of 100 μm [103]. However, these novel techniques can also 

Table 12 
BJ Research and development materials [86,87].  

Metal 
categories 

Alloy ExOne DM shop 
system 

DM production 
system 

Stainless steel 420 SS × .. ×

Tool steel S7 .. .. ×

M2 × .. .. 
H11 × .. .. 
H13 × .. ×

Low alloy steel 4140 × .. ×

4605 × .. .. 
Nickel alloy IN625 × .. ×

IN718 × .. .. 
Aluminum 6061 × .. .. 
Native metals Gold .. .. ×

Silver .. .. ×

Copper × .. .. 
Copper alloy Bronze .. .. .. 
Titanium Titanium × .. ..  

Table 13 
Comparison of mechanical properties of 17–4 PH SS for BJ.  

Alloy Process Reported by Machine Orientation Condition UTS, MPa YS, MPa El, % Ref. 

17–4 PH SS Wrought CES Granta … … H900 Heat-treated 1379 1233.5 15 [64] 
Cast CES Granta … … H900 Heat-treated 1306.5 1161 4.35 [64] 
MIM Watson et al. … … As sintered 775–950 675–775 5–7 [44] 
BJ (mf) ExOne ExOne Horizontal H900 Heat-treated 1070–1030 970–1030 4–12 [88]  
BJ Huber et al. ExOne Innovent+ Horizontal As sintered (1300 ◦C) 1050 … 4.1 [89]  
BJ (mf) DM Shop system Horizontal As sintered 912 660 5.9 [90]  
BJ (mf) DM Shop system Horizontal H900 Heat-treated 1205 981 11.9 [90]  
BJ (mf) DM Production system Horizontal As sintered 900 655 10.9 [91]  
BJ (mf) DM Production system Horizontal H900 Heat-treated 1315 1130 8.4 [91]  

Table 14 
Comparison of mechanical properties of 316 L SS for BJ.  

Alloy Process Reported by Machine Orientation Condition UTS, MPa YS, MPa El, % Ref. 

316 L SS Wrought CES Granta … … Annealed 522.5 240 40 [64] 
Cast CES Granta … … Water quenched 552 262 55 [64] 
MIM Hamidi et al. … … As sintered 410 200 21.8 [92] 
BJ (mf) ExOne ExOne Horizontal H900 Heat-treated 450–580 140–220 40–55 [93]  
BJ Lecis et al. ExOne Innovent+ Horizontal As sintered 534–540 174–176 49–55 [94]  
BJ Nastac et al. ExOne Innovent Horizontal As sintered 517 214 43 [95]  
BJ (mf) Production system Horizontal As sintered 510 155 75.3 [96]  
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produce unique and undesirable results, whereby the surface roughness 
can increase, and strength can be reduced as the LT increases. Me-
chanical properties comparable to casting have been obtained for 316 L 
SS by customizing the BSL in the range of 55–70 % and LT to 50–100 μm. 
As BSL levels are increased, parts exhibit elevated inhomogeneous 
properties that intensify as the LT is also increased [94]. 

Although BJ typically produces isotropic parts that are difficult to 
achieve with other MAM technologies [36], a comprehensive analysis of 
all process-structure-property relationships is still necessary to produce 
reliable parts. Dedicated articles dealing with powder characteristics 
also mention other important parameters, including particle size dis-
tribution and morphology [81]. Nonetheless, one of the most notable 
challenges for metal binder jetting is the incidence of shrinkage in terms 
of achieving highly dense metal parts [98]. Compared with other MAM 
technologies, BJ is highly scalable, it can process multiple materials, and 
the initial investment is relatively low [101]. If part quality can be 
reliably controlled, BJ can become a highly integrative manufacturing 
process in many industries, particularly healthcare and tooling [98]. A 
summary of the advantages and disadvantages of BJ is presented in 
Table 16. 

7. PBF technology 

PBF involves the melting or sintering metal particles together using a 
thermal heat source. Many variations of PBF exist, and all boast corre-
sponding traits. These include a build chamber with an inert atmosphere 
to reduce oxidation of the molten metal, a thermal source for fusing 
metal powder particles, a mechanism to control the fusion, and a 
method of depositing and smoothing each layer of metal powder. The 
distinguishing feature of PBF systems is the energy source used, usually a 
laser or electron beam. Technologies that utilize electron beams are 
described as EBM processes. Lasers are the most conventional energy 
source and are typically differentiated by the metal powder particle 
fusing mechanism, either by laser sintering or laser melting, and are 
known as SLS and SLM. Depending on whether the laser sinters or melts, 
the powder particles will ultimately determine the degree of 

densification of the metal part. For instance, in SLM technologies, the 
powder is entirely melted into a liquid and then solidified repeatedly 
and rapidly, promoting homogenous and fully dense parts [104]. In SLS 
technologies, the powder is not melted but sintered to achieve sufficient 
surface diffusion of the particles, producing a low-density green part 
typically with inherent porosity and anisotropic mechanical properties. 

7.1. PBF process 

The PBF process illustrated in Fig. 8 shows the inside of an inert 
(nitrogen or argon gas) build chamber where thin layers of metal pow-
der in the range of 20–200 μm [33] are spread across a powder bed and 
distributed evenly via a powder spreader, also known as a re-coater. If 
the re-coater is not adjusted correctly, deformation of the layers, known 
as ‘re-coater bump,’ can arise, which must be accounted for during the 
design phase. After the first layer has been deposited and spread, a high- 
powered beam is used to melt or sinter the powder particles according to 
a toolpath based on a 3D CAD model. Simultaneously, support structures 
are built from the same material to mitigate any likely distortion 
induced by high temperatures during the melting or sintering phase. 
Following the scanning of the initial layer, the powder bed moves in the 
negative z-direction equidistant to that of the previous layer, where the 
powder store and re-coater distribute a subsequent layer of loose pow-
der. This sequence is then repeated until the part is finished. After 
completion, gradual equilibrium to ambient temperature is observed to 
avoid thermal shock and allow safe handling. After the part has become 
stable, it is removed from the powder bed, where the excess loose 
powder is manually removed and recycled. Because PBF technologies 
employ distinct particle fusion mechanisms to produce metal parts in the 
form of melting or sintering; the characteristics of the finished part 
depend heavily on the cyclic mechanisms involved in the super-rapid 
melting and solidification of the metal powder with operating temper-
atures of up to 3000 ◦C along with higher gradients of ~105–107 ◦C/m in 
the molten pool and heat-affected zone (HAZ) together with cooling 
rates of between 104 and 106 ◦C/s for melting processes [105,106]. 

In contrast, sintering temperatures are governed by the metal spec-
ification, typically below the melting point with cooling rates in the 
range of 105–106 ◦C/s [107]. For melting, high powdered lasers between 
200 and 500 W are employed, and the precision is dependent on the 
beam's diameter, also known as spot size, in the range of 20–500 μm, 
depending on the machine specifications [51]. Similarly, the LT, typi-
cally in the same range as the spot size but relative to the largest powder 
particle size in the region of 10–60 μm, also defines the tolerance and 
accuracy of the part [108]. For example, the dynamics of PBF processes, 
such as the rapid cooling rates that the metal undergoes, call for specific 
and sophisticated powder morphology characteristics produced through 
gas or plasma atomization processes which can be relatively expensive. 
The need for such superior powders for PBF systems is a fundamental 
issue for the compatibility of commercial metals for these machines. 
Fine metallic powders used in PBF systems must be treated and stored 
with care because powder quality can deteriorate due to their suscep-
tibility to absorb various elements in the atmosphere, where contami-
nation can detrimentally influence the final part characteristics. In 
addition, reprocessing powder and whether it is suitable to reuse is also 
an important consideration. For instance, powders have been observed 
to degrade significantly over time. In one study, it was shown that over 
the course of 30 months of reusing AlSi10Mg powder, significant aging 
of particles with the potential for detrimental influences on the me-
chanical properties of parts manufactured with recycled powder [109]. 
Recycled powder can also affect the mechanical properties of some 
materials due to changes in proportions and damage to the powder 
particles [110]. Further, the handling and exposure of fine powders, 
particularly during powder removal, have been identified as health and 
safety risks; therefore, decision-makers should consider and budget for 
these when deciding what MAM technology to implement. 

Table 15 
Summary of the characteristics of shrinkage for BJ.  

Defect Cause Effect Mitigation Ref. 

Shrinkage Distortion 
during 
sintering 
due to 
thermal 
gradients, 
the weight 
of the 
successive 
layers (e.g., 
gravity), 
and 
porosity. 

Poor 
dimensional 
accuracy. 

The use of 
nanoparticles, 
non-reactive 
and fugitive 
binders, 
compensate for 
shrinkage 
during the 
design phase, 
ANN. 

[36,81,100,101]  

Table 16 
Summary of the advantages and disadvantages of BJ.  

Advantages Ref. Disadvantages Ref. 

