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Abstract: Additive manufacturing (AM) has attracted huge attention for manufacturing metals,
ceramics, highly filled composites, or virgin polymers. Of all the AM methods, material extrusion
(MEX) stands out as one of the most widely employed AM methods on a global scale, specifically
when dealing with thermoplastic polymers and composites, as this technique requires a very low
initial investment and usage simplicity. This review extensively addresses the latest advancements in
the field of MEX of feedstock made of polymers highly filled with metal particles. After developing
a 3D model, the polymeric binder is removed from the 3D-printed component in a process called
debinding. Furthermore, sintering is conducted at a temperature below the melting temperature
of the metallic powder to obtain the fully densified solid component. The stages of MEX-based
processing, which comprise the choice of powder, development of binder system, compounding, 3D
printing, and post-treatment, i.e., debinding and sintering, are discussed. It is shown that both 3D
printing and post-processing parameters are interconnected and interdependent factors, concurring
in determining the resulting mechanical properties of the sintered metal. In particular, the polymeric
binder, along with its removal, results to be one of the most critical factors in the success of the entire
process. The mechanical properties of sintered components produced through MEX are generally
inferior, compared with traditional techniques, as final MEX products are more porous.

Keywords: additive manufacturing; debinding; feedstock; material extrusion; metal injection molding;
metals; sintering

1. Introduction

Among the widely adopted techniques in the global landscape of additive manufac-
turing (AM), material extrusion (MEX), also termed fused filament fabrication, stands out,
particularly for applications involving thermoplastic composites and polymers due to the
advantages of low initial investment, short processing time, minimal material wastage,
user-friendly operation, precise control of processing parameters, the capacity for simul-
taneous use of multiple materials (multi-material 3D printing), and seamless integration
with diverse computer-aided design (CAD) software [1–8]. Additionally, MEX offers the
advantage of directly fabricating finished products, eliminating the need for molds, dies, or
tooling, which are notable constraints in conventional manufacturing processes [9–12].

MEX has garnered widespread application across diverse industries. Notably, in
aerospace, it contributes to the production of intricately designed components that are both
lightweight and exceptionally durable, thereby optimizing fuel efficiency and overall per-
formance. Within the medical sector, MEX enables the fabrication of tailor-made implants
and anatomical models, redefining preoperative planning and advancing surgical training
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processes. Additionally, in the realm of consumer goods, this technology empowers design-
ers to craft highly customizable products characterized by intricate geometries, ushering
in a new era of personalized and sophisticated manufacturing solutions [13–17]. Figure 1
illustrates a schematic representation of extrusion-based AM, categorized into three types
based on the type of extruder head employed.
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Figure 1. Diverse categorizations and approaches in extrusion-based AM (adapted from [14]).

1.1. Material Extrusion with Filaments

MEX with filaments, also referred to as fused filament fabrication (FFF), stands out as
the predominant method within the broader material extrusion process. This technique
was pioneered in the late 1980s by S. Scott Crump and subsequently gained commercial
traction, with Stratasys trademarking it as Fused Deposition Modeling (FDM) specifically
for thermoplastic polymers like PLA or ABS [4,18,19].

In MEX, the process involves working with polymer-based filaments or filaments
comprising polymer matrix composites. The procedure commences with a spooled filament
(diameter of 1.75 mm or 3 mm), being fed to the printing apparatus through a mechanism
involving two counter-rotating rollers. These rollers are equipped with teeth or grooves,
which ensure a secure grip on the filament, preventing any slippage issues [3]. Subsequently,
the filament moves into the liquefier segment, where it undergoes melting. Fundamentally,
the unmelted filament (often composed of polymer or composite-based polymer), acts
as a piston, propelling the melted portion and facilitating its passage through the orifice
or nozzle. To achieve this, the material is heated to a temperature slightly above its
melting point, with the specific temperature being determined by the type of material being
utilized [20].

Tailoring the printing bed temperature to suit the characteristics of each material
is a common practice aimed at enhancing layer adhesion [3,21]. MEX printing typically
operates along three axes (x, y, z), with the printer orchestrating parameters such as flow
rate, the position of the liquefier along the x–y-axes, and the z-axis position. Subsequently,
the material is extruded through the orifice and deposited as a molten strand within the
component [4]. Most commercial MEX machines are furnished with only one extrusion
head. However, within the MEX framework, there exists the flexibility to incorporate two
or more extrusion heads. This feature permits the simultaneous use of diverse materials or
colors in the same object or layer, enabling multi-material fabrication [3,19,22].

It is important to note that this filament-based technique does have some constraints
concerning the range of materials it can accommodate. The filament must possess the right
balance of flexibility for spooling, strength to prevent buckling, and a consistent diameter
to ensure uninterrupted mass flow (preventing from over- or under-extrusion). To address
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some of these challenges, two novel feeding systems have been established: screw extrusion
and plunger/syringe-based MEX [14,23].

1.2. Material Extrusion with Plungers

At present, two American companies, namely, Markforged Inc. (Waltham, MA, USA)
and Desktop Metal Inc. (Burlington, MA, USA) [24], have introduced machines based
on syringe-fed material extrusion (MEX). Markforged labels their approach as atomic
diffusion additive manufacturing (ADAM), while Desktop Metal refers to theirs as bound
metal deposition. This method involves employing specially shaped rods composed of a
thermoplastic binder system combined with ceramic or metallic powder for reinforcement.
The fundamental process involves inserting these feeding rods into cartridges, which are
subsequently introduced into the heating unit. Within this unit, the material undergoes a
softening process, rendering it suitable for extrusion.

