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Abstract: Extrusion-based additive manufacturing (AM) technologies (i.e., fused filament fabrication, FFF)
mostly produce thermoplastic parts. However, producing metallic or ceramic parts by FFF is also a sintered-
based AM process. FFF for metallic parts can be divided into five steps: (1) raw materials selection and
feedstock mixture (including palletization), (2) filament production (extrusion), (3) production of AM
components using the filament extrusion process, (4) debinding, and (5) sintering. These steps are interrelated,
where the parameters interact with the other ones and have a key role in the integrity and quality of the final
metallic parts. FFF can produce high-accuracy and complex metallic parts, potentially revolutionizing the
manufacturing industry and taking AM components to a new level. In the FFF technology for metallic
materials, material compatibility, production quality, and cost-effectiveness are the challenges to overcome to
make it more competitive compared to other AM technologies, like the laser processes. This review provides a
comprehensive overview of the recent developments in FFF for metallic materials, including the metals and
binders used, the challenges faced, potential applications, and the impact of FFF on the manufacturing
(prototyping and end parts), design freedom, customization, sustainability, supply chain, among others.

Keywords: additive manufacturing; solid-state processes; Material Extrusion; fused filament
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1. Introduction

Fused Filament Fabrication (FFF) is grouped inside the Additive Manufacturing (AM) Solid-
State processes [1]. These processes, commonly referred to as 3D Printing, allow layer-by-layer
construction of complex and customized shaped parts from engineering materials directly from
design, without using expensive tooling [1,2]. FFF uses a continuous feed of material or mixing of
materials, typically in the form of a filament, but can assume other forms, like pellets. Metallic AM
through FFF uses a mixture of metal powders with polymeric binder systems [3], which are melted
and deposited layer by layer to build an object [4-7]. FFF for metallic parts can be divided into five
steps: (1) raw materials selection and feedstock mixture (including palletizing), (2) filament
production (extrusion), (3) production of AM components using the filament extrusion process, (4)
debinding, and (5) sintering. The pellets and inkjet processes use similar steps.

AM processes are getting the attention of several industries, like automotive, aero-space,
healthcare, as well as consumer and markets in general, since they allow to design, create, develop,
and produce almost any product with design freedom, flexibility, and versatility when compared to
traditional manufacturing [2,8-10]. To accomplish the AM potential, continued research and
development on processes and equipment are essential to enable full manufacturing readiness and
understanding of the materials [8,10]. AM processes in general, and metal AM processes, from laser
to solid-state processes, can create complex shapes and components from various materials,
including plastics, metals, ceramics, and composites, like Metal Matrix Composites (MMC),
Functionally Graded Materials (FGM), High Entropy Alloys (HEA), and others [11-15]. The beam
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(laser or electron powder processes are the most used technologies in Metal AM. The pertinence and
capabilities of this type of process are widely demonstrated and recognized. Thus, this technology
has emerged as challenging since layer-by-layer manufacturing with a heat source leads to I columnar
grain formation, mainly due to the directionality of heat extraction. This microstructure has
characteristics dissimilar from those of traditional processes; it usually reveals an anisotropy that
degrades mechanical strength in Z-axis directions (or with enhanced strength in the XY-axis),
resulting in components that can have unpredictable mechanical behavior, incompatible with parts
that requires stringent properties [3,16-18]. The metal AM processes require high-end and digital
technology, like hardware, software, and procedures. They are an intrinsic part of a new industrial
paradigm to increase efficiency and productivity by ensuring sustainability and the improvement of
the circular economy [8,19-22].

One of the mandatory requirements to achieve an effective layer joining in AM, independently
of the selected technology, is to have an effective combination of the feedstock (or raw) material and
good energy delivery [23]. As mentioned before, in the FFF process, the most common way is to use
a filament composed of binder systems mixed with metal powder particles, which is fed through a
nozzle, produced according to the 3D model, and layered according to it; in the end, a green part is
achieved [24-26] Afterward, the steps of debinding and sintering treatments are required to create
fully metallic parts. The debinding is performed to remove most of the polymeric binder systems,
obtaining the densified brown parts and getting full metallic parts with the desired composition after
sintering [27-29]. Known for its cost-effectiveness and versatility, FFF is a popular choice for many
applications [24,26,28,30,31]. Additionally, it is possible to use pellets as feedstocks (also a mixture of
binders and powder metals) [4,5,32-34], which avoids filament production using almost directly the
materials from the mixture process [4-6] and Direct Ink Writing Processes where an ink with
nanometric metal powder is used as feedstock [35-38]. This paper aims to provide a comprehensive
overview of metallic materials FFF, including its principles, advantages, limitations, design
considerations, advanced materials utilization, potential applications and prospects, and directions
for research and development of metal FFF.