Low capital cost. [98] Porosity. [76,98] 
High scalability 

potential. 
[98] Difficult to predict and 

control shrinkage. 
[36,81,98,102] 

Does not require 
support structures. 

[98] Complex binder-particle 
relationship. 

[76,98,102] 

Relatively high 
production rate. 

[76]   

Relatively good surface 
finishes 

[102]   

Low RS [81]    
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7.2. Material characterization of PBF 

Only 17–4 PH SS, 316 L SS, IN718, and AlSi10Mg will be compared 
to limit the scope of this article. Table 17 presents commercial material 
availability based on three machines selected from Table 4: GE M2 Se-
ries 5 and EOS M290. These materials are then compared for each ma-
chine in Tables 18, 19, 20, 21, and 22. 

7.3. Process characteristics of PBF 

A great deal of work has been done to characterize PBF processes, 
and much literature describes what is currently understood and what is 
still unknown. The following section summarizes some of the most 
important challenges and techniques that have recently shown promise 
in improving the quality and reliability of the PBF process. It is estimated 
that over fifty parameters can affect the final part properties, and they 
can be classified into three categories: pre-processing, controllable 
(printing), and post-processing [134]. These parameters can be 
responsible for some of the main challenges which currently encumber 
the development of PBF, including repeatability, consistency, and sta-
bility of the process, most of which can be attributed to surface rough-
ness, porosity, and RS [135]. Surface roughness can significantly 
influence fatigue strength by as much as 60 % [136] and affect wear, 

corrosion resistance, and geometrical accuracy. Among these, surface 
roughness has been credited as one of the most detrimental factors and 
can be caused by various incidents such as the stair-stepping effect, 
adherence of partially melted powders, and unmelted regions of the part 
[135]. However, its underlying mechanisms have been mainly ascribed 
to the complex fluid dynamics and solidification process. To elevate 
these effects, reducing hatch spacing by less than 45 μm and limiting 
laser power or the scan has been shown to improve surface roughness 
[19,137]. The angle of incidence of the laser about the platform has also 
been shown to influence surface roughness, as well as the microstructure 
of the part and the thickness of the thin walls [138]. This was investi-
gated by a novel method to analyze the relationship and predict its ef-
fects. Maintaining a constant angle reduced the surface roughness of an 
entire part from 19 μm down to 11 μm. Several numerical models have 
also been trialed recently to predict the effect of surface roughness. For 
example, a two-tiered numeric model to simulate the behavior of melt 
pools to understand the development of surface roughness in over-
hanging regions [139] and an analytical model to predict the upper 
surface roughness of PBF parts [140]. However, despite these attempts, 
the root cause of surface roughness could not be sufficiently identified, 
and a reliable prediction method has yet to be developed [138]. In 
addition to poor surface finishes, high porosity is another significant 
challenge that can negatively influence corrosion resistance, fatigue 
strength, stiffness, mechanical strength, and fracture toughness [135]. 
Porosity has sometimes been attributed to inadequate laser power 
resulting in smaller melting pools that are unable to fully fuse powder 
particles, resulting in pores that have a sphere-like shape. [141]. Several 
methods have been used to predict and measure porosity. The most 
widely used strategies to measure porosity include the Archimedes, 
micrograph-based, and micro-computed tomography methods. While 
the Archimedes and micrograph-based techniques can quantify LoF 
defects, both produce different results, especially when using highly 
porous samples, and the micro-computed tomography method is limited 
by voxel size [142]. Aside from models like these, several solutions to 
mitigate LoF and keyhole porosity have been suggested. For instance, 
optimizing print parameters and strategies such as increasing the size of 
the fusion zone and employing post-processing treatments such as HIP 
[143,144]. Despite these efforts, the relationship between process pa-
rameters and defects caused by LoF and keyhole porosity remains un-
developed and one of the most urgent research needs today. [145]. In 

Fig. 8. Schematic of a typical PBF machine.  

Table 17 
PBF Commercial material availability [111,112].  

Metal categories Alloy GE M2 Series 5 EOS (M 100, M 290) 

Stainless steel 17–4 PH SS × ×

316 L SS × ×

Maraging steel M300 × .. 
Tool steel H13 .. .. 
Aluminum AlSi10Mg × ×

A205 × .. 
AlSi7Mg × ×

Nickel alloy IN718 × ×

IN625 × ×

HX .. ×

Titanium alloy Ti6Al4V × ×

Ti6242 × .. 
Cobalt chrome MP1 (CoCrMo) × ×

MP2 (CoCrW) × ×
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addition to these significant defects, RS is also considered a significant 
problem that merits urgent scientific investigation. This issue is strongly 
linked to the limited understanding of the effects of high thermal gra-
dients and the rapid cooling rates during the process [146]. Since RS can 
significantly affect mechanical properties, especially fatigue resistance 
and dimensional accuracy, much analytical and numerical work has 
been done to investigate its fundamental mechanisms concerning pro-
cess parameters based on the likes of predictive finite element method 
models [147]. From some of these efforts, the main influential variables 
responsible for RS have been identified and categorized into three 
groups: beam parameters (e.g., scan speed, power, and energy input), 
process conditions, and geometry (e.g., layer thickness, geometry, and 
base plate temperature) and scan strategy (e.g., raster pattern and 

interlayer dwell time). Because of this, several methods to mitigate RS 
have been attempted, such as post-processing (e.g., laser shock peening), 
thermal control (e.g., preheating the powder bed), scan strategy control 
(e.g., algorithms), and feedback control (e.g., thermal cameras) [148]. 
However, it has been demonstrated that some of these mitigation 
techniques are flawed. For instance, although preheating the powder 
bed can reduce RS, excessive preheating can have the opposite effect by 
increasing the risk of grain coarsening of the melt and HAZ zone [146]. 
It has also been argued that optimizing process parameters has limited 
effect in alleviating RS, and the most effective solution is to use post- 
processing techniques such as traditional heat treatments, including 
HIP [135]. However, while post-processing can relieve RS, these 
methods are not always economically viable [149]. Overall, the complex 

Table 18 
Comparison of mechanical properties of 17–4 PH SS for PBF.  

Alloy Process Reported by Machine Orientation Condition UTS, MPa YS, MPa El, % Ref. 

17–4 PH SS Wrought CES Granta … … H900 Heat treated  1379  1233.5  15 [64] 
Cast CES Granta … … H900 Heat treated  1306.5  1161  4.35 [64] 
PBF (mf) GE GE M2 Series 5 Horizontal As fabricated  995  715  17.3 [113] 
PBF (mf) GE GE M2 Series 5 Horizontal Solution annealed  1440  1315  10.6 [113] 
PBF (mf) EOS EOS M 290 Vertical As fabricated  924  861  19.9 [114] 
PBF (mf) EOS EOS M 290 Horizontal H900 Heat-treated  1336  1235  14 [114]  
PBF Nezhadfar et al. EOS M 290 Vertical H900 Heat-treated  1375  1300  15 [114]  

Table 19 
Comparison of mechanical properties of 316 L SS for PBF.  

Alloy Process Reported by Machine Orientation Condition UTS, MPa YS, MPa El, % Ref. 

316 L SS Wrought CES Granta … … Annealed  522.5  240  40 [64] 
Cast CES Granta … … Water quenched  552  262  55 [64] 
PBF (mf) GE GE M2 Series 5 Horizontal As fabricated  695  565  39.5 [115] 
PBF (mf) GE GE M2 Series 5 Horizontal Stress relief  700  545  37.5 [115] 
PBF Byun et al. GE M2 Series 5 Vertical As fabricated  593.1  430.8  55.2 [116] 
PBF Byun et al. GE M2 Series 5 Vertical Stress relief  594.7  385.1  57.7 [116] 
PBF Byun et al. GE M2 Series 5 Vertical Solution annealed  584.1  308.2  62.8 [116] 
PBF (mf) EOS EOS M 290 Horizontal As fabricated  640  540  40 [117] 
PBF Riikonen et al. EOS M 290 All Stress relief  590  500  46.7 [118]  
PBF Kong et al. EOS M 290 Horizontal As fabricated  751.6  637.9  41.2 [119]  
PBF Kong et al. EOS M 290 Horizontal Heat-treated 1050 ◦C  672.8  423.8  43.9 [119]  
PBF Kong et al. EOS M 290 Horizontal Heat-treated 1200 ◦C  683.9  415.7  51.6 [119]  

Table 20 
Comparison of mechanical properties of Inconel 718 for PBF.  

Alloy Process Reported by Machine Orientation Condition UTS, MPa YS, MPa El, % Ref. 

