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Abstract
Recently, various additive manufacturing (AM) methods with a wide range of capabilities have been employed to produce 
metallic objects. Metals are a popular choice among AM materials due to their superior properties, despite being more chal-
lenging to print. Reduced product cost, the possibility for quick production and prototyping, and the capability of a produced 
component by high accuracy in a broad variety of shapes, geometrical complexity, size, and material are all advantages of 
metal AM technology. Metal fused deposition modeling (metal FDM) is a relatively new technique based on the widely used 
FDM process. It is a relatively low-cost competitor to other metal AM techniques such as selective laser melting (SLM). 
This review paper has explored the most recently issued publications in this extrusion-based metal additive manufacturing 
(EAM) technique. The main parameters in feedstock preparation, deposition and 3D printing, debinding, and sintering phases 
of the metal FDM process will be discussed and their influence on the mechanical and microstructural characteristics of the 
3D-printed parts. Furthermore, the application of finite element modeling for metal FDM process analysis is explored. Finally, 
the challenges and gaps in the manufacturing of components and obtaining desired characteristics have been presented.
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Abbreviations
ADAM	� Atomic diffusion additive manufacturing
AM	� Additive manufacturing
BJ	� Binder jetting
BMD	� Bound metal deposition
DIW	� Direct ink writing
EAM	� Extrusion-based additive manufacturing
EBM	� Electron beam melting
FDM	� Fused deposition modeling
FDMet	� Fused deposition of metals
FEM	� Finite element modeling
FFF	� Fused filament fabrication
MF3	� Metal fused filament fabrication
MIM	� Metal Injection Molding
RWL	� Restaurant waste lipids
SSMED	� Semi-solid metal extrusion and deposition
SDS	� Shaping, debinding & sintering
SLM	� Selective laser melting
SLS	� Selective laser sintering

SS	� Stainless steel
TPE	� Thermoplastic elastomer

1  Introduction

The term additive manufacturing (AM) refers to “the process 
of joining materials to make parts from 3D model data, usu-
ally layer upon layer, as opposed to subtractive and formative 
manufacturing methodologies” [1]. AM can manufacture 
geometrically complicated components in a short amount 
of time with relatively low tooling costs [2] and without 
material waste or the usage of molds. Vat photopolymeriza-
tion, material extrusion, material jetting, binder jetting, sheet 
lamination, direct energy deposition, and powder bed fusion 
are the seven fundamental categories for AM technology 
specified by the ISO/ASTM standard [1].

Metals are one of the most widely used materials in AM, 
and metal AM technology has been studied for almost two 
decades [3]. On the other hand, Metal AM has its own set 
of difficulties and significant distinctions from commercial 
3D printing of polymeric materials [4]. Powder bed fusion 
(including selective laser melting (SLM), selective laser 
sintering (SLS), direct metal laser sintering (DMLS), and 
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electron beam melting (EBM) [1]), material/binder jetting 
[5], and direct energy deposition (DED) are the most widely 
utilized metal AM techniques. These techniques are depicted 
in Fig. 1. SLM is currently well-established for industrial 
applications, but it comes at a significant expense in terms 
of equipment [6]. Extrusion-based AM (EAM) presents an 
alternative production technique that can be a relatively low 
cost [7] and straightforward to operate [8], with the capacity 
to manufacture complicated geometrical components [9]. 
The EAM is described as "the process of selectively dispens-
ing material through a nozzle or orifice" [1]. Thermoplas-
tics, short fiber reinforced thermoplastics, metals, technical 
ceramics, cermets, and hard metals [10], hybrid materials 
with comparable melting temperatures [11], and reinforced 
composites such as metal/polymer composites [12–15] can 
all be manufactured by EAM procedures. There is no waste 
of raw materials in EAM processes, and they are the best 
AM techniques for printing material combinations with 

homogeneous microstructure [16]. The manufacture of parts 
with acceptable characteristics, particularly metallic parts, 
is a significant challenge in this technique.

The three primary metal EAM technologies are as fol-
lows: 1- direct ink writing (DIW), also referred to as robo-
casting or 3D gel-printing [18], 2- Semi-solid metal extru-
sion and deposition (SSMED), and 3- metal FDM. DIW is 
a metal extrusion-based method recently used to 3D print 
metallic components, especially porous titanium scaffolds 
(see, e.g. [19, 20]). This method fabricates components by 
extruding a paste or ink (a mixture of binder and metallic 
powder) through a small nozzle. The SSMED technique 
involves the layer-by-layer deposition of a metallic wire 
to create a metallic component. The wire must be heated 
to a mushy state and then semi-solidly extruded on the 
platform [4]. Metal FDM is used throughout this review 
article to refer to any techniques that utilize the procedure 
depicted in Fig. 2 to manufacture the parts. Thus, the ini-
tial stage in the metal FDM process is to produce a feed-
stock composed of binder and metallic powder. This feed-
stock can be manufactured as rods [21–23], filaments, or 
pellets. Accordingly, layer-wise deposition of the material 
is accomplished using plunger-based, pinch feed, or screw-
based mechanisms, respectively [7]. The final metallic 
component is ready after posttreatment (including debind-
ing and sintering steps). However, the method described 
here has been referred to as SDS (shaping, debinding, and 
sintering) [16, 24], BMD (bound metal deposition) [25], 
ADAM (atomic diffusion AM) [26], FDMet (fused depo-
sition of metals) [27, 28], and MF3 (metal fused filament 
fabrication) [29]. These disparate names result from minor Fig. 1   Metal AM Market in 2020 [17]