2. The FFF process for metallic materials

The FFF Process, referred to as Fused Deposition Modeling (FDM), is widely acknowledged as
a prominent AM technique. It involves the systematic layer-by-layer deposition of thermoplastic
materials to construct objects [8,10,39]. Due to its unique characteristics, FFF occupies a significant
position in polymer-based AM processes. Notably, it has gained recognition as a potential substitute
for laser or electron beam processes, creating new opportunities for advancing metal AM technology
[2,11,39,40]. The ability to produce such diverse objects highlights the flexibility and utility of the FFF
process in various domains, including engineering, design, research, and art. The versatility and
widespread accessibility of FFF make it a practical AM solution. It facilitates the production of a wide
range of objects, catering to diverse requirements. These objects can encompass prototypes, models,
functional components, and even intricate artistic sculptures [24,39,41].

Adjacent to the FFF process, it is required to design the components using computer-aided
design (CAD) software, enabling the CAD 3D model. Once it is complete, and to proceed with the
AM process, the CAD 3D model must be sliced using specific software. This software will be used to
define the manufacturing strategy; it can specify the path for the deposition of material layer-by-layer
(slicing) and define the production parameters such as layer thickness, the number of shells, pattern,
raster gap, and speed [5,8,42,43]. The slicer software will convert the CAD 3D in a set of paths
(coordinates defined by X, Y, and Z) and layer upon layer; it creates the tracing, which the nozzle will
run in manufacturing to the production of the designed component. Each slice is no more than a 2D
and is the path that will have to be travelled to build each slice, and the set will originate the 3D
object. Slicers enable the optimization and parametrization of several properties, impacting the final
component’s overall quality and surface finish [8,44,45]. The deposition strategies (material
quantities, density, and rastering), the support struc-tures, the scaffold architectures, and others,
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likewise in other metal AM processes, are de-fined by specific software, using the component CAD
3D file as a base to develop/design it [5,46-48].

The FFF process can use one of the three types of feedstocks: filament, — the most common,
pellets and inkjet. The core features for the FFF process in metallic materials for filaments are the
correct powder load and melt of the filament, adequate pressure to push the molten material through
the nozzle to enable a controlled extrusion in the correct coordinate (defined in slicing), and proper
bonding of the material extruded which will create a solid structure [26,39,40,48]. Figure 1 represents
the schematics for the 5 steps of the FFF process, as described before.

Mixture Equipment Filament Productionand Coiling

Metal-Polymer
Feedstock

Binder System

Sintered Part

5

Figure 1. Schematics of FFF for metallic filament feedstock: (1) Filament production (including
materials selection and mixing) (2) Production of AM component (green part) using the filament
extrusion process, where a) Metallic Filament Spool; b) Metallic Filament; c) Feeding Mechanism; d)
Extrusion Head; e) Nozzle; f) Metal AM Part; g) Build Plate (3) Debinding (brown part), and
(4) Sintering (sintered part) (5) Sintered part.

The production of filaments for metal-based AM is a critical step in the process. It includes
materials selection and mixture and the extrusion process into the form of the filament. The selection
of appropriate materials, including metallic powders, binders, and additives, is essential to
producing successful parts. The filaments utilized in metal-based AM result from the extrusion of
feedstock, a combination of metallic powders and a polymer binder system in specific proportions,
typically with 60% metallic powders and 40% polymeric materials. The objective of this mixture,
similar to metal hot embossing and metal injection molding, is to distribute the metal powder evenly
throughout the binder, preventing internal porosity and agglomeration and resulting in a
homogeneous biphasic mixture [8,11,26,49-51]. The powder characteristics and properties have a
significant impact on the rheological behavior of the filaments during their manufacture and the FFF
process. Ideally, filament characterization should include results such as particle size distribution of
the powder, powders morphology, density, specific surface area, inter-particle interaction, thermo-
gravimetric analysis, and differential scanning calorimetry [8,51-54]. Filament production is a
complex operation, where the selected process parameters must suit the specific compound and
extrusion system used, and preliminary optimized for each filament. The filament is usually extruded
into a spool and must be preoptimized to ensure that the blend is homogeneous and has a consistent
shape and diameter (usually 1.75 mm or 2.85 mm diameter). A suitable and practical FFF process
requires the combi-nation of an appropriate feedstock and extrusion, which will enable a stable and
effective (and profitable) process [8,24]. Alternatively, can be used pellets, skipping the extrusion into
filament; using pellets instead of filament in FFF offers several benefits, including a broader range of
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material options, lower costs, and reduced waste production. However, using pellets also presents
challenges, such as higher temperatures required to melt the pellets, more force needed to push them
through the nozzle, and limited availability of specific materials [5,32]. Both ways are firstly required
to produce a suitable feedstock.