IN718 Wrought CES Granta … … Solution treated 870.55 762.1 42.5 [64] 
Cast Ni et al. … … Heat-treated 965 550 23 [120] 
PBF (mf) GE GE M2 Series 5 Horizontal As fabricated 1060 740 29 [121] 
PBF (mf) GE GE M2 Series 5 Horizontal Solution annealed 1495 1305 15 [121] 
PBF Witkin et al. GE M2 Series 5 Horizontal HIP + Heat-treated 1407 1055 21.6 [122] 
PBF Bean et al. GE M2 Series 5 Horizontal HIP + Heat treated 1407 1055 21.6 [123] 
PBF (mf) EOS EOS M 290 Horizontal As fabricated 1090 800 25 [124] 
PBF (mf) EOS EOS M 290 Horizontal Heat-treated 1505 1240 12 [124]  
PBF Daňa et al. EOS M 290 Horizontal Heat-treated 1440–1475 1253–1278 9–14.6 [125]  

Table 21 
Comparison of mechanical properties of AlSi10Mg for PBF.  

Alloy Process Reported by Machine Orientation Condition UTS, MPa YS, MPa El, % Ref. 

AlSi10Mg Die-Cast CES Granta … … As fabricated 332.5 164.8 5.47 [64] 
PBF (mf) GE GE M2 Series 5 Horizontal As fabricated 460 275 11 [126] 
PBF (mf) GE GE M2 Series 5 Horizontal Stress relief 340 230 12.5 [126] 
PBF (mf) EOS EOS M 290 Horizontal As fabricated 450 270 10.2 [127]  
PBF (mf) EOS EOS M 290 Horizontal Heat-treated 320 260 11 [127]  
PBF Zhang et al. EOS M 290 Horizontal As fabricated 486–500 294–305 6.4–7.3 [128]  
PBF Girelli et al. EOS M 290 Horizontal As fabricated 452 264 8.6 [129]  
PBF Girelli et al. EOS M 290 Horizontal Heat-treated 332 277 5.8 [129]  
PBF Baxter et al. EOS M 290 Horizontal Heat-treated 386 240 5.5–8.8 [130]  
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characteristics of PBF and the numerous variables involved in opti-
mizing process parameters to reduce or eliminate defects caused by 
surface roughness, porosity, and RS pose a significant challenge and are 
computationally inefficient. It is unclear how most of these defects relate 
to the many variables of PBF and their true nature, according to the most 
recent literature. The main characteristics of the defects of PBF are given 
in Table 23. 

In-situ sensing and process monitoring have recently increased 
attention to addressing these issues [151]. Using data from various 
monitoring and diagnostic sensors to characterize the build process and 
identify defects in real-time to predict the part's properties in a closed- 
loop feedback system to control and adjust process parameters autono-
mously has been recently referred to as ‘smart manufacturing’ [152]. 
Currently, a large body of research focusing on various in-situ sensing 
and process controls has been investigated, and an overview of the most 
recent achievements in this field can be found in reviews 
[150,153–155]. Ultrasonic testing, acoustic and optical emission spec-
troscopy, optical and x-ray tomography, pyrometry, and infrared im-
aging have all been used for in-situ monitoring. Many PBF 
manufacturers also offer proprietary modules that can be retrofitted to 
legacy machines incorporating one or more sensors, although data can 
only typically be analyzed retrospectively. Despite the progress in 
gathering information in this way, it is evident that the main challenge 
in developing a closed-loop intelligent system to correct defects in real- 
time is processing and identifying patterns between large amounts of 
sensor data and process parameters. Recent developments in machine 
learning (ML) algorithms have proven to be a capable method of pattern 
recognition and anomaly detection of multiple sensor signals to deal 
with this issue. Several valuable reviews on ML for AM applications can 
be found in [156–158]. 

While ML is currently in development, there remains significant 
scope for improved data handling. At the same time, computational cost, 
qualification standards, and data acquisition techniques will all need to 
be addressed before ML, and AM is properly integrated into a closed- 
loop system [159]. Combining MAM with traditional post-processing 
techniques, e.g., milling, turning, deformation, vibration, and heat 
treatments in an integrated manufacturing system, has also been 
explored to address defects. This combination is termed HAM and is 
defined as ‘the controlled application of process mechanisms on addi-
tively deposited materials and the controlled application of AM on pri-
marily processed raw materials previously subjected to TM processes’ 
[160]. Several HAM machines are sold commercially, along with a 
handful of PBF-HAM machines listed in Table 24. 

Only a relatively modest amount of work has been done to charac-
terize PBF-HAM, primarily due to the difficulty of incorporating sub-
tractive processes with a powder bed, limited availability of commercial 
PBF-HAM machines, technological barriers to combining PBF and post- 
processing processes, and only a subgroup of applications require su-
perior surface finishes and dimensional accuracy [167]. Nevertheless, a 
few studies are found in the literature concerning the mechanical 
properties of the machines mentioned in the above table. The results 

from these papers are summarized in Table 25. 
Other findings involving PBF-HAM have also been reviewed recently 

[171–173]. Studies show that the main advantages are improved surface 
roughness, dimensional accuracy, improved part distortion, relieving 
RS, reducing human error, and reduced lead times and material waste. 
Because MAM and TM have their own unique advantages, the amal-
gamation of both technologies presents integral manufacturing and 
economic advantages resulting from a decentralized process cable of 
producing intricate and functional metallic parts that are difficult to 
produce by standalone processes. On the other hand, despite the benefits 
of PBF-HAM, many issues still need to be resolved in understanding 
additive technologies and their interface with post-processing methods 
as a single system before the full implementation of hybrid machines can 
be realized. For instance, there is insufficient research on processing 
hard-to-machine materials such as superalloys, and thus the variety of 
materials that PBF-HAM machines can process is limited [172]. Recent 
work demonstrated the impact of cutting fluid for HAM milling and 
found that high oil concentrations lead to hydrogen-induced cracking 
[165]. Although this study was carried out using DED-HAM, the effects 
on PBF systems can be even more detrimental due to the presence of the 
powder bed and the potential for fluid to impair or influence its char-
acteristics. Several other issues related to the implementation of HAM 
are also noted in the literature, such as the geometric uncertainty of the 
MAM process, powder recycling, and recovery and protection of 
machining components from fine powder particles. 

Moreover, besides understanding the principles and nuances of MAM 
and post-processing techniques separately, engineers and operators 
must also be aware of hybrid systems' capabilities and potential issues. 
However, the lack of knowledge of the hybrid process may hinder the 
technology's wider adoption. On the other hand, there is an opportunity 
for much research besides developing a novel methodology (similar to 
DfAM) for designing metal parts by HAM which is currently non- 
existent. Despite its popularity, PBF remains an imperfect solution. 
The limitations mentioned above (e.g., poor surface finishes, porosity, 
and RS) may impede the current likelihood of processing mass-produced 
metal parts reliably and repeatably. Nevertheless, the present and future 
interdisciplinary efforts between materials science and information 
technology will likely resolve these issues as the body of research con-
tinues to expand. A summary of the advantages and disadvantages of 
PBF is presented in Table 26. 

8. DED technology 

DED is a process that uses a focused thermal energy source to melt 
material as it is deposited by a nozzle, similar to the principles of 
welding [5]. The DED process is typically suited to creating near-net- 
shaped parts and repairing or adding features to existing components 
and shares 16 % of the total MAM market [55]. Many variations of DED 
exist; however, the following sections will focus on selecting the most 
popular machines today. Although a brief overview of the DED process is 
described next, a comprehensive explanation for each DED process can 

Table 22 
Comparison of mechanical properties of Ti6Al4V for PBF.  

Alloy Process Reported by Machine Orientation Condition UTS, MPa YS, MPa El, % Ref. 

Ti6Al4V Cast CES Granta … … Annealed 930.4 839.9 8.99 [64] 
Wrought CES Granta … … Annealed 918 845.7 11.83 [64] 
PBF (mf) GE GE M2 Series 5 Horizontal As fabricated 1295 1145 8 [111] 
PBF (mf) GE GE M2 Series 5 Horizontal Stress relief 1 1010 920 15.5 [111] 
PBF (mf) GE GE M2 Series 5 Vertical Stress relief 1 1005 915 15 [111] 
PBF (mf) EOS EOS M 290 Vertical As fabricated 1075 965 14 [131] 
PBF (mf) EOS EOS M 290 Horizontal Heat-treated 1055 945 13 [131]  
PBF Wang et al. GE M2 Series 5 … As fabricated 1191 908 9.2 [132]  
PBF Wang et al. GE M2 Series 5 … Heated treated 1117–1220 863–917 10–12 [132]  
PBF Ju et al. EOS M 290 … As fabricated 1223.5 1128 9.7 [133]  
PBF Ju et al. EOS M 290 … Heat treated 1071.8 892.4 12.8 [133]  
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be found in Gibson et al. [35]. 

8.1. DED process 

The DED process illustrated in Fig. 9 (a) uses a heat source (b) 
capable of fully melting a feedstock (wire or powder) into a melt pool 
[174]. Four thermal energy sources are typically used in DED technol-
ogies: plasma laser, electron beam, electric arc, and laser beam. The 
metal part is generally created or repaired inside a hermetically sealed 
build chamber on a build plate. The feedstock is targeted toward the 
energy source by either blowing powder (spherical particles in the range 
of 50–200 μm) toward the metal part via a coaxial nozzle or by pushing 
or feeding a metal wire (in the range of 1–3 mm in diameter) via a de-
livery nozzle. The feedstock melts on contact with the energy source, 
prompting it to drip or spray into a melt pool of typically 0.25–1 mm in 
diameter and at a depth of 0.1–0.5 mm [35]. 