The molten material gathers within a reservoir, and a mechanical pushing mechanism
propels the softened material, depositing it onto the printing bed in a meticulously layered
manner, following the path delineated by the generated 3D model [14,24,25]. It can be
noted that the operational principle of syringe-based MEX machines closely resembles
the technologies employed in robocasting. In this context, the construction material (rods)
incorporates a thermoplastic-based binder, as opposed to the utilization of water as a binder
in robocasting [26,27]. This methodology typically finds applications in the biomedical
field, where the necessity of biocompatibility is vital [28]. Bose et al. [29] magnificently pro-
cessed dense tungsten alloy using syringe-based MEX equipment, achieving commendable
densification exceeding 98% of the theoretical density.

1.3. Material Extrusion with Screws

Screw-driven material extrusion presents a distinct advantage by directly utilizing
pellets within the barrel, avoiding the additional step of producing filaments or rods. This
technique finds widespread use in the plastics processing sector for fabricating uniform,
intricately shaped components. A screw extruder is partitioned into distinct zones, initiat-
ing with the feeding section, where pellets are conveyed to the melting zone; pellets then
undergo softening via friction and heat before progressing to the metering zone. Subse-
quently, the molten material encounters high pressure before being expelled through the
orifice or nozzle [14,23,30]. Maintaining control over pellet size is pivotal to ensuring the
ultimate product’s quality and achieving a consistent flow of extruded material [31].

Numerous enterprises, such as AIM3D GmbH (Rostock, Germany) [32,33] and Pollen
AM Inc. (Paris, France) [34,35] are actively commercializing screw-based MEX machines.
Furthermore, Oak Ridge National Laboratories (OaK Ridge, TN, USA) and Cincinnati Inc.
(Cincinnati, OH, USA) have engineered a screw extrusion machine tailored for large-scale
production. This system, termed “big area additive manufacturing” or BAAM, has been
developed [36,37]. The recent literature showcases several successful endeavors involving
screw-based MEX equipment utilized with highly filled composite materials, including
17-4PH steel [38–41], tool steel [42], and 316L stainless steel [1,43–45].

2. Fabrication of Metal Objects with High-Loaded Powders Using Filament-Based
Material Extrusion (MEX)

The feedstock used for MEX is like the one employed in a widely utilized manufactur-
ing process known as metal injection molding (MIM). In MIM, the feedstock is extruded
and subsequently injected into a mold cavity to shape the desired green form. In MEX,
after the feedstock is prepared, the next step involves crafting a filament loaded with a
substantial amount of metallic powder. This filament is then subjected to 3D printing using
a standard MEX printer. The ultimate post-processing steps remain consistent across both
manufacturing methods (i.e., debinding and sintering). The stages of MEX-based process-
ing comprise choice of powder, development of binder system, compounding, shaping,
debinding, and sintering. An illustrative overview of these stages is presented in Figure 2.
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2.1. Choice of Powder

The mechanical properties of the end components are associated with the metallic
powder fraction within the feedstock. The final MEX component exhibits the same prop-
erties as the starting powder’s metal. For a metallic powder to be suitable for fabricating
MEX components, it must satisfy the subsequent conditions [47,48]:

• The powder size has to be small;
• The powder has to disperse well with the binder;
• Sintering is required to have significant densification;
• The melting and sintering temperatures should be adequately elevated to avoid inter-

fering with the debinding process.

The powder size, existing as a range of sizes rather than a single one, represents a
constraining factor in MEX processing. Even though there is no lower size limit, the size of
particles needs to be sufficiently small to avoid the blockage of the 3D printer nozzle/orifice
(with a diameter scale of 0.2–0.8 mm) of the MEX equipment [14,29,49–52]. The powder
employed in MEX fundamentally resembles the powder used in MIM. Mainly, metal
injection molding (MIM) uses particle sizes with an average of 5 to 15 µm [50]. Overall,
in MEX, powders with D90 < 22 µm are usually chosen. In the work [53], Kukla et al.
examined the influence of particle size on the physical characterization of highly filled
316 L stainless steel feedstocks for MEX. They established that the feedstock made of larger
particles (D50 ≈ 8.6 µm) had lower stiffness, flexibility, and viscosity than the feedstock
based on smaller particle size (D50 ≈ 5.5 µm). Following that, they also reported that
coarse particle sizes lead to buckling while shaping, creating printability failures [54,55].
Thus, the selection of appropriate particle sizes is vital while working with MEX.

Apart from the particle size, an additional crucial aspect to consider is the morphol-
ogy of the powder particles. The utilization of powders with a spherical shape leads to
better flow properties and enhanced packing density compared with irregularly shaped
particles [47]. Enhanced flowability is likely to lower the viscosity of the feedstock material
by reducing resistance to movement within the binder matrix, ensuring printability even
at high powder loadings [56,57]. Concurrently, the higher packing density allows a larger
volume of powder to be included in the feedstock, leading to decreased overall shrinkage
during the sintering process [56]. However, irregularly shaped powders can also be appli-
cable for MEX printing. Irregular powders offer the benefits of being more cost-effective
compared with spherical powders produced through gas atomization and better shape
retention [56].

Numerous recent studies focusing on the debinding and sintering processes for achiev-
ing metallic components through MEX are available. The variety of powder types is
detailed in Table 1.
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Table 1. Metals investigated for utilization in MEX.

Metal Powder Loading in Feedstock (vol.%) Ref.

Stainless steel (316L) 50, 55 and 65 [14,38,43,46,58–63]
Stainless steel (17-4PH) 55, 60, and 64 [14,64–68]
Stainless steel (AISI 630) 79 [69]

Copper ≥55 [17,46,62,70–79]
Titanium (Ti-6Al-4V) 55 and 59 [56,80–84]

Carbonyl iron 65 [85]
Rare-earth magnets (NdFeB) 55 [86]

Tungsten carbide–cobalt 50 [66,67]

To achieve dense sintered metals, it is common to use high filler loading, typically
ranging from 55% to 65% by volume. This range of metallic particles is essential to
facilitating the sintering process, which involves diffusion mechanisms at the surface,
lattice, and grain boundaries [87]. However, exceeding the recommended metallic loading
(55–65% by volume) in the feedstock can reduce the printability of extruded filaments.
Elevated metallic loading leads to increased viscosity and decreased stiffness [50]. When
the filament lacks sufficient rigidity, there is a potential for complications in the automatic
feeding process within the printing unit due to premature and brittle filament fractures
while passing through the feeding gears. In a study by Gutierrez et al. [88], various types
of metallic powders were investigated, revealing that the maximum printable filament
volume content is largely dependent on the material. This dependency arises from the
critical role of the particle–matrix chemical interface in determining mechanical properties.