The production process for polymer or metal-based components is similar from an equipment
perspective. The feeding mechanism is positioned differently depending on whether the filament is
metal, or polymer based. In the case of filaments constituted by binder systems and metal powder,
which are fragile and prone to breakage, the filament spool is usually located at the top of the machine
and directly connected to the feed mechanism. To avoid breakage, metallic filaments are fed vertically
to the direct extrusion head and are typically used in a temperature-controlled chamber during AM
processes. When heated to a temperature range of 150 °C to 200 °C, the filaments acquire a pseudo-
plastic state enabling fed into a hot nozzle in the nozzle and head. The material is then extruded
through an orifice diameter ranging from 0.25 mm to 1 mm [1,2,55-57]. The material is deposited
along the rastering paths created in the slicing software. The software determines the deposition of
successive layers to create the desired geometry. FFF equipment may feature various heated die
nozzle that enables the extrusion of different materials, such as component material, a release layer,
or soluble support material, along a predefined path based on the sliced layers of the CAD 3D model
[9,12,44,57]. The layer thickness and infill pattern can also be modified to control object strength and
weight. The resulting part from this process is called the green part [30,58,59].

Debinding optimization is contingent upon the attributes of the binder system and constituents.
Multiple debinding methods are available, such as solvent debinding, cata-lytic debinding, thermal
treatment, or combining two or more techniques [49]. The debinding aims to eliminate the binder
systems progressively, keeping the produced components' shape [8,50]. Obtaining proper
components after debinding (brown parts) requires a gradual and stable binder removal to avoid
defects and shape loss [11,49]. Poor debinding conditions can influence the components' porosity
since carbon residues (prevenient from polymer/binder residues) influence the sintering process,
promoting bloating, blistering, surface cracking, and large internal voids, which will increase the
difficulty of achieving a highly dense component [8,24]. The process of transforming the brown part
into a fully dense metal component is sintering, where a heat treatment is applied to transform the
loosely bound metal powder particles into a bulk material. The initial temperature used in sintering
is below the melting point (between 70 and 90%) of the metal powder, or the major metallic
component, to get solid components, with all geometries created in the FFF process [11,24]. In
sintering, the combination of high temperature and high porosity of the components, created by
removing binders during debinding, promotes intense mass transport. As the sintering temperature
increase, the system progressively reduces surface energy forming solid bonds (or necks) between
the metal powder particles; these bonds continue to grow by diffusion, thus decreasing the porosity,
and densifying the components, resulting in a shrinkage of components, usually around 20% of the
initial volume [26,60,61]. To optimize the sintering parameters and enhance component
consolidation, it is required to monitor the process thru microstructural evaluation and mechanical
characterization [8,24].

3. Design considerations for FFF with metallic materials

When compared to the FFF of polymeric materials, the application of the process to metallic
materials requires specific concerns due to the differences in material properties, equipment
capabilities, bed adhesion, layer height, cooling, and post-processing. Optimizing these factors makes
it possible to produce high-quality metallic parts using FFF technology. To produce high-quality
metallic parts using FFF technology, some specific design considerations must be taken. Metallic
materials have different properties than polymers, such as higher melting points, higher thermal
conductivity, and higher mechanical strength [62]. These properties can affect the part's production
process and final quality. Therefore, selecting a metallic material suitable for FFF and understanding
its properties is essential to optimize the manufacturing process [7,10,60]. Another consideration is
the capabilities of the FFF equipment. They were designed to produce polymeric materials and may
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not be suitable for metallic materials [6,40]. It is essential to use equipment specifically designed for
producing metallic materials or one that can be modified to produce them [30]. The adhesion to the
build plate is also crucial when using metallic materials since they tend to warp more than polymers
due to their higher thermal conductivity. Therefore, it is necessary to use a production plate surface
that provides good adhesion and prevents warping. The build plates for metallic materials include
paper, glass, polyetherimide, and others. The layer height in FFF affects the surface finish and the
strength of the finished part. For metallic materials, it is recommended to use a layer height of less
than 50% of the nozzle diameter to ensure good adhesion between the layers and avoid delamination
[6]. Cooling is also essential since metallic materials require adequate cooling during production to
prevent overheating and warping. It is recommended to use equipment with a cooling fan. Finally,
after component production, likewise in other AM processes, like Powder Bed Fusion (PBF), metallic
parts produced with FFF may require post-processing to remove support structures, smooth the
surface, and improve the part's mechanical properties. Standard post-processing techniques for
metallic parts include sandblasting, polishing, and heat treatment. Regarding supports, some
equipment suppliers currently use a ceramic filament to enable an easier separation from parts; the
ceramic particles do not sinter, due to higher temperatures required to solid-state diffusion when
compared with metallic powders [7,10,39].