Metal particle fusion mechanisms vary between each DED technol-
ogy. For instance, in powder-type systems, the metal powder arrives at a 
melt pool of material, initially fuses, and then melts to join the melt pool, 
cools, and solidifies. In wire-type systems, the wire softens and binds to 
the previous layer, solidifying at a rate of 103–105 ◦C/s [35]. The nozzle 
and feedstock move the melt pool along a pre-set toolpath, and a CNC 
robotic arm typically controls the movement of the nozzle and feedstock 
in conjunction with a build plate which is sometimes attached to a 
turntable. As the nozzle and feedstock move away from the melt pool, 
the material solidifies, and the process continues along the remaining 
toolpath building up intersecting paths until the part is complete. 

Each intersecting path is typically 25 % of the pathwidth with a 
typical LT of 0.25–0.5 mm [35]. The fusion mechanism mimics con-
ventional welding processes where a significant concentration of energy 
is required to sustain the melt pool and fuse each path and the ensuing 
layers. Similarly, a HAZ, which surrounds the melt pool, is exposed to 
intense thermal gradients that generate high RS [175–177]. When 
stresses entrapped within a part are abruptly released, cracks may 
develop due to the rapid cooling rates negatively influencing the grain 
structure, performance, and lifespan. RS can be relieved partway 
through the build by removing the part and heat-treating it inside a 
furnace for a period before continuing with the build. Additional limi-
tations of DED are the low geometric accuracy of printed parts where 
tolerances of less than 0.25 mm and surface roughness of less than 25 μm 
are typical. However, tolerances and surface finishes are print speed- 
dependent—the higher the print speed, the lower the accuracy [35]. 

Conversely, slower print speeds enhance the surface quality of 
finished parts. Due to the large melt pools created by the high thermal 
energy, intricate interior geometries and overhanging supports are 
challenging to process. Hence, striking a cost-effective balance between 
productivity and part quality involves optimizing the process parame-
ters. On the other hand, DED offers many advantages over other MAM 
technologies. For instance, DED systems can process many commercial 
welding and powder metallurgy materials. DED can also create fully 
dense parts with single-crystal structures where the microstructure can 
be tailored because of the process's unique ability to accommodate 
several materials into a single build besides controlling the solidification 
rate of the deposited material. An investigation by Optomec [178] found 
that their DED process was 20 times faster than the PBF, taking 240 h to 
complete and costing 16,800 USD, while the Optomec LENS 850R DED 
took 13 h at the cost of 3200 USD. The abundance, affordability, and 
convenience of wire and powder feedstock materials used for DED ma-
chines and high printing speeds give rise to a relatively economical 
process. Due to the high buy-to-fly ratio of most TM processes, DED is 
considered an ideal substitute. For instance, The Welding Institute (TWI) 
manufactured a helicopter combustion engine chamber by DED and 
found that the overall density was roughly 99.5 % with a 70 % powder 
efficiency, and the fly-to-buy ratio was less than what would be expected 
from machining. Moreover, the estimated machining time of 2 months 
was reduced to only 4.5 h [179,180]. Ta
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8.2. Material characterization of DED 

Many ‘off-the-shelf’ materials can be used with DED, especially those 
meant for welding and powder metallurgy. The following section fo-
cuses on the performance of three systems shown in Table 27 and 
Tables 28–32 compares the mechanical properties against wrought and 
cast counterparts. 

8.3. Process characteristics of DED 

Much of the literature on DED discusses the correlation of the 
process-structure-property-relationship, and many of the defects that 
arise during the process are similar to the characteristics of other MAM 
processes, especially PBF. However, its adoption has been limited, pri-
marily due to several defects that have not been sufficiently character-
ized [185]. These include RS, cracking and delamination, porosity, and 
high surface roughness [35,188] and are listed in Table 33, including 
their origin, effects, and likely mitigation techniques. As such, this sec-
tion will explore the characteristics of DED to a limited degree. 

One of the main advantages of DED is its ability to produce large 
components, which has recently been considered for the construction 
industry. However, while DED technology has the potential to be used in 
many of these areas, it is currently suited for structures that are smaller 
than those typically encountered in the construction industry [186]. On 
the other hand, and as we have already noted, a printed metal bridge 
was manufactured over six months by MX3D using WAAM technology 
[10]. To accomplish something of this magnitude, comprehensive 
testing was conducted, including a stub column assessment, and a va-
riety of geometric measurement techniques were utilized because of the 
disparity in wall thickness, including calipers, tomography, digital 
image correlation, and 3D laser scanning; however, the Archimedes 
method was deemed the most reliable method. Being the first of its kind 
and outside the scope of standardized design codes, and having un-
characteristic mechanical properties, numerical models using nonlinear 
FEA methods were developed to understand the structural response and 
load-bearing capacity. When used together, both the physical and 
numeric verification methods successfully demonstrated the structure's 
functional ability. 

Table 24 
Commercially available PBF-HAM machines.  

Manufacturer Machine MAM process Post-process Hybrid combination Max. work size, mm Country Ref. 

Matsuura Lumex Avance-25 SLM Milling SLM + milling 256 × 256 × 185 JP [161] 
Matsuura Lumex Avance-60 SLM Milling SLM + milling 600 × 600 × 500 JP [162] 
Sodick OPM250L SLM Milling SLM + milling 250 × 250 × 250 JP [163] 
Sodick OPM350L SLM Milling SLM + milling 350 × 350 × 350 JP [164] 
HBD3D HBD-280F SLM Milling SLM + milling 250 × 250 × 300 CN [165] 
Additive Industries MetalFAB2 SLM Heat treatment SLM + heat treatment 420 × 420 × 400 NL [166]  

Table 25 
Mechanical properties of commercial PBF-HAM machines.  

Alloy Process Reported by Manufacturer Machine UTS, MPa YS, MPa % El, % Ra, μm Ref. 

18Ni-300 MS PBF-HAM Mutua et al. Matsuura Lumex Avance-25 1125 300 10.4 35 [168] 
18Ni-300 MS PBF-HAM Sarafan et al. Matsuura Lumex Avance-25 1171 1062 12.9 0.32–0.80 [169] 
AISI 420 PBF-HAM Shen et al. Sodick OPM250L 829.8–1541 481.1–1005 1.17–1.83 … [170]  

Table 26 
Summary of the advantages and disadvantages of PBF.  

Advantages Ref. Disadvantages Ref. 

Relatively high 
accuracy. 

[171,173] Relatively poor surface 
finishes. 

[138,150,171] 

Near net-shaped 
production. 

[135] Relatively high porosity. [135,141,150] 

High material 
utilization fraction. 

[135,173] High residual stress. [141,148,171] 

High specific strength 
and stiffness. 

[171] Typically requires post- 
processing. 

[141,171] 

Ability to recycle 
powder. 
High geometrical 
complexity. 

[171] Support structures are 
required. 

[141,171] 

[171–173] Powder handling health 
and safety issues. 

[171] 

A broad range of 
feedstock materials.  

Low productivity. [171,172]   

Limitations on build 
envelop. 

[171,172]   

Complex process- 
property relationship. 

[134,141]  

(a) (b)

Robotic arm

Turntable Metal part

Build plate

Nozzle

Fig. 9. (a) Schematic of a typical DED machine (b) Typical powder DED fusion mechanism with melt pool and heat-affected zone schematic.  
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Apart from this example, WAAM has become well-established in 
industry, especially aviation. Using parts manufactured by WAAM, 
Boeing improved its EE and reduced its overall expenditures by 30 %, 
including a 75 % reduction in manufacturing time [187]. With DED, it is 
possible to deposit the material directly on an existing surface during the 
manufacturing process, and changing feedstock materials part way 
through printing is also possible. Because of these features, one of the 
main applications for DED is the repair and remanufacturing (RR) of 
existing components [53]. Compared with other repair processes, such 
as TIG or plasma transferred arc welding, DED is more efficient due to its 
lower heat input, reduced distortions, and higher precision. Further-
more, using the DED could result in significant savings in terms of time 
and cost [53]. However, the characteristics of repairing components 
using WAAM are still not fully understood, despite the possibility of 
achieving positive economic benefits [187]. 

Exploring the implications of process monitoring and control to 
improve the quality of printed metal parts through process optimization 
has been investigated recently to help understand the underlying 
mechanisms responsible for some of the above defects [188]. For 
instance, in-situ monitoring and thermo-mechanical analysis have been 
considered for predicting, optimizing, and controlling process parame-
ters in real-time. The current challenges that these technologies would 
likely relate to are counteracting porosity typical for DED and, like the 

Table 27 
DED commercial material availability [52,181,182].  