2.2. Choice of Binder System

The second component of the feedstock is the binder system. This system primar-
ily comprises three key constituents derived from diverse polymers, additives, and
waxes [8,14,48,50,89–92]:

• Primary or main binder: This constituent holds the largest proportion within the
formulation (it typically contains 50–90 vol.% of the whole binder system) and can
be effectively removed at low temperatures. Commonly employed primary binder
materials encompass carnauba wax; paraffin wax; sometimes agarose, in certain
practices; etc. Waxes primarily serve to lower the feedstock’s viscosity, achieving
favorable flow characteristics, and to improve filament rigidity. However, waxes
should be utilized within prescribed limits, as exceeding these limits can diminish the
mechanical attributes of both filaments and the resulting printed object.

• Secondary or backbone binder: This element maintains the structural integrity of
the product after the initial removal of the main binder during the first debinding
phase. The secondary binder is typically eliminated through thermal degradation in
the second stage of debinding, which then progresses to the sintering process. The
proportion of the secondary binder ranges from 0% to 50% of the total binder system
volume. Commonly utilized secondary binder materials include polypropylene (PP),
low-density polyethylene (LDPE), high-density polyethylene (HDPE), ethylene vinyl
acetate (EVA), polyethylene glycol (PEG), polystyrene (PS), and several others. These
polymers have a short molecular chain length that permits them to decompose with
relatively small volume variations, reducing the chance of problems during debinding
and sintering. Other advantages of using these polymers are their highly availability,
low cost, and less carbon contamination during burnout in the thermal debinding
stage [48].

• Additives: Additional components, such as compatibilizers, stabilizers, dispersing
agents, and surfactants, play a vital role in promoting effective diffusion between the
powder and binder. These additives prevent phase separation and agglomeration.
Additives typically constitute 0–10% of the total volume within the binder system.
Among the commonly employed additives, stearic acid stands out as a frequently
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used example. Furthermore, it is important to use additives within specified limits;
surpassing these limits can lead to the formation of defects, such as bubbles and cracks,
in the final product.

Examples of binder system constituents for MEX-based metal AM used in the literature
are reported in Table 2.

Table 2. Examples of binder system constituents employed in MEX-based metal AM.

Backbone
(10–50 vol.%) Main Component (50–90 vol.%) Additives

(1–10 vol.%) Ref.

Grafted high-density polyethylene
(AA-HDPE)

Paraffin wax,
styrene–ethylene–butylene copolymer

(SEBS)
Stearic acid [93]

Low-density polyethylene (LDPE) Paraffin wax Stearic acid [73]
Low-density polyethylene (LDPE) Paraffin wax None [31]

Polypropylene (PP) Thermoplastic elastomer (TPE) None [94]
Ethylene vinyl acetate (EVA) None Stearic acid [95]

Polyamide (PA) Not disclosed None [2]

Thermoplastic elastomer (TPE) Grafted polyolefin Non-disclosed
compatibilizer [53,86,96–98]

Polyoxymethylene (POM) Paraffin wax None [43]
Polymer Elastomer and wax Plasticizer [59]

LDPE LDPE wax None [1]
Polypropylene (PP) Elastomer Wax [99]

Poly (ethylene–vinyl acetate)
copolymer

Poly (propylene–ethylene) copolymer,
poly (isobutene) Stearic acid [100]

Not disclosed Polyolefin Not disclosed [83]

2.3. Compounding of Feedstock and Filaments

Once the suitable powder and binder components have been selected, the following
stage is the compounding of feedstock. The process of preparing feedstock for MEX is
like that of metal injection molding (MIM) feedstocks. This involves the thorough mixing
of metal powder with a melted binder system. It is crucial to have good homogeneity
between metallic powder and binder; otherwise, there is a risk of encountering issues such
as irregular shrinkage and other potential defects [48].

In the compounding process [50], there are two types of equipment that can be utilized
to manufacture the feedstock. The first type is a batch mixer, often employed for smaller
production runs, and it is referred to as a kneader or a roller mixer, as illustrated in Figure 3.
A conventional kneader comprises an internal mixer fitted with two counter-rotating
rollers designed to operate at varying speeds. This arrangement generates high shear forces
between the rotating rollers and the walls of the chamber. The torque exerted on the rotating
rollers during the mixing process is continuously monitored. This torque is directly linked
to the shear stress experienced by the mixer walls and the mixed compound. The procedure
begins with the binder being thoroughly softened within the heated chamber of the high-
shear mixer. Following this, the metallic powder is introduced into the mixing unit. As
the material level within the feeding unit rises, so does the torque. As the metallic powder
disperses within the melted binder, both viscosity and torque decrease. The mixing process
of the compound reaches a steady state when the torque stabilizes. Once compounding
is complete, the mixed compound should be extracted from the mixing chamber while it
remains in a molten state and then allowed to cool at room temperature. Following this,
the feedstock needs to be mechanically ground to a size of 1–3 mm and then subjected to
drying in an oven [101].
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An alternative equipment option for compounding feedstock involves continuous
production processes, which can be achieved using co-rotating twin-screw extruders. In
this apparatus, both metallic powder and binder pellets are introduced into two gravimetric
feeding units. The mixing occurs in the solid state as the materials progress toward the
extruder barrel. Subsequently, the twin screws propel the materials into a heated mixing
zone, wherein the polymer softens, facilitates wetting, and promotes the uniform mixing
of the feedstock under conditions of high shear stress. As the metallic powder disperses
within the softened polymer, a consequential decrease in torque is observed. The process is
considered finalized when the torque stabilizes at a steady state, indicative of the successful
completion of feedstock compounding. In commercial contexts, the twin-screw extruders
commonly employed are equipped with 1–11 heating zones, ensuring a thorough and
uniform mixing process [101]. Figure 4 shows an example of the extrusion of copper
feedstock with co-rotating twin-screw extruders.