Unlike traditional manufacturing methods, AM technologies build parts layer by layer, using
CAD data to create complex geometries and intricate internal structures that would be impossible or
difficult to produce with conventional manufacturing methods. Regarding design, it does not make
sense to design components as if they were produced with the same principles as for traditional
manufacturing processes structures. The De-sign for AM (DfAM) framework trusts sophisticated
design methods, such as Topology Optimization (TO) and lattice structures, to design and optimize
parts for AM processes [63-66]. It is a worthy process, as it enables the creation and simulation of
thousands of designs promptly and the production of highly customized components with complex
shapes [67]. DEAM enables the optimization of AM by leveraging its unique capabilities to create
printable designs that enhance performance, functionality, and efficiency, enabling de-signers to
create parts optimized explicitly for AM processes. It differs from other design processes because it
starts with an arbitrary formulation of an initial design concept and combines the algorithms' critical
structures and variables transformed by the algorithms [68,69]. It unlocks innovative design
possibilities and overcomes traditional manufacturing limitations.

When designing for AM processes, designers must contemplate crucial factors like material
properties, layer thickness, speed, and support structures. DfAM processes entail unique
considerations, depending on the process to be used. In direct energy deposition (DED), a process
which also uses laser or electron beam as energy source, designers must ensure proper cooling of the
metal parts during the build process to prevent distortion and minimize the use of support structures;
in PBF, thorough selection of powder material and consideration of layer thickness and build
orientation is required [8,70]. DfAM to the FFF process is peculiar, takes in the limitations of the
process, and considers these constraints like part of the design process, orientation and overhangs,
support structures for steep overhangs, wall thickness, part consolidation, and geometric complexity
[71-73]. These limitations are common on AM processes, and even more evident in FFF. DfAM
practices are commonly implemented through specialized software that facilitates optimization,
which provides insights into printability, structural integrity, and potential manufacturing issues,
allowing designers to iterate and refine their models for optimal results in FFF [2,36,74]. DfAM
incorporate applicable requirements address and solves the typical conflicts between design and
engineering allowing the creation of parts with well-defined functional requirements to obtain
lightweight components and optimized parts, by the combination of design and simulation tools
[64,69,73]. DEAM guidelines and best practices consider the unique characteristics and limitations of
AM processes, including the need for support structures, layer-by-layer build-up, and the choice of
materials. Lattice structures are topologically ordered, 3D open structures with one or more repeating
unit cells. AM lattice structures have outperformed cellular structures produced by other
manufacturing methods with equivalent porosity due to the AM process's greater geometric control
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and predictability [75,76]. By optimizing parts for AM, companies can lower production costs and
turnaround times, resulting in faster product development cycles and increased competitiveness in
the market.

By adhering to DfFAM guidelines, designers can create parts that perform better, cost less, and
can be produced more quickly than traditional manufacturing methods [73,77]. With the continuous
advancement of AM technology, the importance of DfFAM is set to increase even further. DfAM is a
crucial aspect of modern manufacturing, enabling the production of parts optimized for AM
processes. Understanding this is overwhelmingly important, as choosing the most suitable process
for an intended component application is crucial in AM. By considering factors such as material
properties, production volume, lead time, cost, manufacturers, and the constraints from the
component requirements (like tolerances, dimensions, wall thickness, and relative density, among
others) can make informed decisions and optimize their AM for the specific needs. Stating this,
understanding the strengths and limitations of each AM technology is essential in selecting the most
suitable one for the intended application of the component to produce.

4. Challenges to overcome from using FFF with metallic materials

FFF has been used with various materials, and its application to certain materials presents
unique challenges. Thus, other technologies are available for AM with metals, like PBF, DED and
binder jetting (BJT), that have been developed specifically for AM for metals and offer advantages
such as higher speeds and better control over material properties. However, these technologies also
have limitations and challenges to overcome [9,39,78-80].