Fig. 2   Schematic of EAM pro-
cess stages for manufacturing of 
metals and ceramics [10]
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variations in the deposition technique utilized or corpora-
tions' monopoly on specific trademarks. One might also 
argue that referring to all metal EAM techniques that oper-
ate following Fig. 2 as metal FDM is erroneous. It does, 
however, contribute to the simplicity of the discussions 
and the manuscript's focus on the primary phases repre-
sented in this figure.

Although EAM is a low-cost technique that consumes 
less energy than SLM, it creates parts with lower density 
and mechanical properties [30]. Metal FDM powders and 
binders have a limited technological grasp. It could be 
stated that metal AM marketing information is limited, and 
the available information is comparable to the metal injec-
tion molding (MIM) marketing information about three 
decades ago [31]. Metal FDM has numerous similarities 
to BJ and MIM in various ways [32]. MIM is a widely 
used injection-based technique well suited to manufac-
turing tiny, accurate parts with complicated geometrical 
requirements. As a result, it is suggested to employ BJ and 
MIM technical data and standards for metal FDM, such as 
information for binders and powders, and so on. Although 
there are minor differences, for example, the amount of the 
binder in metal FDM is higher than in MIM technology to 
improve printability. Furthermore, producing MIM's green 
part utilizing metal FDM or BJ techniques lowers costs for 
single and small batch production [32].

This review aims to explore the metal FDM technique 
and its parameters. The various steps of this process will 
be covered, including shaping (preparation of feedstock 
and filament and 3D printing), debinding, and sintering 
(as illustrated in Fig. 2). Additionally, the mechanical and 
microstructural characteristics of the parts will be dis-
cussed, and the influence of process parameters on these 
attributes.

This review article is divided into six sections. Sec-
tion  2 describes the shaping stage, which entails the 
preparation of feedstock and filament and the 3D print-
ing of a green component. Section 3 discusses the green 
part's posttreatment (debinding and sintering). Section 4 
explains the mechanical and microstructural properties of 
metal FDM parts and how they are affected by the pro-
cess parameters. Section 5 discusses the use of finite ele-
ment simulation in the analysis of metal FDM processes. 
Finally, Sect. 6 addresses the gaps and challenges and the 
areas for more study.

2 � Shaping

Shaping is the initial stage of SDS processes. It consists of 
two steps: (1) preparing feedstock and filament (dry mix-
ing of base metal powder with a suitable binder, mixing 
the powder/binder mixture at a temperature between the 
melting point and degradation temperature of the binder, 
and finally extrusion of feedstock in the form of granules or 
filament under appropriate shear stress), and (2) printing of 
a green component.

2.1 � Feedstock preparation

The source material provided to the metal FDM is referred 
to as feedstock [1]. Three steps must be considered through-
out the feedstock preparation stage: powder characterization, 
compounding of powder and binder, and filament manufac-
turing [33]. A polymeric-based binder and sinterable metal-
based powder are utilized in the feedstock of metal FDM 
[34]. The binder is a multi-material component used to form 
and sustain the structure of powder-based parts [7]. Creating 
a binder composition that can offer flexibility and strength 
to filaments and green components is crucial in preparing 
feedstock [24]. Binder melting and degradation temperature 
points are two critical parameters that influence feedstock 
preparation, printing, and debinding circumstances. The val-
ues of these thermal parameters are shown in Table 1 for the 
components of a binder system used to manufacture a MIM 
feedstock. 60% of the feedstock is SS 316L powder. The 
feedstock mixing temperature should be adjusted higher than 
the maximum melting point (e.g., 165 °C for polypropylene) 
but lower than the lowest degradation temperature of the 
binder components (e.g., 270 °C for RWL) [35].