Thorough compounding ensures the uniform dispersion of powder particles and
binder components throughout the shaping process (MEX printing). If the dispersion within
the 3D-printed parts is inhomogeneous, there is a significant probability of encountering
irregular shrinkage during debinding and sintering. Additionally, various apparent surface
imperfections, such as excessive porosity, cracks, and warping, can manifest in the sintered
components [14]. During the compounding stage, the selection of mixing temperature
depends on both the thermal stability of the binder systems and the viscosity of the
feedstock. It is recommended to use lower temperatures for feedstocks with lower viscosity,
while higher temperatures are more suitable for feedstocks with higher viscosity [66].

Following feedstock development, the subsequent phase involves filament extrusion.
For large-scale production, single-screw extruders are commonly utilized, whereas capillary
rheometers are employed for laboratory-scale fabrication [14]. A schematic representation
of the extrusion line for the production of filaments for MEX can be found in Figure 5a.
Filament diameter should be carefully monitored for quality and diameter tolerance. Laser
micrometers are commonly used for this purpose [75]. Maintaining the recommended
filament diameter (e.g., 1.75 ± 0.05 mm, 2.85 ± 0.05 mm) is crucial to avoid voids or feeding
issues in 3D printing. For an example of the appropriate diameter range of the filament
spool used in the earlier work [75], see Figure 5b. Low ovality is also important for proper
filament grip and continuous feeding, as recommended in the existing literature [66,102].
Furthermore, the suitability of filaments for MEX hinges not solely on filament geometry but
also on their mechanical attributes, processing parameters, feedstock flow characteristics,
and extruder head design. Generally, material flow properties are highly influenced by
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factors such as solid loading, binder behavior, temperature, agglomeration state, and shear
rate [13,76,103].
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2.4. Shaping

Following filament compounding, the subsequent stage involves shaping, where parts
are constructed layer by layer using MEX technology. An outline of the material extrusion
process with filaments is depicted in Figure 6a).
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Figure 6. (a) A schematic illustration of material extrusion (MEX) with filaments (adapted from [14])
and (b) an example of the MEX printing of stainless steel 316L-based filaments [104].

Firstly, the filament is introduced into the printing machine via a mechanism involving
two counter-rotating rollers. This filament progresses into the liquefier section, where it
undergoes melting. Essentially, the filament functions as a piston, propelling the molten
portion and facilitating its flow through the orifice or nozzle [105]. The material is heated
to a temperature slightly above its melting point, such as in the case of semi-crystalline
polymers, or well above the glass transition temperature, in the case of amorphous poly-
mers [106]. The extruder head’s temperature exceeds that of the building plate, causing the
material to solidify upon contact with the latter. Generally, the printing bed temperature
ranges from 70 to 120 ◦C, depending on the material. This controlled heating aids in en-
hancing layer adhesion and minimizing material warping [3,21]. The initial layer deposited
onto the building platform holds great significance for the outcome of the part. Adequate
adhesion during melting is crucial, as poor adhesion could lead to heightened warping or
printing failure, as reported by Sadaf et al. (Figure 7a,b) [5].
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Figure 7. (a,b) An example of printing failure due to unwanted warpage [46].

The result of extrusion-based 3D printing using metal/ceramic powder–binder mix-
tures is typically referred to as the “green body.” The shaping of metal feedstock through
MEX has been documented in the existing literature. For an overview of different MEX
machine models used with various feedstocks, refer to Table 3.
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Table 3. Equipment used to process metallic feedstocks for MEX.

MEX Model (Filament-Based) Fillers in Feedstock Refs.

Wanhao Duplicator i3 v2 Stainless steel 316L, stainless steel, 17-4PH, copper [67,74,96]
Ultimaker 2 Stainless steel 316L [107]
Hage3D-72L Stainless steel 316L, stainless steel 17-4PH [98,108]

FLM printer X1000 Stainless steel 316L, copper [62]
Pulse 3D printer Titanium (Ti-6Al-4V) [80]

Prusa i3 MK2 Titanium (Ti-6Al-4V), stainless steel 316L [81]
Renkforce 1000 3D printer Titanium (Ti-6Al-4V) [83]
Renkforce 2000 3D printer Stainless steel 17-4PH [68]

Hage3D-140L Rare-earth magnets (NdFeB) [86]
Stratasys FDMTM Tungsten carbide–cobalt [66]

Fused deposition of metals (FDMet) Stainless steel 17-4PH, carbonyl iron, tungsten carbide–cobalt [65,66,85]
Flashforge Dreamer Stainless steel 316L [61]
L-DEVO M2030TP Stainless steel 316L [43]

Apium P155 Stainless steel 316L [59]
Zortrax M200 Stainless steel 316L [63]

Numerous investigations have explored the influence of various printing parameters
on the characteristics of green printed components using MEX. These studies have revealed
that factors such as temperature, raster angle, printing speed, and infill density, among
others, exert a significant impact on the bonding between deposited layers and consequently
affect the mechanical properties of the final MEX-based printed items [109–111]. Elevating
the temperatures of both the nozzle and the print bed has been observed to enhance
adhesion between adjacent layers. This improvement is attributed to the increased mobility
of polymeric chains, promoting greater inter-diffusion among the strands. Such strong
adhesion serves as a barrier against unwanted defects, like voids or pores, resulting in
superior mechanical properties [46]. Figure 8 shows an example of various metal-filled
green parts produced using extrusion-based additive manufacturing.