There are several challenges to overcome regarding FFF for metallic materials. Finding the
correct combination between metal powders and polymer/binder systems can be challenging since it
will change the properties of materials, and — when compared with feedstocks — will need higher
melting temperatures, higher extrusion pressures, and slower cooling rates to achieve a good
production. The quality of the metallic filament used in FFF can also considerably affect the final
component since the distribution of the metal particles within the filament can vary, affecting the
final product's quality and mechanical properties [1,81,82]. It can be challenging to ensure that the
metal particles are evenly dispersed, avoiding the particles clumping together or settling in specific
areas; it can result in inconsistent production and reduced mechanical properties of the final product.
FFF is susceptible to various production quality issues, including an anisotropic feature that reduces
the mechanical strength of the part in specific directions (mainly in the Z-axis), warping,
delamination, and poor surface finish [1,8,16,19,60,82,83]. Metal parts produced using FFF may have
rough or uneven surfaces, affecting their functionality or aesthetics. It is common to find defects like
pores, even between the rastering, and the presence of inclusions, which are common on the surface
too [26,84].

The post-processing is also an issue and transversal to all Metal AM since it often require post-
processing to achieve the desired mechanical and aesthetic properties, including heat treatments,
polishing, electroplating, hot isostatic pressure, among others, which will add additional time and
cost to the process [19,81,82]. FFF must be better suited for producing parts with complex geometry
or internal structures. The layer-by-layer process can result in the formation of voids or gaps in the
produced component, which can compromise its strength and integrity [1,19,60].

Not all processes are suitable for producing all components. It is crucial to consider several
aspects, like the component geometry, material properties, production volume, and other factors
affecting the final product's quality and suitability. Choosing the most viable and suitable technology
can help achieve better results and reduce production costs. Therefore, it is pertinent to carefully
evaluate the various AM processes available and determine the most appropriate one for the
intended use.

5. Metallic materials for FFF and new/advanced materials utilization

FFF with metallic materials is becoming increasingly popular due to user-friendliness and cost-
effective manufacturing technique. It enables producing parts with excellent mechanical properties
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comparable to conventionally manufactured parts. As already mentioned, AM —in general — enables
design freedom, creating intricate shapes and complex geometries with improved mechanical
properties, which would be difficult or impossible to produce using traditional manufacturing
methods [2,8-10,25,26,40,85].

FFF with metallic materials research has demonstrated that FFF-produced parts can have similar
tensile strength, ductility, and fatigue resistance as parts made by traditional methods, such as
machining, casting, and forging [2,7,8,19]. The ability to produce hollow parts with reduced weight
and cost is a significant advantage of metal-based FFF, which is particularly beneficial in industries
like aerospace that require lightweight and durable components. FFF with metallic materials also
offers enhanced mechanical properties, making it an ideal method for manufacturing high-strength
and durable parts comparable to those produced using traditional manufacturing techniques
[2,11,16,26].

The layer-by-layer deposition of material during the FFF process creates a characteristic
microstructure that differs from conventionally manufactured parts. Adjusting sintering
temperature, FFF-produced parts can have microstructure characterized by small grains, a fine
distribution of strengthening phases, and the presence of defects such as voids, cracks, porosity, and
inclusions [60,84,86]. Another advantage of FFF with metallic materials is its ability to produce
graded materials, which vary in composition or properties over their volume, resulting in a smooth
transition from one material or property to another. FFF with metallic materials can create graded
materials by changing the composition of the feedstock or adjusting the process parameters
[15,87,88]. Graded materials can be used to tailor the properties of parts to specific requirements, such
as reducing weight while maintaining strength or improving wear resistance at a critical surface
[87,89,90]. Ongoing research is exploring the potential of FFF with metallic materials for additional
applications, such as in the aerospace and biomedical industries [91-93].

6. Metallic materials for FFF and new/advanced materials utilization

Materials perform a crucial role, and FFF brings flexibility compared to beam-based and jetting
processes. FFF involves melting filaments of various materials, such as polymers and metals, and
then cooling them to form the desired shape. FFF equipment typically uses a spool of thermoplastic
filament, which is heated and extruded through a nozzle onto a build platform to create the object.
Advancements in materials science have led to the development of metallic materials that can be used
in FFF. These metallic filaments are typically made by combining metal powders with a binder
material, which allows the filament to be extruded through the nozzle. Different metallic filaments
can be used with FFF equipment, including bronze, copper, stainless steel, aluminum, and titanium,
known from AM processes. By using the unique properties of MMCs, HEAs, and FGMs, and taking
advantage of AM, it is possible to develop high-performance components with enhanced properties
that can be tailored to specific applications. As research into these materials continues, it is expected
that they will be widely adopted and used in a variety of industries around the world [13,14,94].