The shear viscosity of EAM feedstocks is the most criti-
cal element in their characterization [36]. Both powder and 
binder affect the thermal conductivity, heat capacitance, 
as well as regulating the maximum shear rate and other 
printing factors [37]. Like the MIM method, using a low 
viscosity binder can prevent powder segregation in the 
production of micro components [38]. Other features and 
criteria influenced by the binder system include maximum 
powder content, the strength of the green part, and proper-
ties of the final product after posttreatment [39]. The low 
melting temperature, high capability to wet the powder 

Table 1   Components of a MIM 
feedstock’s binder and their 
thermal properties [35]

Binder Fraction in binder Density (g/cm3) Melting tem-
perature (°C)

Degradation 
temperature range 
(°C)

Polypropylene 0.5 (6.9 g) 0.90 165 350–470
Restaurant waste lipids 

(RWL) derivatives
0.5 (6.9 g) 0.90 50 270–360
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particles, readily removed in posttreatment, be environ-
mentally friendly are some of the properties of a suitable 
binder [40].

SS 316L powder and the powder and binder in the frac-
tured section of the feedstock pellet are shown in Fig. 3. 
Embemould K83 (a commercial water-soluble binder) is 
used as a binder [9]. According to this figure, the SS 316L 
particles are adequately covered with the binder, and the 
feedstock has a relatively complete homogeneous structure. 
Table 2 shows a variety of binder systems that have been 
employed in various EAM process investigations. Because 
the usage of polymeric binder pollutes the atmosphere dur-
ing the debinding process, eco-friendly materials such as 
PLA can be used [41].

The amount of base metal powder ranges from 50 to 60% 
by volume [10, 29]. Any change in powder content causes 
various shrinkage values and changes in green and final 
product characteristics. Particle size and powder produc-
tion technique are two critical factors are studied by many 
researchers [31, 42]. Park et al. [42] showed that particle 
sizes substantially impact the densification behavior of 
printed components. Smaller particle size reduces feed sup-
ply viscosity and solid volume content [43]. The powder 
used in MIM and BJ is commonly generated utilizing water 
and gas atomization, which are relatively less expensive 
methods [44].

Because of the high-quality spherical particles generated 
by gas atomization, this method is preferred [60]. Metal is 

Fig. 3   Scanning electron 
microscopy (SEM) images of 
(a) SS 316L powder and (b) 
fractured section of a feedstock 
pellet [9]

Table 2   Binder systems utilized in different studies of metal EAM

Metal Particle size
µm

Solid loading vol% Binder system Ref.

Copper 12–81 65 Paraffin wax, low-density polyethylene, stearic acid [45]
AISI 630 – 79 Water-soluble polyethylene glycol [46]
Bronze 10–40 87 Polylactic acid (PLA) [47]
Ti6Al4V 45 66 Methylcellulose, stearic acid [48]
Silver 0.05 above 50 wt.% Poly-4-vinyl phenol [49]
SS 316L – 60 Paraffin wax, high-density polyethylene, acetic acid-vinyl acetate copolymer, stearic acid [50]

9.93–90.84 63 Water-soluble Embemould K83 binder [36]
8.8 50, 54, 63 Water-soluble Embemould K83 binder [51]
10 60 Organic binder composed of Polyoxymethylene, paraffin wax [27]
30–50 88 wt.% Polyformaldehyde and additives such as polypropylene, dioctyl phthalate, dibutyl phtha-

late, and ZnO
[52]

SS 17-4PH 4.2–28.2 55 Grafted polyolefin, a thermoplastic elastomer [53]
4.2–28.2 55 A soft and flexible thermoplastic elastomer (TPE) and polyolefin-based backbone and a 

commercially available compatibilizer
[54]

4.2–28.2 55 A TPE with a grafted polyolefin [55]
Copper 0.5 90 wt.% Paraffin wax [56]

1 90 wt.% Paraffin wax [57]
2–20 93.5 wt.% Paraffin wax, Polyethylene glycol [58]
25, 106 50, 55, 60, 65 wt.% Polyvinyl carboxy polymer, polyvinyl alcohol [59]
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frequently melted first, then atomized in a dedicated fur-
nace under protected environment or vacuum conditions 
[44]. Plasma atomization, centrifugal atomization, mechani-
cal attrition and alloying, melt spinning, rotating electrode 
technique, and various chemical processes are other powder 
production methods [61]. In certain circumstances, powder 
with very tiny particle sizes (0.1–10 μm and 0.2–20 μm par-
ticle sizes, respectively) might be generated using proce-
dures such as chemical reduction and thermal decomposition 
[62]. However, while utilizing a powder with small particle 
sizes and an excellent spherical shape enhances the proper-
ties of the printed object, it considerably increases the cost 
of the powder.

Before combining the powder and binder, the powder 
particles were pre-dried at a high temperature (> 100 °C) 
for a few hours to eliminate moisture [34]. The powder 
characteristics are affected by the powder's base material, 
particle size and shape, specific surface area, and chemi-
cal composition [7]. Moreover, powder properties are influ-
enced by solid loading, interparticulate friction, extrusion 
flow, and form stability during postprocessing [7]. The uni-
formity of powder dispersion in feedstock and filament is a 
crucial characteristic [63]. This quality influences printed 
objects' mechanical properties and density. The homogene-
ous distribution of powder in feedstock affects the material's 
rheological behavior and can aid in retaining forms during 
posttreatment [63].