Another critical printing parameter is the extrusion multiplier (flow rate), which
demands careful selection depending on the material in use. The extrusion multiplier
determines the quantity of material passing through the nozzle, with 100% representing
the standard flow rate. A higher extrusion multiplier (>100%) ensures a more robust flow
rate, leading to improved deposition of the extruded material, reduced printing voids, and
enhanced adhesion with the perimeter layer [14,112]. This heightened flow rate contributes
to lower porosity, thereby enhancing green density. Furthermore, increasing the flow
multiplier reduces surface roughness. Conversely, a lower extrusion multiplier results in
inadequate deposition of extruded material, leading to the formation of large surface voids
and an unsatisfactory surface finish.

The printing speed also plays a significant role in shaping the morphology of the
extruded material [46,75,112]. Sadaf et al. [75] reported that lowering the printing speed en-
hanced surface quality due to more consistent extruded material shape. Conversely, higher
speeds increased the volumetric flow through the nozzle, causing greater pressure drops
and leading to rougher surfaces and deformed edges in the printed specimens. Regarding
green density, higher nozzle speeds promote improved inter-layer bonding with minimal
extrusion voids. This is a result of the reduced time between the deposition of successive
layers, which mitigates the cooling of the deposited material and enhances bonding.
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2.5. Debinding

Debinding constitutes a crucial phase in 3D printing, wherein the binder components
are selectively removed from the printed parts while preserving the original compact’s
shape. This step ranks among the most pivotal but time-consuming aspects of post-
processing. Traditionally, binder removal is accomplished with solvent and/or thermal
debinding methods. Additionally, an industrial-scale technique known as catalytic debind-
ing has gained prominence [14,90]. Following the successful elimination of the binder, the
resulting product is referred to as a “brown part”. This article proceeds to elaborate on
these three debinding techniques in greater detail [14,50,114]:

• Solvent debinding: This method involves immersing green parts in liquid or gaseous
solvents, such as heptane, ethanol, acetone, and hexane, among others. Typically, a
temperature range of 50–70 ◦C is applied, depending on the specific solvent used. The
fundamental principle behind this process is that MEX-printed components can be
introduced into an environment saturated with a solvent. Subsequently, the primary
binder within the component undergoes a phase change, transitioning from a solid to
a liquid state, and is thus removed from the component structure. This action effec-
tively opens a network of pores, facilitating the subsequent removal of the backbone
binder during the thermal debinding stage [60,115]. It is crucial to ensure compati-
bility between the solvent and the binder material for successful solvent debinding.
Additionally, the debinding time is significantly influenced by the thickness of the
MEX-printed component, with thicker components and smaller particle sizes requiring
longer removal times. Critical parameters in the debinding process encompass the se-
lection of an optimal temperature for solvent debinding. Excessively low temperatures
may induce rapid solvent diffusion within the green compact, resulting in the swelling
of the green part. Consequently, this swelling can cause pronounced internal stress
within the component, ultimately culminating in the formation of cracks. Conversely,
excessively high temperatures pose the risk of green component collapse due to the
softening of the binder material [50,90,93].

• Thermal debinding: This technique is based on the thermal degradation of the binders.
The components should be placed inside the debinding furnace, and the temperature
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should be increased up to the evaporation temperature of the polymer materials used.
Once the evaporation temperature is reached, the ramping temperature is set on hold
for a certain time until the whole polymer is decomposed. Polymer removal through
thermal debinding involves chemical and physical methods. The chemical process
occurs due to thermal degradation based on the continuous dissociation of polymers
to generate low-molecular-weight volatile products. The physical process involves
the diffusion of volatile products onto and out of the surface of the component [101].
Compact heating depends on heat transfer and the reaction enthalpies correlated with
the dissociation of polymeric chains, leading to thermal–kinetic results that link to the
chemical–physical aspects. The degradation temperature and time are dependent on
the nature of the polymer used and its thermal conductivity [48,116].

• Catalytic debinding: This method combines both solvent and thermal debinding
mechanisms, primarily relying on the catalytic action of acids to remove the binder.
During this process, catalytic acids play a pivotal role in initiating the dissociation
of polymeric chains within the material. These catalysts are specifically designed
to lower the temperature at which the polymeric chains break down. Typically, the
debinding chamber contains a controlled concentration of catalytic acid vapor, with
nitric acid being a commonly employed catalyst. Nitrogen gas is often introduced
to prevent oxidation during the process [48]. Catalytic debinding is known for its
relative efficiency and speed compared with other debinding techniques. However,
it is worth noting that this method is not universally applicable to all metals, posing
a significant limitation. Some metals may risk contamination or corrosion during
catalytic debinding, underscoring the need for careful selection of the appropriate
acid to safeguard equipment integrity. Catalytic debinding finds extensive use in the
powder injection molding (PIM) industry, with polyoxymethylene (POM) serving
as a notable example, as it undergoes decomposition under the influence of acid
attack [101].

Complete removal of the binder material is imperative prior to the final sintering
phase, as inadequate binder elimination can result in the formation of flaws detrimental to
the quality of the sintered components [50]. Numerous factors contribute to incomplete
binder removal, with particular significance being attached to factors such as incorrect
debinding temperatures, inappropriate heating rates, and/or insufficient holding dura-
tions [14]. Notably, rapid heating rates often lead to thermal debinding defects, primarily
stemming from the swift decomposition of the binder constituents. Conducting a thermo-
gravimetric analysis (TGA) on the feedstock offers a dependable means of assessing the
polymer’s thermal stability and its associated degradation temperature. Furthermore, the
utilization of scanning electron microscopy (SEM) proves advantageous for investigating
the morphological transformations exhibited by the debound components. This approach
enables the exploration of the relation between binder burnout and the distribution of pore
sizes, thus offering insights into the efficacy of the debinding process [58].