MMCs are composite materials that combine a metal or alloy matrix with a reinforcement
material such as ceramic, metal, or fiber. They are known for their high strength, durability,
lightweight, good thermal and electrical conductivity, and excellent wear resistance, making it
suitable for various industries such as aerospace, automotive, and medical. FFF is a promising AM
technique for producing MMCs. However, several challenges must be addressed to achieve optimal
results. One of the most important factors is ensuring sufficient adhesion between material layers
during production to maintain bonding after cooling. Other essential factors include selecting the
appropriate feedstock material, controlling the temperature, and optimizing slicing parameters such
as layer height and infill pattern. By considering these factors and making the appropriate
adjustments, optimized FFF processes can be achieved for creating high-performing metallic
components using composite materials. However, additional research is needed before the
widespread adoption of MMCs using FFF can occur. Developing improved processing techniques
and an increased understanding of how different parameters affect material performance will
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facilitate increased adoption rates and result in better products at lower costs for various markets
worldwide [13,94-99].

HEAs, unlike conventional alloys, consist of multiple principal elements, offering a wide range
of compositions. HEAs are promising multi-component alloys with unique combination of novel
microstructures and excellent properties, and using FFF in AM will bring a new paradigm, by
offering unique properties and enabling new applications. HEAs possess high strength, good
ductility, improved fracture toughness, high-temperature stability, and superior corrosion resistance.
The ongoing research focuses on alloy design, process optimization, feedstock development, and
comprehensive characterization. HEAs provide a broad range of compositions, enabling tailored
alloys for specific FFF applications. This versatility balances printability, mechanical strength, and
corrosion resistance. HEAs exhibit exceptional stability at elevated temperatures, making them ideal
for thermal cycling applications or high operating temperatures. Furthermore, certain HEAs
outperform traditional alloys in corrosive environments, ensuring durability and longevity in
challenging conditions [15,100-102].

FGMs are materials with a graded composition, microstructure, and properties, enabling them
to smooth the transition between different material phases. Due to their unique properties, FGMs are
widely used in aerospace, automotive, and biomedical industries. The production of FGMs using FFF
involves modifying the composition of the filaments fed into the equipment, allowing the creation of
custom-designed parts with varying mechanical, thermal, and electrical properties. Furthermore,
FGMs can be designed with specific characteristics, such as thermal conductivity and electrical
resistivity, to address needs in different industries. For example, in the aerospace industry, FGMs can
be utilized to improve the performance of jet engine components. In the biomedical sector, FGMs can
be used to develop customized implants that mimic the mechanical properties of human bones.
Moreover, FGMs can be used in energy harvesting devices, such as thermoelectric generators, to
enhance energy conversion efficiency. The production of FGMs using FFF presents several
challenges, including the need for a well-controlled extrusion system to maintain a constant and
precise flow of composite materials. Additionally, FFF for FGMs requires a thorough understanding
of the mechanical properties and behavior of the materials involved to achieve optimal results.
Nevertheless, the potential benefits of FGMs make them a promising field of research for future
materials development [15,103-105].

7. Applications

As discussed above, FFF technology is rapidly growing in popularity and is widely adopted in
various industries — like aeronautical, aerospace, automotive, and medical industries, among others
— and is widely used with metallic materials to create complex and lightweight components
[7,21,39,106-109]. The versatility and cost-effectiveness of FFF technology make it an attractive option
for a wide range of applications[7,59].

In recent years, advancements in FFF technology have made it possible to produce a range of
metallic materials. FFF technology is getting much attention from the aeronautical and aerospace
industry due to creating complex, lightweight components for their vehicles [71,110]. This technology
can produce lightweight, high-strength components, improving fuel efficiency and reducing
emissions. There are several components, such as structural components, frames, supports, sensors,
and actuators for aircraft and spacecraft. FFF with metallic materials is an efficient and cost-effective
way to create aircraft and spacecraft components prototypes [71]. It allows engineers to quickly
design, evaluate, and modify different parts, reducing development time and costs [111-113]. It can
also be used to create customized components that meet the specific needs of aircraft and spacecraft
manufacturers. It is beneficial for small-scale production runs or retrofitting existing aircraft or
spacecraft with new components. Tooling made using FFF can be produced quickly, and using
metallic materials ensures that the tools are durable and can withstand the harsh environments of the
aerospace industry. Furthermore, metallic materials used in FFF can withstand high temperatures,
making them suitable for creating heat-resistant components for aircraft and spacecraft [7,114]. It
includes engine components, exhaust systems, and other parts exposed to high temperatures during
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flight. Additionally, FFF with metallic materials can be used to repair and maintain aircraft and
spacecraft components, extend the life of existing components, and reduce the need for costly
replacements [7,39].