Metals such as copper, SS 17-4PH, and SS 316L have 
been employed in numerous recent metal FDM studies. As 
one of the most studied metals in EAM, SS 316L is gain-
ing increasing importance for researchers. This is due to 
the numerous advantages of SS 316L, including superior 
mechanical properties, good weldability and formability, 
and high corrosion and oxidation resistance. Furthermore, 
SS 316L has been widely used in military, medical, and 
other industries [64]. One of the first and best commercial 
SS 316L filaments was manufactured by BASF (UltraFuse 
316LX), which consisted of a polymer matrix with dispersed 
88 wt.% SS 316L particles with sizes ranging from 30 to 
50 μm [52]. Markforged also created commercial filaments 
for the SS 17-4PH [10]. The development of commercial 
filaments can significantly lower production costs while also 
simplifying the manufacturing process [65]. Desktop Metal 
Inc (that names their technique-bound metal deposition) and 
Markforged Inc (that calls their process atomic diffusion AM 
(ADAM)) are two businesses located in the United States 
that are working in the metal EAM sector [66].

2.2 � 3D‑printing of a green component

The printing process involves depositing filaments or pellets 
manufactured in the preceding step layer-by-layer through 
a small nozzle [67]. At this point, the 3D-printed part is 

referred to as a green part. In metal FDM, two printing meth-
ods are available:

1.	 Continuous printing from extruded granules; this tech-
nique is low-cost, and it is appropriate for research 
laboratory applications. The EFeSTO machine, shown 
in Fig. 4, is the first metal FDM 3D printer based on 
MIM extruder technology [68]. The extruder system is 
stationary in this machine, whereas the deposition plate 
is moved using a linear delta system.

2.	 Filament-based printing: this technology is suitable for 
commercial applications and is utilized by well-known 
firms such as Markforged, Desktop Metal, and BASF. 
SEM images of an SS 17-4PH green part produced by 
Markforged’s ADAM process are shown in Fig. 5. As 
seen in this figure, the rasters are compacted and inter-
diffused. On the other hand, as illustrated in Fig. 5 (b), 
the rasters are dry and lack a distinct polymeric matrix 
between the particles, making the 17-4 PH green sam-
ples excessively brittle [69].

Several studies have demonstrated that printing param-
eters such as raster angle (see Fig. 6), build orientation (see 
Table 3), the thickness of layers (see Fig. 7), and infill per-
centage impact the properties of the products. The orien-
tation of the printed samples influences their load-bearing 

Fig. 4   The first 3D printer developed for metal FDM [68]
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area. As a result, as seen in Table 3, flatwise samples exhib-
ited superior tensile characteristics. Not only does layer 
thickness impact the mechanical properties of components, 
but it also has a significant effect on the surface quality, as 

demonstrated in Fig. 7. According to Ren et al. [45], the 
ultimate tensile strength of green samples was influenced 
by the printing parameters in the following order: the infill 
degree > raster angle > layer thickness. The form and size 
of the extrusion nozzle are significant factors that affect the 
amount of extrusion pressure and the filament diameter. 
Some studies look at filament characteristics, including 
bending and tensile strength [32].

As previously said, several companies, such as Mark-
forged and Desktop Metal, supply important technological 
data, machines, and equipment in metal FDM. Thus, many 
studies compare their achieved findings with the technical 
data sheets of these companies (see Table 3). BASF, Mark-
forged, and Desktop metal filaments (for example, “Ultrafuse 
316LX” (BASF)) have been utilized in many research, and 
the influence of printing parameters on component charac-
teristics has been examined [71], as seen in Table 3.

Green parts experience significant shrinking throughout 
the postprocessing phases (see, for example, Fig. 8). This 
phenomenon should be taken into account from the design 
phase [8]. In many EAM methods, the printed green sample 
must be connected to a support, which aids in the preserva-
tion of the part's form, displacement, and stability during the 
whole process from printing to post-sintering, particularly 
for surfaces with angles less than 45° (from the horizon) 

Fig. 5   SEM images of green part made of SS 17-4PH Markforged filament in different contour magnifications (a) 500 × , and (b) 6000 × [69]

Fig. 6   Different raster angles in FDM printing of copper [45]

Table 3   Comparison of tensile properties for the sintered parts with the technical data sheet provided by BASF company [69]

*This data was extracted from the technical data sheet released by the producer (BASF for the SS 316L)

Material Building orientation Yield strength (MPa) Tensile Strength (MPa) Tensile Modulus (GPa) Strain at Break (%)

SS 316L Flatwise 148.01 ± 4.50 443.90 ± 5.87 157.24 ± 4.50 43.33 ± 2.53
SS 316L Upright 113.75 ± 13.42 206.27 ± 80.11 117.31 ± 1.94 13.35 ± 6.59
SS 316L* Flatwise 251 561 – 53
SS 316L* Upright 234 521 – 36
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[60]. The usage of proper support and its requirements is 
complicated and must be done with care. It is uncommon 
to find information on the support material and its removal 
in metal FDM. However, in the commercial metal FDM 3D 
printers of Markforged and Desktop Metal incorporation, a 
ceramic layer between the raft/support and the main part is 
printed. This ceramic layer disintegrates during the sintering 
process, which facilitates raft/support removal.