2.6. Sintering

Following the debinding process, sintering should be performed. Sintering represents
a thermal treatment conducted at approximately 90% of the metal powder’s melting
point, aimed at consolidating and bonding the loose particles to form a dense, cohesive
structure [117]. Within this sintering phase, powder particles establish cohesive bonds and
undergo densification through pore size reduction.

Sintering diminishes the surface energy of the powder mass through the formation of
inter-particle bonds, subsequently leading to a decrease in surface area. This reduction in
the overall interfacial area of the powder compact can be quantified as follows [118]:

∆(γA) = ∆γA + γ∆A (1)
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where “A” represents the overall surface area, “γ” denotes the specific surface area, “∆A”
signifies the alteration in surface area attributed to grain growth (grain coarsening), and
“∆γ” accounts for the change in interfacial energy, which arises from densification. Densifi-
cation pertains to the transition from vapor/solid surfaces to solid/solid surfaces during
solid-state sintering [118].

As inter-particle coherent bonding grows, significant alterations arise within the
pore structure, resulting in notable improvements in various essential properties. These
enhancements encompass ductility, strength, electrical conductivity, magnetic permeability,
and corrosion resistance. These transformations hold paramount significance in various
industrial applications, including but not limited MEX-based additive manufacturing,
powder metallurgy (PM), and metal/ceramic injection molding (MIM/CIM) [48].

2.6.1. Mass Transport Mechanisms

The natural vibration and movement of atoms combined with nature’s need to elimi-
nate free surfaces to minimize surface energy leads to the development of inter-particle
coherent bonds. Additionally, elevated temperatures intensify this process. Simultaneously,
the gradual elimination of free surfaces initiates pore mobility, facilitated by the movement
of vacancies traversing grain boundaries as conduits. Furthermore, the reduction in grain
boundaries through grain growth contributes to a reduction in energy. As the sintering
process progresses, a cascade of mass transport mechanisms within the particles becomes
active, collectively referred to as the bulk transport mechanism. These mass transport
mechanisms encompass grain boundary diffusion, surface diffusion, viscous flow, lattice
diffusion, plastic flow, and evaporation–condensation processes [48,101,119,120].

Diffusion is an important temperature-dependent mechanism of sintering. The diffu-
sion coefficient (D) can be expressed as [118]

D = D◦ exp
(
− Q

RT

)
(2)

where “D” is a diffusion coefficient expressed in cm2/s, “D◦” is a constant expressed
in cm2/s, “R” is the universal gas constant (8.314 J/mol), “Q” is the activation energy
(in J/mol), and “T” is the absolute temperature (expressed in K) [118].

2.6.2. Stages of Sintering

There are three stages of sintering, which are explained step by step below [47,48,119,121]:

1. Neck formation: This initial sintering stage marks the onset of particle-to-particle
interactions and the simultaneous smoothing of the particles’ free surfaces. At this
point, the formation of “necks” at interaction points is driven by mass transport mech-
anisms, including evaporation–condensation, surface diffusion, and volume diffusion
(Figure 9). A modest degree of shrinkage occurs in this early phase. Following the
establishment of these necks, the compaction of the material experiences an increase
of up to 3% in density. This progression is notably rapid due to the exposure of
the powder to elevated temperatures, owing to the elevated surface area and the
pronounced driving force promoting sintering.

2. Densification: During this phase, with increasing temperatures, the necks between
particles undergo expansion owing to the influence of various mass transport mecha-
nisms (Figure 10). These mechanisms encompass grain boundary diffusion, surface
diffusion, viscous flow, lattice diffusion, plastic flow, and evaporation–condensation
processes. Furthermore, the porosity within the component diminishes as sinter-
ing progresses.

3. Grain growth: This represents the final stage in the sintering process, commencing
when the material reaches approximately 93–95% of its theoretical density, as most
of the porosity has already been isolated. In an ideal scenario, by the conclusion
of this phase, all remaining porosity is eliminated. The complete eradication of
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porosity during the last stage of sintering is achievable only when all pores are
either interconnected or follow distinct, unobstructed diffusion pathways along grain
boundaries. Such favorable conditions take place only if the pores go along with
the direction of the grain boundaries and do not stay within the grains. However, if
sintering is excessively prolonged, grain size may undergo enlargement, which can
subsequently lead to a decline in mechanical properties.
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2.6.3. Sintering Parameters

The most critical factors from a practical standpoint in the sintering process are
sintering temperature and time. Additionally, there are other relevant parameters that play
a role, such as the heating and cooling rates and the atmosphere during sintering, as well
as particle size and geometry [122].

When the sintering temperature and holding time are increased, the porosity of the
material decreases, leading to improved density. However, this can also cause an increase in
grain size, which in turn affects the material’s hardness and mechanical strength. Notably,
research has shown that sintering temperature has a more significant impact on grain size
compared with sintering time [73].

Proper sintering is crucial to obtaining parts with desirable mechanical properties and
corrosion resistance. Inadequate sintering results in inferior mechanical properties, as well
as low corrosion resistance. Signs of insufficient sintering include poor bonding; retention
of original particle boundaries; the presence of sharp pores; and a high concentration of
interstitials, like carbon and oxygen [123].

The cooling rate during the sintering process also influences the mechanical properties.
Effective control of the cooling rate, particularly from the sintering temperature to approxi-



J. Manuf. Mater. Process. 2024, 8, 14 15 of 24

mately 500 ◦C, is vital to preventing issues like re-oxidation, carbide formation, and nitride
formation, all of which can negatively impact ductility and corrosion resistance [124].

2.6.4. Sintering Atmosphere

Every metal is susceptible to oxidation to some degree, and it is imperative to prevent
oxidation, as it can detrimentally impact the structural properties of metals. Oxidation
primarily takes place at the exposed surfaces of the material. The sintering process, which in-
volves high temperatures, can facilitate and induce oxidation reactions. It is noteworthy that
metal components produced through MEX and MIM are particularly sensitive to oxidation
during their production, with sintering being a critical stage in this regard [48,50,92,116].