Metal 
categories 

Alloy Meltio 
M450 

Optomec CS 
250 

DMG Mori 
Lasertech 65 DED 

Stainless 
steel 

304 L SS × … … 
304 SS … × … 
316 L SS × … ×

316 SS … × … 
17–4 PH SS … × ×

13–8 SS … × … 
410 SS … × … 
308 L SS × … … 

Carbon steel 42CrMo4 × … … 
10MnSi7 × … … 

Titanium 
alloy 

Ti6Al4V × × … 
Ti6242 … × … 

Nickel alloy IN718 × × ×

IN625 × × ×

Aluminum 4047 … × … 
Copper alloy CuSn10 … … ×

CuAl10 … … ×

Tool steel X35CrMoMn7–2 … … ×

Table 28 
Comparison of mechanical properties of 316 L SS for Meltio and DMG Mori Lasertech 65 DED machines (average values).  

Alloy Process Reported by Machine Orientation Condition UTS, MPa YS, MPa El, % Ref. 

316 L SS Wrought CES Granta … … Annealed  522.5  240  40 [64] 
Cast CES Granta … … Water quenched  552  262  55 [64] 
DED (mf) Meltio … … …  642.5  385  49 [183] 
DED (mf) DMG Mori … … As printed  563  390  36.6 [182]  

Table 29 
Comparison of mechanical properties of 17–4 PH SS for DMG Mori Lasertech 65 DED against wrought (average values).  

Alloy Process Reported by Machine Orientation Condition UTS, MPa YS, MPa El, % Ref. 

17–4 PH SS Wrought CES Granta … … H900 Heat-treated  1379  1233.5  15 [64] 
Cast CES Granta … … H900 Heat-treated  1306.5  1161  4.35 [64] 
DED (mf) DMG Mori Laser … Age hardened  1134  1053  7.6 [182]  

Table 30 
Comparison of mechanical properties of Ti6Al4V for Meltio M450 and Optomec CS 250 machines (average values).  

Alloy Process Reported by Machine Orientation Condition UTS, MPa YS, MPa El, % Ref. 

Ti6Al4V Cast CES Granta … … Annealed  930.4  839.9  8.99 [64] 
Wrought CES Granta … … Annealed  918  845.7  11.83 [64] 
DED (mf) Meltio … … …  950  882  12 [184] 
LENS (mf) Optomec … … …  1077  973  11 [181]  

Table 31 
Comparison of mechanical properties of IN718 for Meltio M450 and DMG Mori Lasertech 65 DED machines (average values).  

Alloy Process Reported by Machine Orientation Condition UTS, MPa YS, MPa El, % Ref. 

IN718 Wrought CES Granta … … Solution treated  869.4  761.2  41.83 [64] 
Wrought CES Granta … … Solution treated, aged  1246  1051  12.25 [64] 
DED (mf) Meltio … … …  1271.5  1084  7.55 [184]  
DED (mf) DMG Mori … … Age hardened  1268  1089  17.7 [182]  

Table 32 
Comparison of mechanical properties of IN625 for Optomec CS 250 and DMG Mori Lasertech 65 DED machines (average values).  

Alloy Process Reported by Machine Orientation Condition UTS, MPa YS, MPa El, % Ref. 

IN625 Wrought CES Granta … … Annealed  855.8  398  32.34 [64] 
LENS (mf) Optomec … … …  938  584  38 [181]  
DED (mf) DMG Mori … … As printed  844  538  28.9 [182]  
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characteristics of defects in metal PBF parts, is similarly caused by 
keyholes, gas entrapment, and LoF. Although cracking and delamination 
are inherent in most MAM processes, DED processes can amplify the 
effects due to particularized and extreme thermal gradients. Despite this, 
techniques such as preheating the build chamber, appropriate design 
intent (e.g., part orientation, limiting wall thickness and aspect ratios), 
and controlling cooling rates can mitigate cracking. Poor surface finishes 
are also discussed and attributed to unmelted powder particles, the stair- 
stepping effect, the spraying of molten metal, and several other less cited 
factors, such as the poor design and feedstock condition. To improve 
part resolution, it is recommended that the temperature of the thermal 
heat source be increased, and print speeds should be reduced. Another 
technique to mitigate these issues would be using DED-HAM systems 
[188]. 

The amount of research and development into DED-HAM systems 
significantly outweighs any other hybrid combination for other MAM 
technologies. Among the many configurations that combine DED with 
the material removal or forming process, DED + machining has had the 
most attention [193]. This present work has already discussed many of 
the nuances of HAM in the previous chapter on PBF, and these limita-
tions and research opportunities are equally relevant to DED. Compared 
to other MAM technologies, DED-HAM is relatively advanced, and as 
such, a wide variety of commercial systems are available; some of these 
machines are listed in Table 34. Despite this, very little work has been 
done to characterize parts manufactured by the commercial machines 
shown in the above table. Consequently, it is uncertain what impact 
these machines have on the properties of the final part and correcting 
defects; however, this presents the opportunity for much research to be 
conducted in this area. Several studies have been published for other 
hybrid technologies, and experimental attempts are shown in Table 35. 
The benefits of DED-HAM include eliminating positioning errors when 
transferring the part from an additive to a subtractive process. The 
movement of material around the shop floor can be reduced, which 
lessens the amount of floor space a factory requires, and capital 
expenditure for machinery also diminishes, thereby reducing the prod-
uct's final cost. 

The simplicity of controlling only one process is also a distinct 
advantage of employing a hybridized system [193]. However, the 
complex interactions of two different manufacturing processes and the 
need to program intricate tool paths require the skill and knowledge of 
well-trained and experienced operators. As the most common materials 
used tend to be hard-to-machine alloys, the machinability of materials is 
also one of the most fundamental challenges to the broader imple-
mentation of HAM, including controlling the dimensional accuracy 
[171]. For instance, during secondary processes such as CNC milling, the 
tooling may encounter unexpected material due to deformation or 
distortion during the printing process, leading to tool damage. On the 
other hand, in-situ monitoring and inspection techniques could be 
developed to identify that the physical part has deviated from the 
original 3D CAD model and account for this before damage occurs 
[172]. Several other limitations in the literature are summarized in 
Table 36. 

Despite its limitations, the repair capabilities are among the most 
promising areas for future development opportunities in DED research. 
Because of the high deposition rates, DED is also the most economical 
alternative for manufacturing large metal parts [208]. Although 
research on DED has steadily increased in recent years, especially 
relating to monitoring and control in addition to DED-HAM for resolving 
defects, there is also a great need to fully understand the relationship 
between process parameters and part quality [53]. The advantages and 
disadvantages of DED from the literature are summarized in Table 37. 

9. MAM sustainability 

Rising temperatures have been attributed to industrial practices, 
which account for 15 % of global energy consumption and roughly Ta
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35–40 % of material consumption [210], and the activities responsible 
for processing metals and alloys are some of the most energy-intensive 
[211]. Among these, the iron and steel industry accounted for 8 % of 
global energy consumption, 7 % of all GHGs, and roughly 11 % of all 
CO2 emissions [212,213]. Similarly, the aluminum industry accounts for 
almost another 2 % of total global CO2 emissions [214]. It has been 
estimated that current emissions need to be reduced by 45 % by 2030 
and reach net zero by 2050 [215], and with many metal manufacturers 
already working toward these targets, the MAM sector must also commit 

to safeguarding the environment. According to some [216], the envi-
ronmental benefits of AM are clear because, unlike FM and SM pro-
cesses, NNS parts can be created with minimal waste, giving rise to a 
process that is both resource and EE. By applying DfAM methodologies 
to optimize the distribution of material for specific loads and boundary 
conditions to satisfy the required structural performance of a product, 
the areas of the part that are not supporting the functional loads and not 
undergoing substantial deformation and thus not contributing to the 
overall integrity of the component can be removed. For instance, by 
using topology optimization and by changing the material, the mass of a 
hinge bracket used on the Airbus A320 was reduced from 918 g to 326 g 
(50 % material removal and 50 % material change) and compared to the 
original design, the stress distribution was more homogenous [217]. By 
depositing material in layers, optimized additive structures, which are 
typically characterized by complex geometric shapes, can be created 

Table 34 
Commercially available DED-HAM machines.  

Manufacturer Machine MAM process Post-process Hybrid combination Max. work size, mm Country Ref. 

DMG MORI LASERTEC 65 3D DED Milling DED + milling 735 × 650 × 560 UK [53,171] 
DMG MORI LASERTEC 125 3D DED Milling DED + milling 1335 × 1250 × 900 UK [53] 
DMG MORI LASERTEC 6600 DED Milling DED + milling 1040 × 610 × 3890 UK [194] 
Yamazaki Mazak Integrex i-400 AM DLD Milling DLD + milling Ø658 × 1619 JP [171] 
Yamazaki Mazak Variaxis j-600 AM WAAM Milling WAAM + milling Ø730 × 460 JP [193] 
Yamazaki Mazak VC500A/5x DED Milling DED + milling Ø600 × 306 JP [195] 
OPTOMEC LENS 500 MTS LENS Milling LENS + milling 500 × 325 × 500 US [193] 
OPTOMEC LENS 860 MTS LENS Milling LENS + milling 598 × 600 × 610 US [193] 
Hamuel HSTM 1000 Hybrid DMD Turning/milling DMD + turning/milling 1000 DE [193] 
Okuma MU-8000 V LASER EX LMD Turning/milling LMD + Turning/milling Ø1000 × 550 US [193] 
Romi D Series DED Turning/milling DED + Turning/milling Varies BR [196]  

Table 35 
Mechanical properties of DED-HAM machines.  