3 � Posttreatment

The final part after posttreatment is referred to as a brown 
part [21]. The following sections cover two essential post-
treatment procedures, debinding, and sintering, as well as 
their most important parameters and specifications. In terms 
of method and equipment, metal FDM debinding and sin-
tering are comparable to MIM and BJ processes; however, 
several process parameters and the output are different.

3.1 � Debinding

Debinding eliminates the majority of the binder mate-
rial in the green part. This process is influenced by two 
factors: (1) the kind of debinding (solvent, thermal [72], 

catalytic [52, 73], or combination of these [66, 74]), and 
(2) the thermal cycle of the debinding process. Compared 
to solvent and catalytic debinding, thermal debinding is 
relatively slow [69] and easy to regulate [75]. The sol-
vent debinding provides a transport channel for removing 
reminded binder during thermal debinding [58]. Tempera-
ture is a critical component in the debinding stage and 
must be precisely regulated. Therefore, as shown in Fig. 9, 
during solvent debinding, a controlled thermal cycle with 
moderate temperature changes should be selected.

Because of the binder volume loss, shrinkage, changes 
in weight, and size of the green part emerge. As shown 
in Fig. 10, the influence of the extrusion velocity (Ve) on 
the weight change (ΔW) is insignificant. The average ΔW 
value obtained after solvent debinding is approximately 
3.5% percent; likewise, the average ΔW value obtained 
after thermal debinding and sintering is about 6.5% and 
7.6%, respectively [28]. To maintain the component's 
form and minimize thermal stress and considerable weight 
reduction rates, the rate of temperature decline/increase in 
time must be slow enough [28].

Wall thickness variations and distortions caused by 
thermal processing should be considered, particularly 
in components with varying wall thicknesses. Addition-
ally, numerical simulation can aid in estimating and 

Fig. 7   SEM images of 3D-printed SS 316L samples, with different layer thicknesses (a) 0.3 mm, (b) 0.4 mm, and (c) 0.5 mm [70]

Fig. 8   a CAD model of a sample part, b green part, and c the final part after shrinkage due to thermal treatment [30]
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compensating for shrinkage during multi-material post-
treatment [15].

Most debinding processes employ two successive 
phases, solvent extraction and thermal debinding, and 
three significant stages occur in debinding: 1- diffusion 
of solvent, 2-dissolution of the soluble part of binder, and 
3- diffusion from the inside to the outside for the remain-
ing quantity of binder [34]. The following is a list of the 
various components of a binder system, along with their 
corresponding elimination conditions during posttreatment 
[66]:

1.	 The main binder component (50–90 volume percent of 
the entire binder system); during solvent debinding, this 
component of the binder system is eliminated.

2.	 The backbone (0–50 volume percent of the entire binder 
system); before sintering, the backbone that is used to 
hold the form of the green part is thermally removed.

3.	 Additives (0–10 volume percent of the entire binder 
system); they include dispersant agents, stabilizers, and 
compatibilizers.

However, if a one-step thermal debinding method is 
utilized, the binder system's constituents will be thermally 
removed. Even though the purpose of the debinding step is 
to remove the binder, in a multi-component binder system, 
the primary component may be eliminated early. Still, the 
second portion of the binder (with a very little quantity) 
retains the part form until the sintering stage, after which it 
can be removed at high temperatures during sintering [77].

3.2 � Sintering

Atomic diffusion between metal powder particles happens 
with this thermal postprocessing treatment [77]. At this step, 
conditions for obtaining near-total density are achieved using 
high temperatures (below the melting point of the metal) 
[78]. Full density is not attained due to the presence of tiny 
residual micro-porosities [46]. Three significant parameters 
influence the ultimate outcomes of sintering: (1) tempera-
ture, (2) time, and (3) furnace atmosphere. Utilizing a grad-
ual and regulated temperature cycle is critical in sintering, 
as it is in debinding. Thermal debinding and sintering are 
continuous operations that occur one after the other and usu-
ally in the same furnace.

The sintering cycle depicted in Fig. 11 exhibits two grad-
ual temperature rises. The leftover binder is devolatilized 
and eliminated during the first hours of sintering. Following 
that, the metal particles fuse, and the metallic microstructure 
develops from the part's outside to its inside [79].