To safeguard metal components from oxidation during sintering, it is imperative to
maintain an oxygen-free atmosphere. This can be achieved by purging the sintering furnace
of all oxygen and replacing it with a less reactive gas, such as hydrogen or nitrogen. The
selection of the sintering atmosphere should be meticulous and tailored to the reactivity
of the specific metals being processed. For instance, titanium, known for its extreme
reactivity, reacts even with nitrogen during sintering. Consequently, sintering procedures
for titanium typically take place in an argon atmosphere or in a vacuum environment.
Argon, known for its inert nature, is a preferred choice for sintering highly reactive metals
in general [48,119]. When sintering stainless steel, hydrogen is a highly favored choice,
as it serves as a reductant and undergoes oxidation itself instead of the metal component.
Moreover, the hydrogen atmosphere serves to prevent redox reactions between carbon
and chromium. Thus, selecting the appropriate atmosphere, alongside other sintering
parameters, is crucial to controlling the structural properties of metals [48].

2.6.5. Shrinkage and Densification

The shrinkage observed in MEX-shaped metal components primarily arises from
densification and the reduction in porosity. Previous literature reports [125,126] have
noted that this shrinkage does not occur uniformly across all dimensions. In the case of
parts produced through MIIM, there is a predominant occurrence of anisotropic shrinkage,
primarily attributed to polymer alignment. These alignments exert a significant influence
on the parameters of MIM [127,128]. Conversely, for MEX-shaped metal parts [86], the
density and shrinkage can be influenced by the presence of substantial gaps between the
printed layers. Notably, larger gaps are unable to be closed during the sintering process. As
an example [68], Figure 11 shows 3D-printed components made of stainless steel 17–4PH
before and after sintering.
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which represents clear shrinkage [68].

The dimensional changes resulting from sintering can be anticipated by taking into
account the shrinkage factor (Y). This shrinkage factor (Y) is determined by considering the
material’s theoretical density, the solids loading of the feedstock, and the ultimate density
of the component. The shrinkage factor can be computed using the following formula [48]:

Y = 1 −
(

∅
ρ/ρt

)1/3
(3)
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where “Y” is the shrinkage factor (expressed in %), “∅” is the feedstock solids loading, “ρ”
is the final density (expressed in gcm−3), and “ρt” is the theoretical density (expressed in
g/cm3) [48].

Table 4, reporting the previous literature, contains information regarding the den-
sity and linear shrinkage observed in components fabricated using MEX following the
sintering process.

Table 4. Density and linear shrinkage of MEX of metals.

Material Linear Shrinkage (%) Density (%) Ref.

Stainless steel (316L) 19.2 ± 0.02 95–98 [14,59,61]
Stainless steel (316L) N.A. 92–95 [62]
Stainless steel (316L) 17–20 N.A. [63]

Stainless steel (17-4PH) 16–20.3 N.A. [64]
Stainless steel (AISI 630) 12.1 N.A. [69]
Stainless steel (17-4PH) 16–20.3 N.A. [64]
Stainless steel (AISI 630) 12.1 N.A. [69]

Copper 20–21 90 [73]
Copper 16–17.5 N.A. [74]
Copper N.A. 80 [62]

Titanium (Ti-6Al-4V) 15 90–93 [81]
Titanium (Ti-6Al-4V) 14 94.1 [56]
Titanium (Ti-6Al-4V) N.A. 92–99.1 [82]
Titanium (Ti-6Al-4V) N.A. 91 [83]

Rare-earth magnets (NdFeB) 17.8–19.3 94.5–96.5 [86]

3. Comparison of MEX and Other Manufacturing Processes

The cost effectiveness, short production time, minimal carbon emissions, and ease
of operation of MEX machinery have spurred its widespread adoption in both industrial
and consumer settings for the production of polymeric components. Furthermore, this
technique offers the distinct advantage of directly manufacturing final products without
the need for tooling, dies, or molds, which are significant limitations of conventional man-
ufacturing processes [9,129]. The popularity of MEX, along with the existing knowledge
base, holds the potential to drive its application and growth in the production of ceramic
and metal materials. Several 3D printer development companies are actively promoting
the use of MEX for metal printing. For instance, Desktop Metal has commenced the sale
of commercial systems that incorporate a streamlined one-step debinding and sintering
process [130]. Additionally, the complete setup for shaping, debinding, and sintering can
now be obtained for a few thousand euros (EUR) [129].

The processes of debinding and sintering have gained considerable recognition in
the realm of established manufacturing techniques, like powder injection molding (PIM).
In light of these considerations, this approach can complement material extrusion (MEX)
as a parallel manufacturing method, suitable for small-batch production, new-product
development, tooling manufacturing, production of intricate geometric components, and
customization of mass-produced parts [1,4,131]. Typically, most commercial MEX machines
are equipped with a single extrusion head. However, contemporary MEX machines have
advanced their capabilities by offering the flexibility to incorporate two or more extrusion
heads, enabling simultaneous use of different materials or colors within the same object
or layer (3D multi-material fabrication) [3,19,22]. Another avenue for expanding the
capabilities of MEX machines involves the development of larger building chambers. These
larger chambers offer the advantage of accommodating the production of larger green
components, setting MEX apart from other manufacturing methods, such as material or
binder jetting and vat photopolymerization [131].