Alloy Process Reported by Commercial/experimental UTS, MPa YS, MPa % El, % Ra, μm Ref. 

316 L SS DED + milling Yang et al. Dalian Sunlight 686.3 483.3 47.1 … [197] 
316 L SS DED + milling Feldhausen Yamazaki Mazak ~610 ~400 ~51 … [198] 
Bainite steel DED + HDMR Fu et al. Experimental 1275–1309 .. … … [199] 
316 L SS DED + hot forging Duarte et al. Experimental 622 450 28 … [200] 
Ti-6Al-4 V WAAM forged +heat treated Bambach et al. Experimental 934 850 8 … [201] 
Ti-6Al-4 V DED + hot forging Hemes et al. Experimental 912–916 838–840 13.1–14.5 … [202] 
IN718 WAAM + Interpass rolling Xu et al. Experimental 1351 … … … [203] 
Al-Mg4.5Mn WAAM + Interpass rolling Gu et al. Experimental 300–344 170–240 20–22 … [204]  

Table 36 
Advantages and disadvantages of HAM.  

Advantages Ref. Disadvantages Ref. 

Improved surface 
finish. 

[160,171,205] Challenging to process 
hard-to-machine 
materials. 

[171,172] 

Reduced RS. [171] Uncertainty of geometric 
deviation of the additive 
process. 

[171,206] 

Improve dimensional 
accuracy. 

[193,205] Lack of knowledge for 
process optimization. 

[171] 

Improved mechanical 
properties. 

[160,193,205] Cutting fluid can lead to 
hydrogen-induced 
cracking. 

[171,207] 

Heat and surface 
treatments can 
reduce porosity. 

[160,171] Cutting chips can affect 
the process. 

[172] 

Condensed 
manufacturing 
operation. 

[193] Lack of hermetic 
enclosure can cause 
powder oxidation. 

[171] 

Improved 
productivity. 

[171] Challenging to position 
complex geometries for 
secondary processes. 

[171] 

Elimination of part 
positioning errors. 

[193] Training of operators is 
more complex. 

[171] 

Manufacture of 
complex parts. 

[160,193,205] Can require advanced 
process planning. 

[172,205] 

Reduced overall 
capital cost. 

[193]   

Can reduce overall 
manufacturing cost. 

[160]   

Can reduce material 
waste. 

[160]    

Table 37 
Main advantages and disadvantages of DED.  

Advantages Ref. Disadvantages Ref. 

Can manufacture 
relatively large 
components. 

[53,174,191] High residual stress. [174,191]  
[209] 

Can add material to 
existing surfaces 
(repair). 

[53,174,191]  
[209] 

Distortion due to high 
residual stress. 

[174,191] 

Can process a broad 
range of materials. 

[174,191] High surface 
roughness for blown 
powder machines. 

[174,191] 

High deposition and 
build rates. 

[174,191]  
[209] 

Post-processing is 
typically required. 

[191] 

Part characteristics can 
be adjusted locally. 

[191] Controlling the 
process can be 
challenging. 

[209] 

Can produce fully 
dense parts. 

[174]   

Ability to change 
material during the 
build. 

[53] [209]   

Potentially more 
economical to repair 
high-value parts. 

[53]    
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with ease, which means not only is less material required, which 
significantly decreases the mass of the product, build times can also be 
reduced, meaning only enough energy per part is needed which has been 
shown to have positive net environmental implications. As an example, 
for each kg of material removed from aerospace components, 90,000 l of 
fuel can be saved, preventing the emission of approximately 230 tons of 
carbon dioxide into the atmosphere. [218]. Part consolidation has also 
been emphasized in the literature as one of the most beneficial advan-
tages of AM [219]. In terms of sustainability, an LCA study recently 
demonstrated that consolidation of a multipart assembly could reduce 
environmental indicators by nearly 20 % compared with traditional 
assembly methods [220]. Despite the interest in part consolidation for 
improved sustainability, only a handful of studies have attempted to 
quantify its environmental implications. On the other hand, as noted 
earlier in this article, GE made some significant gains when they 
consolidated their GE9X engine assembly. 

The RR of metal parts has also been shown to reduce a product's 
overall environmental burden by extending the lifespan of damaged or 
decommissioned parts [221]. As noted earlier in this review, DED 
technologies are particularly suitable for RR, and it has been demon-
strated that repairing automotive steel dies by DED can restore them to 
their original condition [222]. A traditionally repaired die had a life 
expectancy of 12.5–29.2 % of its original state, indicating that the DED 
repair process was the more sustainable option in the long run. Other 
avenues have also been explored for energy-saving opportunities. As an 
example, reducing print times can be a highly effective policy whereby 
reducing the part's height and minimizing support material, especially 
for ME technologies, can significantly improve EE. [223]. Additionally, 
by properly evaluating the design and investigating alternative mate-
rials, the overall environmental impact of a product can be dramatically 
reduced. For instance, by using FEA to analyze the design of vehicle door 
hinges, it was shown that by substituting steel for aluminum, the overall 
mass could be reduced by 65 % while maintaining the structural 
integrity of the component [224]. Similarly, recent LCA studies have 
also demonstrated that by replacing materials for various components of 
a vehicle, the overall environmental impact can be reduced by 7–14 % 
[225]. Although these methods do not relate directly to MAM's func-
tionality, they demonstrate that more sustainable products can be 
manufactured by reconsidering the choice of material and, if combined 
with other DfAM techniques, could significantly reduce a product's 
environmental impact. Thus, the opportunity exists to examine the 
various combinations of DfAM methodologies for MAM to determine 
their collective impact. For instance, the configurations in Table 38 
could be studied. 

Although the methodologies above have shown some environmental 
benefits, it has not yet been demonstrated sufficiently that the entire 
MAM process is more sustainable than TM [216]. Indeed, before print-
ing, feedstocks and powders have already undergone a high degree of 
processing, and without truly knowing the extent to which these con-
sumables and indeed how all other processes in the life cycle impact the 
environment, direct comparisons with TM processes cannot be made, 
making its future implications for sustainable manufacturing unclear. 
For instance, raw material still needs to be extracted and processed into 
metal ingots, then melted and atomized into fine spherical particles, 
typically by high-pressure and inert gas streams or liquid streams. 

Powders then need sieving, washing, drying, reducing, annealing, 
crushing, transforming, and packaging for commercial sale. Then, 
depending on the size and complexity of a design, the amount of time 
needed to print a part can take a few hours to several days, and then 
some MAM technologies may require additional processing, such as 
debinding and sintering. In nearly all cases, a post-processing treatment 
is also needed, such as machining or heat treating, further adding to the 
overall energy burden of the whole cycle. To add to this, recycling or 
end-of-life requires consideration, as-well-as transportation. Thus, to 
quantify and assess the total environmental impact, all inputs and out-
puts in the cycle should be studied, which can be achieved through an 
LCA [226]. An example of the various phases for a product manufac-
tured by MAM is illustrated in Fig. 10. 

As far as environmental impact assessments on AM are concerned, 
most of the existing knowledge focuses on polymers, and only a small 
number of those studies adopt a cradle-to-grave approach. Literature 
concerning some life cycle phases shows significant gaps, but more 
importantly, current LCAs are mainly generalized models based on ap-
proximations [227]. In part, this is because there is a lack of useable or 
applicable data, and what exists is ambiguous [228]. Aside from this, 
most work to date only characterizes the EE of the manufacturing pro-
cess (i.e., printing). Most studies use the metric of SEC, typically in MJ or 
kWh per kg of printed metal. Recently, it was shown that MAM processes 
consume significantly more energy, in the range of 289.75 kWh/kg, 
whereas the range for combined TM processes was 22.97 kWh/kg [229]. 
Fig. 11 illustrates the range of SEC for various MAM and TM 
manufacturing processes. It is worth noting that studies relating to the 
EE of metal ME technology are missing from the literature, and most 
other studies were performed with relatively old machines. Thus, it 
would be worthwhile if future analyses were performed to characterize 
the EE of modern MAM technologies, particularly the systems presented 
in this paper. Despite MAM's high process energy impact compared to 
TM, some techniques have been shown to improve EE. Increasing ma-
chine utilization, for example, can have a considerable effect on 
reducing the SEC per part and is one of the most influential factors when 
it comes to EE. Moreover, printing several parts as opposed to one re-
quires very little energy. [230]. Additionally, machines that print one 
part per week and are left idle between cycles can have 95 times the 
environmental impact of printers that run at maximum capacity. Like-
wise, increasing the number of parts per print can more widely 
distribute energy consumption for systems with high startup and cool-
down loads [231]. 