Residual stress at grain surfaces and stress between grains 
increase as temperatures increasse toward completing the 
sintering cycle [80]. As seen in Fig. 12, necking between 
metal particles occurs as time and temperature rise. As sin-
tering continues, the size of the neck rises, and the dimen-
sion of the pore decreases [60].

Fig. 9   Percentage of mass loss during solvent extraction for the parts 
made of SS 316L and strontium ferrite (Fe12O19Sr) [76]

Fig. 10   Weight changes during 
posttreatment of SS 316L parts 
manufactured at various extru-
sion velocities, Ve [28]
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The most appropriate sintering environment should be 
chosen to achieve the best characteristics, lowest costs, and 
highest production rates. For example, according to Raza 
et al. [72], the rate of debinding for SS 316L in a vacuum 
furnace is faster than in a hydrogen atmosphere. Furnaces 
with a vacuum or inert gas environment should be used for 

sintering to avoid thermal oxidation of the powders and, 
as a result, the final component [81, 82].

Various atmospheres have different effects on microstruc-
ture. As depicted in Fig. 13, a thick, elongated film forms at 
the grain boundaries during M2 high-speed steel samples' 
sintering at 1200 °C, indicating over-sintering. However, a 
homogenous structure was obtained when the samples were 
sintered in an N2–H2 atmosphere. The sintering environment 
also affects the chemical composition of sintered samples 
[83]. According to Dourandish and Simchi [84], sintering 
zirconia ceramic and SS 430L in a vacuum result in lower 
mismatch strain than sintering in an argon environment.

Microwave sintering uses less energy and takes less time 
than traditional sintering [85], and in certain circumstances 
results in better mechanical characteristics [86]. Micro-
wave sintering, for example, causes high densities in 434L 
steels but reduced density in SS 316L. It reduces hardness, 
strength, and ductility in both austenitic and austenitic-fer-
ritic stainless steel [87]. Microwave sintering produces fully 
recrystallized microstructures with fractionally larger grain 
sizes in SS 316L [88]. The effect of various critical param-
eters on sintered component characteristics is depicted in 
Figs. 14 and 15. These figures show that sintering at an opti-
mum temperature for a more extended period and a slower 
temperature change yields better results for the component’s 
microstructure [89]. Using homogeneous feedstocks and fil-
aments aids in obtaining a uniform and isotropic shrinkage 
during the debinding and sintering [7].

4 � Mechanical and microstructural 
properties

The ASTM F3122-14 standard guideline is concerned with 
the mechanical characteristics of metallic parts created 
using AM technology [90]. Table 4 illustrates the elements 
of the metal FDM process that impact the properties of the 

Fig. 11   Sintering cycle for SS 17-4PH part [79]

Fig. 12   Joining of base metal powder particles during sintering [60]

Fig. 13   SEM images of M2 high speed steel samples sintered in 1200 °C, a in N2–H2 atmosphere, and b vacuum [83]
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3D-printed components. Although the impacts of many of 
these factors have been demonstrated in numerous studies, 
additional studies on metal FDM procedures with more 
details and more accurate modeling should be done in the 
future to get superior mechanical characteristics.

The characteristics of SS 316L parts generated by dif-
ferent methods were compared in Table 5. This table shows 
that metal FDM products have relatively poor mechanical 
characteristics compared to SLM or traditionally manu-
factured components. For example, the ultimate tensile 

strength of SS 316L parts manufactured using metal FDM 
was 465 MPa, approximately 72% of the SLM sample’s ulti-
mate tensile strength (648 MPa). One major cause is the 
presence of metallurgical flaws such as porosities. Minimal 
porosity is a common and accepted defect in AM metallic 
components. Additionally, the following factors contribute 
to the poor mechanical properties of 3D-printed metallic 
parts: rapid temperature fluctuations, capillary forces, and 
gravity without applying external pressure in the binding 
mechanisms, shrinkage in a posttreatment, material supply 

Fig. 14   Influence of sintering temperature and time on the relative density [89]

Fig. 15   Influence of various debinding rates on the microstructure of SS 316 L samples sintered at 1360 °C for 6 h [89]

Table 4   Main factors affect the properties of parts produced using metal FDM processes

Metal FDM steps Parameters

Design Dimensional design, part’s shape complexity
Characterization of feedstock constitutes Size, shape, and chemical composition of powder particles, powder drying conditions, granulometry 

of the powder, binder type and composition
Extrusion and feedstock preparation Rotational speed, pressure and temperature of the extruder, extruder’s nozzle temperature and 

diameter, granule viscosity, the volume fraction of the metal powder in feedstock, shear stress in 
preparation of the feedstock, bending and tensile strength of the filament

Print Bed temperature, cooling rate after deposition, printing speed, build orientation, infill type, raster 
angle, adhesion of layers, layer’s height and width, melting and degradation temperatures of the 
filament

Debinding and sintering Cycle time and temperature, atmosphere, and pressure of furnace, residual carbon, toxic metal ions, 
nitrogen, or other elements of the sintered part, type and quality of equipment and furnaces
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shortage, and absence of deposition (melting, fusing, or 
binding) [60, 91]. Despite this, Markforged claims that the 
density of their metal components manufactured from SS 
17-4PH (using Metal X 3D printer) is more than the density 
of MIM's product [92].