FFF gained attention in the automotive industry due to its various applications. One of the most
significant applications is the ability to create prototypes of new parts or components quickly. This
technology enables automotive manufacturers to reduce the time and cost associated with traditional
prototyping methods, making the design process more efficient. Furthermore, FFF with metallic
materials can produce custom tooling for automotive manufacturing processes, which can help
reduce the time and cost associated with traditional tooling methods. It can also improve fuel
efficiency and performance and lower manufacturing costs [6,111,113,115]. In addition, the
technology enables manufacturers to create replacement parts for older vehicles that are no longer in
production, extending the life of these vehicles and reducing the need for costly repairs or
replacements. Another significant benefit of FFF with metallic materials is its ability to help
manufacturers reduce the weight of their vehicles while maintaining strength and durability. This
can result in improved fuel efficiency, performance, and safety [116-118].

FFF technology has emerged as a promising manufacturing process for the medical industry,
particularly for prosthetics and medical devices. Using it has opened new possibilities for creating
more precise and biocompatible parts and components [103,113,119]. The process enables the
production of intricate parts and geometry. FEF with metallic materials offers significant advantages
over conventional manufacturing methods for medical devices, such as computerized numerical
control machining and casting. The technology is more cost-effective, has shorter lead times, and
offers greater design flexibility. It is significant to produce custom implants, which must be tailored
to the patient's anatomy [103,113,119]. One of the most important applications of FFF with metallic
materials in the medical industry is the production of implantable medical devices, such as dental,
cranial, and spinal implants. These implants must be biocompatible, durable, and have precise
geometries that match the patient's anatomy. FFF technology is an effective method for producing
such implants with high precision and biocompatibility. The use of metallic materials in FFF also
enables the production of implants with high strength and corrosion resistance, which are crucial for
long-term implant stability [48,120-122]. FFF with metallic materials has also been used to create
surgical instruments, such as scalpels, forceps, and tweezers. The technology enables the production
of surgical instruments with complex geometries and customized designs. The devices produced
using FFF with metallic materials have also been found to have good mechanical properties, such as
high strength and wear resistance, similar with conventional materials. FFF with metallic materials
has immense potential in the medical industry, particularly for producing prosthetics and medical
devices. The technology offers several advantages over conventional manufacturing methods,
including cost-effectiveness, faster turnaround times, and greater design flexibility [103,113,123]. FFF
with metallic materials can help improve patient care quality and advance medical innovation by
enabling the production of precise and biocompatible parts and components.

The tool and mold-making industry has found numerous applications for FFF technology,
including prototyping, creating jigs and fixtures, low-volume production, and custom tooling
[124,125]. FFF technology enables designers and manufacturers to make quick and inexpensive
prototypes of tools and molds before investing in expensive tooling. It can also be used to create
custom jigs and fixtures that hold workpieces in place during manufacturing processes. These jigs
and fixtures can be designed and quickly produced, which reduces lead time and costs
[44,82,113,126]. FFF technology is helpful for low-volume production of tooling components, such as
inserts, cores, and cavities, particularly for small businesses that cannot afford expensive tooling or
require frequent design changes. Custom tooling is another application of FFF technology, where the
molds can be designed to create unique shapes or textures that are difficult to achieve with traditional
molding techniques. FFF technology has revolutionized the tool and mold-making industry by
enabling faster, cheaper, and more flexible manufacturing processes. With the ability to easily create
customized and complex designs, FFF technology has become an increasingly popular option for
manufacturers looking to improve their productivity and reduce costs [5,48,60,124,127].
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Additionally, several other industries employ FFF with metallic materials as a successful AM
technique, including marine engineering, architecture and construction, jewelry and watchmaking,
art and sculpture, electronics manufacturing, and sports equipment manufacturing. As stated before,
the versatility and cost-effectiveness allowed by the FFF technology make it an appealing alternative
for various applications [24,127,128].