The theoretical SEC of a MAM process can be calculated efficiently 
with only several pieces of information, providing the user has access to 
the system's integrated software, and the average daily energy con-
sumption has been acquired. This can usually be found in the machine's 
documentation or by requesting data from the manufacturer. Once the 
average daily consumption (E(kWh/day)) is known, the user can divide this 
by the number of hours per day (T(h/day)) to obtain an hourly average 
shown in Eq. (1) 

E(kWh) =
E(kWh/day)

T(h/day)
(1) 

Once the average hourly energy consumption (E(kWh)) has been 
established; a 3D CAD model can be designed with a mass of 1 kg. The 
file can then be uploaded to the machine, and a print time can be 
determined. (P(h)) can then be multiplied by the hourly energy con-
sumption to define the SEC shown in Eq. (2): 

SEC = P(h) ×E(kWh) (2) 

The above method can achieve an accurate degree of certainty; 
however, validating the SEC by empirical energy monitoring is also 
worthwhile. The impact in terms of CO2 equivalent per kg (CO2eq/kg) 
can also be quantified by multiplying the SEC with the present carbon 
intensity conversion factor for a particular country or region. While 

Table 38 
Possible combinations for DfAM studies for sustainability.  

Method 1  Method 2  Method 3 

Topology 
optimization 

and Material optimization   

Part consolidation and Material optimization   
Topology 

optimization 
(parts) 

and Part consolidation 
(assembly) 

and Material 
optimization  
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these metrics are two important indicators, they do not provide a 
complete representation of a product's sustainable credentials, which is 
why comprehensive LCA databases are needed to substantiate the total 
energy consumption and CO2eq through cradle-to-grave LCAs [232]. 
Despite the relationship between some techniques to improve the EE of 
the printing phase, until reliable datasets have been created, it is unclear 
whether similar relationships exist among other stages in the lifecycle. 
However, once the work has been done, there is an opportunity for re-
searchers and manufacturers to integrate energy metrics into future 
MAM technologies so users can appreciate the environmental impact of 
printing products. A predictive impact tool or a CAD-integrated software 
program based on accurate LCA data would be even more advantageous. 
This would allow users to determine, in advance, the difference between 
AM and TM processes and could also be used to understand the influence 
of optimizing designs and adjusting process parameters. Companies that 
use MAM may also benefit from tools and techniques used in other in-
dustries to improve EE. For instance, a small-scale study found that in 
some industries, energy management systems (EnMS) have been shown 
to improve EE by as much as 14 % [233]. An EnMS focuses on reducing 
resources and waste by optimizing systems and equipment through en-
ergy usage plans and measures by developing strategies that address a 
company's energy objectives and how and when they will be achieved by 

monitoring their EE progress. 
Similarly, continuous energy auditing has also reduced barriers to EE 

in foundries by understanding the quality and quantity of how and 
where energy is being used [234] and is one of the most valuable sources 
of information for EE [235]. A lack of awareness of energy policies, 
poorly targeted incentives, lack of internal competence on energy 
management issues, and lack of project accountability have also been 
shown to be fundamental barriers to EE in some workplaces and 
implementing strategies that recognize issues relating to sustainability 
through targeted training programs; EE can be improved by up to 10 % 
[236]. This can be especially useful for machine operators to maximize 
utilization of the print bed and reduce idling times. 

Overall, AM was never meant to replace TM as a more sustainable 
manufacturing process; instead, it was developed to create complex 
geometries that were nearly impossible to manufacture conventionally. 
Even though the existing literature indicates that MAM is typically less 
sustainable because of its high SEC, its characteristics mean it can be 
harnessed to reduce the environmental impact of products in some in-
stances. Conversely, there are other times when AM is the less sustain-
able option, as is the case for mass production [221]. Nonetheless, many 
industries are benefiting from AM's ability to increase the longevity of 
products that are also more advanced, complex, and lighter. However, 
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until the work has been done to characterize the whole AM process, 
there is limited visibility or transparency on the environmental impact 
of MAM for users and consumers. Cooperation by stakeholders at all 
levels can help further the understanding of the potential ecological 
impacts of AM. In the meantime, best practices based on techniques 
shown to reduce energy consumption would be helpful. Therefore, the 
framework in Table 39 could be used as a basis to improve overall 
sustainability. 

10. Conclusion 

This article comprehensively reviewed four MAM technologies, 
namely ME, PBF, BJ, and DED, including their recent achievements. The 
main challenges and considerations of state of the art in terms of future 
development were outlined and discussed. However, it is important to 
note that other fundamental subjects such as process standardization, 
data acquisition, DfAM, novel materials, economics, ethical and social 
issues, and others are also significant to MAM's progress and have been 
intentionally omitted from this article and reserved more focused 
studies. Overall, this work provides a contemporary summary of some of 
the most relevant topics in this field of MAM and is intended to be 
particularly useful for practicing engineers, technologists, and 
researchers. 

Modern MAM technology has become one of the most innovative 
technologies in the manufacturing industry. Compared to TM tech-
niques, it can be used to fabricate complex and lightweight structures 
that would otherwise be too costly and time-consuming to manufacture. 
It also offers other advantages, such as the ability to consolidate large 
assemblies and create NNS components without expensive tooling, as 
well as the option of further enhancing its efficiency by applying DfAM 
methodologies such as topology and material optimization techniques. 
As an industry, it has evolved from prototyping to now producing 
advanced products as a result of advancements in hardware and soft-
ware and metallurgy developments. The increased attention of the sci-
entific community and the rate of growth in recent years also suggest 
that MAM could play an instrumental role in facilitating a transition to 
the next industrial revolution as well as providing industry with an 
alternative means of mass-producing metal products in the future. 
However, there are still some opportunities for improvement, including 
several technical challenges to overcome before this can be accom-
plished. For instance, even though all MAM processes have demon-
strated their ability to produce parts with equivalent and sometimes 

superior mechanical properties to their wrought counterparts, there are 
many variables that can be adjusted during the printing process, each of 
which has a certain influence on the part's final characteristics. Because 
of this, it can be challenging to determine the optimal combination of 
parameters to improve one property without adversely affecting others, 
given the complex thermal processes involved in fusing metal particles 
together in a layer-by-layer fashion. As this is a manufacturing method 
unlike any other, optimizing the entire process to attain specific part 
characteristics can be a challanging undertaking to satisfy often 
competing design requirements. 

Although the scientific community has made significant strides to-
ward understanding the effects of most of these important parameters in 
terms of their influence on surface characteristics, tolerances, and de-
fects such as porosity formation, RS, microstructure, and others, the 
industry is still far from being able to print metallic parts with reliable 
and repeatable mechanical properties in the same way conventional 
methods can. While these centuries-old techniques, such as casting, 
forging, turning, and milling, have been perfected over time, it is 
important to remember that MAM is a relatively new technology, having 
only existed for approximately 40 years. As a result, a knowledge base of 
comparable magnitude has not yet been established. Nevertheless, 
failure to define these relationships will adversely affect MAM's ability 
to manufacture consistently high-quality products, making it economi-
cally and technically unviable as a method of mass-producing metallic 
parts. 

While efforts continue to be made to improve the quality of printed 
products, some broader approaches would be helpful. An example 
would be the development of a concise guide or set of benchmarking 
policies based on the latest knowledge of the relationship between 
processing-structure-property relationships in order to assist users in 
selecting parameters that minimize the risk of common defects. In 
particular, those new to additive technologies would benefit from this 
interim approach. 

For now, there is evidence that certain techniques can mitigate some 
of the shortcomings associated with MAM. One example is the work 
being undertaken to enhance the capabilities of in-situ and predictive 
monitoring of closed-loop autonomous control systems. Progress in this 
area would facilitate pattern recognition programs to detect common 
defects earlier in the process, resulting in a significant increase in pro-
ductivity. However, many techniques developed so far only address 
monitoring processes rather than identifying correlations between pro-
cess parameters and material discontinuities. While these technologies 
are still in the early stages of development, the present difficulty of 
large-scale data handling from multiple sensors to recognize patterns is 
possibly one of the most significant barriers to creating intelligent 
control systems. ML holds considerable promise in this area; however, 
the computational costs associated are presently too expensive. Another 
recent mitigation technique that has shown some practical benefit is the 
development of HAM which combines MAM and TM processes. These 
machines have shown promise by significantly reducing the number of 
metallurgical defects. As a consequence, these technologies can greatly 
diminish the need for labor-intensive and manual post-processing. There 
have already been several HAM machines developed, but much more 
work is still needed to fully understand their value and the implications 
of this technology for the industry. An example would be the effects of 
cutting fluids on the frequency of cracking. There are also other factors 
that merit further investigation, including HAM's longer processing 
times and its potential limitations concerning the processing of hard-to- 
machine alloys. However, the more significant issue is that few people 
currently possess the knowledge and expertise necessary to operate and 
program HAM machines. 