It must be remembered that the final dimensions and 
mechanical characteristics are affected by parameters 
such as excessive shrinkage during the debinding process 
and shrinkage and distortion during the sintering process. 
Table 6 depicts the influence of printing parameters on part 
shrinkage in different orientations. As this table indicates, 
the flatwise specimens exhibit a linear shrinkage of roughly 
20% in the XY plane, whereas a higher shrinkage (25.20%) 
was measured in the Z direction. The samples printed 
upright demonstrate more anisotropic behavior with values 
ranging from 8.57 to 20.70%. This anisotropic behavior is 
controlled by the impact of gravity on the metal component 
during the sintering process.

Powder particle size, together with sintering tempera-
ture, affects the final component characteristics and micro-
structure [78]. As indicated in Table 7, raising the sinter-
ing temperature to 1395 °C and utilizing SS 316L powder 
with a particle size of 31 μm resulted in the highest tensile 
strength and elongation and the highest density for the 
final part [94]. Table 8 shows the effect of the vital print-
ing settings on the ultimate tensile strength of copper. The 
optimum combination of the parameters mentioned in this 
table is (45°/45°), 2 mm, and 80%, respectively. Figure 16 
depicts the impacts of various multi-metal component 
printing techniques. Material infill levels have enhanced 
compressive strength while not inf luencing printed 

component shrinking [71]. Mechanical characteristics are 
affected by printing orientation; for example, vertically 
printed components have lower tensile strength [71].

Some factors, such as layer thickness and extrusion tem-
perature, have an optimal level. Small layer height, for 
example, might result in poor forming quality (squeeze 
effect), whereas high layer height can cause the preced-
ing layer to sink (sinking effect) [56]. Increased extrusion 
velocity results in increased porosity in SS 316L sintered 
parts, as demonstrated in Fig. 17.

In the cross-section of the green part shown in Fig. 18, 
the appropriate distribution of SS 17-4PH particles 
(brighter spots) and certain flaws as a result of poor setting 

Table 5   Tensile properties of SS 316L alloy produced using different 
processes

Process Yield 
strength 
(MPa)

Ultimate ten-
sile strength 
(MPa)

Elongation 
at break (%)

Young’s 
modulus 
(GPa)

Metal FDM 
[30]

167 465 31 152

SLM [30] 541 648 30 320
Wrought [93] 205 515 60 193

Table 6   Dimensional 
comparison of green and 
sintered SS 316L parts [69]

Build Orientation Printing 
direction

Green part (mm) Sintered part (mm) Shrinkage (%)

Flatwise Y 22.80 19.04 19.73
Z 3.75 3.02 25.20
X 137.98 115.25 19.72

Upright X 22.80 19.35 17.81
Y 3.78 3.48 8.57
Z 137.98 114.31 20.70

Table 7   Characteristics of sintered parts made from powders with 
varying particle sizes sintered at different temperatures [94]

Powder 
particle size 
(µm)

Sintering 
temperature 
(°C)

Final 
density 
(%) ± 0.1%

Max. 
strength 
(MPa) ± 6%

Elongation 
(%) ± 5%

31 1255 81.0 309 21.3
1355 85.2 388 35.5
1365 90.9 437 52.1
1395 98.0 518 61.9

20 – 53 1415 81.8 243 25.4
1432 88.2 310 29.9

Table 8   Effect of printing parameters on ultimate tensile strength [45]

No Raster angle (°) Layer thick-
ness (mm)

Infill per-
centage (%)

Ultimate tensile 
strength (MPa)

1 0/90 1.6 80 5.08 ± 0.45
2 0/90 1.8 70 5.57 ± 0.61
3 0/90 2.0 60 4.21 ± 0.29
4 45/ − 45 1.6 70 5.66 ± 0.51
5 45/ − 45 1.8 60 3.35 ± 0.28
6 45/ − 45 2.0 80 6.73 ± 0.87
7 60/ − 30 1.6 60 5.17 ± 0.49
8 60/ − 30 1.8 80 5.13 ± 0.44
9 60/ − 30 2.0 70 5.12 ± 0.38



620	 Progress in Additive Manufacturing (2022) 7:609–626

1 3

during printing (for example, tiny spaces between the lay-
ers) are visible [54].