8. Conclusions

FFF of metallic materials has shown enormous potential to revolutionize the way metallic parts
are produced. Its versatility and cost-effectiveness offer promising technology for various industries
and applications. Metal-based AM can help create more efficient, cost-effective, and sustainable
products, enabling greater customization, faster prototyping, and lighter-weight components. AM
technology can transform industries from aeronautical to aerospace, automotive, medical, and others.
Ongoing research and development are expected to lead to further improvements in the technology
and expand its range of applications. FFF of metallic materials is an exciting area of research with the
potential to transform industries by enabling the production of complex, custom parts with reduced
lead times and costs. Even though its advantages, several challenges still need to be addressed. One
of the most significant challenges is the limited range of metallic materials available as filaments. The
materials available for FFF of metallic materials are limited compared to other metal-based AM
processes. This limits the application of FFF of metallic materials to specific parts and industries.
Furthermore, the size of the produced parts is limited, and the post-processing requirements can be
significant. Additionally, the manufacturing orientation and support structures can affect the
properties of the printed metallic parts, requiring careful consideration.

Researchers are exploring new techniques and materials, including hybrid systems that combine
FFF with other AM technologies, to address the challenges of limited material range, size limitations,
and post-processing requirements. MMCs and FGMs offer a promising area of research that can
enable the creation of custom parts with varying mechanical properties. FFF of metallic materials is
a technology to watch in the coming years with the potential to create more efficient, cost-effective,
and sustainable products. The continued research and development of FFF of metallic materials will
enable the creation of more complex and custom parts, further revolutionizing manufacturing across
various industries. With MMCs and FGMs, this technology can be used to create custom parts with
varying mechanical properties, such as stiffness, strength, and thermal conductivity, which can
benefit various applications.

The widespread adoption of metal-based FFF could significantly impact the manufacturing
industry. Metal-based FFF has the potential to democratize manufacturing by enabling small
businesses and individuals to produce custom parts on-demand. This could significantly impact the
supply chain, reducing the need for large-scale manufacturing facilities and enabling greater
customization of products. Additionally, metal-based FFF can potentially reduce the carbon footprint
of the manufacturing industry by reducing waste and enabling the creation of lighter-weight
products.

Summarizing, the FFF of metallic materials is a promising technology with several advantages,
including its ease of use, affordability, and versatility. This technology has the potential to
revolutionize manufacturing across a range of industries. However, several challenges still need to
be addressed, including the limited range of metallic materials available as filaments, the limited size
of the printed parts, and the post-processing requirements. Continued research and development are
needed to overcome the remaining challenges and enable the widespread use of FFF to produce
metallic parts.

9. Prospects for the Metal FFF Future

One of the most significant prospects for metal-based FFF is developing new materials.
Currently, the range of commercial metallic materials available as filaments for FFF is limited, which
restricts the range of applications that can be achieved. However, ongoing research and development
are expected to lead to the development of new materials suitable for FFF, expanding the range of
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applications that can be achieved. In the materials, it is also critical to investigate and find new
binders, more adapted to FFF and to the processes of removal of binder and sintering to enable better
final components. To achieve the desired properties, the parts must also be subjected to post-
processing, such as heat treatment or machining. This can be time-consuming and expensive,
reducing the cost-effectiveness of the technology. Continued research and development are needed
to develop new post-processing techniques that are more cost-effective and time efficient. Another
significant challenge is the manufacturing orientation and support structures required for metal-
based FFF. The orientation of the part and the support structures used can affect the properties of the
printed part, requiring careful consideration during the design process. Continued research and
development are needed to develop new software and hardware to optimize the printing process
and reduce the need for support structures.

The improvement of the manufacturing process itself is required. One of the most significant
challenges is the limited size of the produced parts. Continued research and development are
expected to lead to the development of larger printers capable of printing larger parts. Additionally,
improvements in the development of new software and hardware are expected to improve the
precision and accuracy of the printing process, enabling the creation of more complex parts with
greater accuracy. Also, improving the debinding and sintering process is necessary to enable better
components in a quicker and more feasible way. Additionally, research is being conducted on hybrid
systems that combine FFF with other AM technologies, such as PBF or DED processes, to create new
materials with enhanced properties.
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Nomenclature
AM Additive Manufacturing
BJT Binder Jetting
CAD Computer-Aided Design
DED Direct Energy Deposition
DfAM Design for Additive Manufacturing
FFF Fused Filament Fabrication
FDM Fused Deposition Modeling
FGM Functionally Graded Materials
HEA High Entropy Alloys
MMC Metal Matrix Composites
PBF Powder Bed Fusion
TO Topology Optimization
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