MEX encounters primary limitations concerning its surface finishing, which tends to
be less refined compared with traditional manufacturing techniques [61]. One approach
to minimize surface roughness involves using nozzles with smaller diameters, as they
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enable the deposition of thinner layers, thus enhancing surface quality. Furthermore,
surface roughness exhibits an inverse relationship with layer thickness, meaning that
optimization of layer thickness can minimize roughness [51]. Another limitation pertains
to the size of the printable components. Safkta et al. [132], in their work on producing 316L
stainless steel MEX components, demonstrated that this issue is linked not to the printing
process but, rather, to post-processing. During thermal debinding and sintering, specimens
with walls with very high thickness exhibited cracks and other defects. In the overall
processing of MEX components, the most critical stage is debinding. When employing a
single-step thermal debinding process, it necessitates expensive and lengthy thermal cycles
to prevent defects in the components. In the context of ceramic vat photopolymerization,
thermal debinding stands as the sole option for removing the binder from the fabricated
components [133].

The mechanical characteristics of sintered components produced through MEX are
typically inferior to those achieved using alternative manufacturing techniques like SLM,
MIM, and SLS. A comparative assessment of the mechanical properties of MEX-produced
316L stainless steel in comparison to other technologies is provided in Table 5. This disparity
in mechanical properties can be primarily attributed to the presence of porosity in the final
MEX products compared with other techniques. Carminati et al. [134,135] demonstrated the
attainment of a notable 95% relative density in MEX-based 316L stainless steel, accompanied
by optimal shrinkage and commendable dimensional stability. Despite these successes,
the final metallic components exhibited lower ultimate tensile strength (UTS) and yield
strength due to process-induced stress. In addition, phase analysis revealed the presence
of δ-ferrite in the austenitic matrix, offering insights into the brittleness of the MEX metal
specimens. Gong et al. [136] found that Ultrafuse 316L stainless steel produced with MEX
exhibited remarkable ductility, achieving 20% elongation without rupture; however, its
lower yield strength, UTS, modulus of elasticity, and hardness compared with flat-rolled
316L stainless steel are attributed to grain size and an austenitic microstructure, and the
isotropic microstructure shows consistent hardness values in both the horizontal and
vertical printing directions, confirming the dislocation-free nature of components printed
with MEX. Pellegrini et al. [137] and Spiller et al. [138] reported on the reduction in the
mechanical properties of MEX 316L stainless steel due to process-induced porosity.

MEX-based components are well suited for prototyping and visualization, although
porosity and the need for improved mechanical properties limit the industrial use of
this technology to non-critical, high-value metal parts, such as corrosion-resistant tanks
and pipelines in the chemical industry [135]. For non-structural purposes, the material’s
biocompatibility makes it suitable for the food industry and medical sector, and its ability
to form intricate shapes extends its use to heat exchangers and heat sinks [135].

However, careful control of printing and sintering parameters, particularly sintering
temperature, can yield improvements in the mechanical properties of MEX end prod-
ucts [47,48,116]. To enhance the mechanical properties of MEX products, post-processing
thermal treatments (e.g., quenching) or cold working techniques (e.g., shot peening) can be
employed to modify either the grain size or the microstructure [139,140]. Damon et al. [59]
demonstrated impressive mechanical properties and achieved a relative density of approx-
imately 99.5% using controlled build direction and printing strategies, highlighting the
potential applications of MEX-based metal components. In addition, intensive research is
currently underway to improve the mechanical properties of MEX components in order to
expand the application range of this technology [135].
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Table 5. The mechanical properties of MEX-produced 316L stainless steel in comparison to other
additive manufacturing (AM) and conventional methods.

Process Yield Strength
(MPa)

Tensile Strength
(MPa)

Elastic Modulus
(Gpa) Densification (%) Ref.

MEX 167 465 152 98.5 [61]

MEX 234–251 521–561 n.d. n.d. [44]

MEX 500 900 n.d. 95 [60]

MEX 155–165 500–520 210 98.3–99.5 [59]

MEX 167 436 n.d. n.d. [136]

MEX 125–161 405–464 n.d. ~95.3 [134]

MEX ~130 ~460 150–230 n.d. [137]

MEX 139–161 441–473 172–203 n.d. [138]

MIM 170–205 460–560 n.d. 98.5 [141]

MIM n.d. 527–590 n.d. 97.7–99.1 [142]

DED 405–415 620–720 n.d. n.d. [143]

DED 580 900 n.d. n.d. [144]

SLM 590 700 227.3 > 99 [61]

SLM 208.8–469.6 486.4–644.3 141–205 > 99.3 [145]

PBF 450–525 620–650 n.d. 99 [146]

PBF 400–420 550–580 180–202 98 [147]

BJ n.d. 700–780 n.d. n.d. [148]

BJ 214 517 n.d. 98.7 [118]

Hot rolling n.d. 585 245 n.d. [149]

Flat rolling 170 485 n.d. n.d. [136]

Cast n.d. 575 288 n.d. [150]

4. Conclusions

In conclusion, this review has provided a comprehensive overview of the current
state of material extrusion as a promising approach to the additive manufacturing of
metal components. We have explored the key principles, techniques, post-treatment, and
materials used in this technology, highlighting its advantages, such as cost effectiveness,
versatility, and ease of use. Through a thorough analysis of the existing literature, we
have also discussed the challenges and limitations that researchers and manufacturers face
when implementing material extrusion for metal additive manufacturing. These challenges
encompass issues related to surface finish and post-processing requirements. Despite these
challenges, the research community has made significant strides in addressing them and
enhancing the capabilities of material extrusion in the metal AM domain.

5. Research Outlook

The future of material extrusion in metal additive manufacturing holds immense
promise and potential. With ongoing research and development efforts, we are on the verge
of transformative advancements. We anticipate the emergence of novel, high-performance
metal filaments and powders that will elevate the capabilities of material extrusion. Pro-
cess optimization will continue to refine the art of metal 3D printing, ensuring smoother
prints, enhanced mechanical properties, and superior surface finishes. Standardization
and rigorous quality assurance practices are poised to cement the technology’s reliability,
while sustainability considerations will make it a responsible choice for industries. As
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material extrusion for metal additive manufacturing continues to mature, it promises to
revolutionize manufacturing practices, offering innovative, cost-effective solutions across
diverse sectors.
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