While extensive research is being carried out on MAM processes, it 
may take decades before MAM becomes a reliable technique for pro-
ducing large quantities of defect-free parts with predictable mechanical 
characteristics. While this milestone may well be many years away, 
there is no reason to discourage the scientific community or industry 

Table 39 
Recommendations for EE improvements for MAM.  

EE procedure Description 

Printing at maximum 
capacity 

Can help reduce energy consumption if the print bed 
utilization is maximized. Printers should also be switched 
off when not in use. 

Topology optimization Can help reduce the amount of material required for a 
part, thereby reducing print times and energy 
consumption. 

Part consolidation Consolidating an assembly to a minimum number of parts 
can reduce material use, print times, and assembly times, 
thereby reducing energy use and emissions. 

Processing parameters Can help mitigate increased printing times. The height of 
the part in the z-direction should be minimized (consider 
printing orientation), and parts should be designed to 
minimize support material. 

Material optimization Materials should be selected to fulfill the application's 
requirements based on the most sustainable option. 

EnMs Optimizing systems and equipment by implementing 
energy usage plans and measures can reduce resources and 
unnecessary waste. 

Continuous energy 
auditing 

Can help to understand the quality and quantity of 
materials and how and where energy is used. 

Training and 
Awareness 

Training staff to understand sustainability issues can 
encourage EE consumption and waste reduction, instate 
values and foster healthy working practices.  
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from investing substantial resources in the development of MAM. After 
all, it took the internet more than 25 years to revolutionize commerce 
following its 1969 inception. Nor was everyone convinced that the 
internet would assume a central role in our lives—one newspaper 
editorial from the 1990s stated that “no online database will replace 
your daily newspaper, no CD-ROM can take the place of a competent 
teacher, and no computer network will change the way government 
works.” Despite those expectations, the internet has revolutionized how 
the world works and communicates. This suggests that MAM may follow 
a similar trajectory in the future; however, such an achievement can 
only be reached by continuing, coordinated, and collaborative research 
efforts among stakeholders from various disciplines. In terms of the main 
challenges for MAM, the main conclusions from the literature can be 
summarized as follows: 

ME  
• ME is mainly characterized by the ADAM and BMD processes that 

use a filament to fabricate structures by extruding it through a 
nozzle. Despite their relative affordability and the ability to pro-
duce parts with high geometrical accuracy, these parts suffer from 
high porosity and poor surface finishes. As far as the character-
ization of the process-structure-property relationship is concerned, 
insufficient research has been conducted. Despite evidence sug-
gesting that vertically oriented parts have lower mechanical 
properties than other orientations, there is conflicting information 
concerning the difference between either flat or on-edge parts. The 
impact of LT on mechanical properties is also unclear, and the 
representation of the influence of different infill strategies is also 
understudied. In addition, no other commercial material intended 
for these processes has been evaluated other than 17–4PH SS. It 
should also be noted that the environmental impact of ME has not 
been investigated either. As a result, there is still a considerable 
amount of uncertainty regarding the characteristics of ME, which 
offers the prospect of further research and development that may 
result in improvements to the process and quality of parts. 

BJ  
• The underlying mechanisms of BJ are multifaceted, involving 

numerous interactions between various substances. The optimum 
selection of process parameters and the powder characteristics are 
both crucial factors in printing defect-free metal parts. Although 
porosity continues to pose a significant challenge to the develop-
ment of BJ, perhaps understanding and controlling shrinkage may 
be one of its most critical challenges. Shrinkage can be mitigated to 
a certain extent during the design stage. This, however, requires a 
high level of experience and is not always a reliable approach. A 
better way would be the development of integrated intelligent 
monitoring and control systems that can mitigate these incidents 
in situ. Despite an increased understanding of defect formation, a 
limited number of studies have been conducted to establish robust 
causal links between processing conditions and defect formation. 
Although efforts are being made to improve the process, only a few 
commercial materials are available, and their properties have not 
been adequately characterized. The impact of BJ on the environ-
ment has also received limited research attention. 

PBF  
• By using a thermal source to melt or sinter powder particles layer 

by layer, PBF is one of the most widely used technologies today for 
printing metallic parts. While it can process a wide range of ma-
terials, the complex melt pool mechanisms render it susceptible to 
several significant defects. These include high surface roughness, 
porosity, and RS. It is still unclear how most of these defects are 
related to the many variables involved in PBF, despite numerous 
attempts to describe and mitigate these through various strategies. 
HAM processes have shown a clear potential for improving the 
quality of PBF parts; however, sufficient research has not yet been 
conducted to define their exact implication. There is also 

considerable scope for integrating multiple process sensors to 
enable a more comprehensive understanding of the relationship of 
the process's many variables and part characteristics, in addition to 
developing ML algorithms for anomaly detection and closed-loop 
control. While these are all under investigation, developing 
novel process sensing approaches or strategies for sensor integra-
tion remains a significant area of opportunity for future research. 

DED  
• Due to a similar melting mechanism, DED typically suffers from 

many of the same limitations as PBF, including RS, porosity, high 
surface roughness as well as cracks, and delamination. Being 
notable for its RR capability and ability to fabricate relatively 
larger structures than other MAM technologies, DED also has the 
advantage of being able to process not only a wide variety of 
materials but also produce multi-material parts. Despite this, the 
influence of processing variables is still largely unknown. Further 
studies on establishing a correlation between these variables and 
the resultant part properties would be highly beneficial to the 
advancement of DED. Due to the significant number of resources 
dedicated to DED-HAM development, it is expected to improve the 
applicability of this technology significantly. Even though many 
hybrid systems are commercially available and their parts exhibit 
promising mechanical properties, they remain understudied, and 
their implications for the future remain unclear. 

Sustainability  
• It is important to note that the issue of sustainability remains 

largely unaddressed. A common perception is that MAM is more 
environmentally friendly than some TM methodologies. This 
notion is typically attributed to its ability to reduce waste and 
eliminate unnecessary steps in the manufacturing process. How-
ever, since the environmental assessment models developed to 
date are based solely on general life cycle assessments, the true 
environmental impact is unclear. These generic models may be 
helpful in the context of TM techniques. However, they are less 
relevant when it comes to MAM. This is because the databases for 
printed materials are not well developed. Additionally, MAM of-
fers unique capabilities in terms of its design freedom, which is 
often overlooked. In and of itself, this may have a significant 
impact on sustainability. It is, therefore, necessary to develop 
specific datasets as well as frameworks that account for these 
nuanced aspects of MAM in order to be able to determine its true 
environmental impact. Despite this, the majority of current liter-
ature on this topic focuses exclusively on the SEC of the printing 
process. In this context, it is clear that MAM has a significantly 
more significant impact per kg than TM. However, several tech-
niques have been identified that could enhance the EE of the 
process. Among the other points mentioned in this article, they 
include printing at maximum capacity, selecting structurally and 
environmentally sound materials, and implementing energy 
management systems. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

References 

[1] Jamwal A, Agrawal R, Sharma M, Giallanza A. Industry 4.0 technologies for 
manufacturing sustainability: a systematic review and future research directions. 
Appl Sci 2021;11:5725. https://doi.org/10.3390/app11125725. 

[2] Xu X, Lu Y, Vogel-Heuser B, Wang L. Industry 4.0 and industry 5.0—inception, 
conception and perception. J Manuf Syst 2021;61:530–5. https://doi.org/ 
10.1016/j.jmsy.2021.10.006. 

[3] Johnson NS, Vulimiri PS, To AC, Zhang X, Brice CA, Kappes BB, Stebner AP. 
Invited review: machine learning for materials developments in metals additive 

M. Armstrong et al.                                                                                                                                                                                                                             

https://doi.org/10.3390/app11125725
https://doi.org/10.1016/j.jmsy.2021.10.006
https://doi.org/10.1016/j.jmsy.2021.10.006


Journal of Manufacturing Processes 84 (2022) 1001–1029

1025

manufacturing. Addit Manuf 2020;36:101641. https://doi.org/10.1016/j. 
addma.2020.101641. 

[4] Gardan J. Additive manufacturing technologies: state of the art and trends. In: 
Addit. Manuf. Handb. Prod. Dev. Def. Ind. CRC Press; 2017. p. 149–68. https:// 
doi.org/10.1201/9781315119106. 

[5] Technical Committee AMT/8. In: BS EN ISO/ASTM 52900: additive 
manufacturing - general principles - terminology. Int. Stand.; 2017. p. 1–30. 

[6] Tofail SAM, Koumoulos EP, Bandyopadhyay A, Bose S, O’Donoghue L, 
Charitidis C. Additive manufacturing: scientific and technological challenges, 
market uptake and opportunities. Mater Today 2018;21:22–37. https://doi.org/ 
10.1016/j.mattod.2017.07.001. 
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