After sintering and debinding, the chemical composi-
tion of components must be monitored. The characteristics 

of sintered parts, such as surface morphology, are affected 
by residual carbon content during debinding [72]. Carbon 
content substantially impacts densification rate and has 
a reducing function in sintering [95]. The initial carbon 

Fig. 16   Schematic representations and optical microscope images of three types of multi-metal parts (high carbon iron and SS 316L), a mixed 
(50–50%), b coupled (100–100%), and c functionally graded (0–100%) samples [89]

Fig. 17   Microstructure of sintered SS 316L parts printed at a 7.5 mm/s, b 12.5 mm/s, c 17.5 mm/s, extrusion velocity, and d elemental analysis 
[28]
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concentration in the powder and the residual carbon con-
tent after debinding should be very low, similar to MIM, as 
this might decrease the final part's corrosion performance 
[96]. As shown in Table 9, the sintering environment influ-
enced the quantity of this chemical element in SS 316L. 

The best results, i.e., the lowest carbon content (0.0063%), 
were obtained by sintering in a vacuum [72]. Furthermore, 
the nitrogen content of sintered components drops progres-
sively as the sintering temperature rises, increasing rela-
tive density when nitrogen pressure is precisely controlled 
[97]. Although microstructural analysis after sintering has 
been examined in some publications, however, it can be 
claimed that there is not enough reliable information on 
this subject.

Many aspects in the whole production stages impact 
the quantity of porosity as the significant consequence of 
flaws and weak mechanical characteristics. Choosing the 
best cycle for temperature and heating rate, as shown in 
Figs. 19 and 20, has a high impact on the amount of poros-
ity and, as a result, mechanical characteristics. Accord-
ing to Fig. 19, increasing the sintering temperature from 
1340 °C to 1360 °C resulted in increased sample density 
and decreased residual porosity. However, Fig. 20 indi-
cates that raising the sintering temperature does not nec-
essarily result in a rise in density. On the other hand, it is 
necessary to attain an optimal sintering temperature.

Posttreatment of metal AM parts lowers production 
defects and improves microstructure and mechanical char-
acteristics [3]. Chemical surface treatment methods, for 
example, have been used to enhance fatigue performance 
and smooth the surface of AM components, as well as heat 
treatments at high temperatures to relieve residual stresses 
[3]. As shown in Fig. 21, with surfaces inclined at various 
degrees, the mean roughness (Ra) changes. Furthermore, 
this figure indicates that sintered samples have better 
roughness than green parts, and vertical and horizontal 
surfaces have superior roughness.

Fig. 18   Fracture section of SS 17-4PH part [54]

Table 9   Carbon content in sintered SS 316L parts at different atmos-
pheres (ASTM E1019) [72]

Sintering atmosphere Carbon %

Vacuum 0.00636
H2 1.4955
H2 & N2 mixture 1.3215
N2 0.1392

Fig. 19   a Porosity in SS 316L samples for different sintering temperatures and times (heating rate 0.3 °C/min), and microstructural images for 
sintering at (b) 1340 °C, c 1350 °C, d 1360 °C, and e 1360 °C (heating rate of 0.2 °C/min and sintering time of 120 min) [65]
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5 � Finite element modeling (FEM)

The use of FEM can aid in the correct design and calcula-
tion of controlled modifications and predict the form and 
distortion of green and final components. It eliminates or 
significantly lowers the need for significant and costly test-
ing equipment, machinery, and materials. FEM research in 
metal FDM is insufficient. Furthermore, developing special-
ized software for predicting final component size, residual 
stresses, and estimating ultimate mechanical characteristics 
for various metals would aid in advancing metal FDM.

Figure 22 shows the results of a thermomechanical finite 
element analysis for predicting shrinkage, warpage, and 
internal stresses during the sintering process, providing 
information about possible weak areas of the part [8]. Fig-
ure 23 shows the results of a debinding numerical simulation 
for a staircase as another example. According to this fig-
ure, orientations 1 and 3 are the best choices for debinding. 
In these orientations, all elements experience stress values 
less than predefined critical stresses. On the other hand, the 
debinding of the part in orientations 2, 4, and 6 will cause 
failure due to excessive tensile and compressive stresses. 
Additionally, the simulation results show that there are very 
few critical elements in orientation 5. Since these elements 
surpass the critical compression stress limit, the part will 
fail during sintering.

Using GOM Inspect software, Ait-Mansour et al. [74] 
estimated shrinkage percentages in sintered components 
manufactured of BASF Ultrafuse 316LX. Furthermore, 
printing accuracy and dimensional variations in metal FDM-
fabricated components may be evaluated and predicted using 
neural networks and other algorithms [99].

6 � Research gaps and challenges

For the future development of metal FDM and its indus-
trialization, a complete cycle in manufacturing technology 
must first be considered, with ample and easily accessible 

Fig. 20   Effect of heating rate 
and sintering temperature on 
apparent density and Young’s 
modulus of porous iron scaf-
folds [98]

Fig. 21   Comparison of surface roughness of green and sintered sam-
ples [10]
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materials and equipment for production. Then, flaws in prod-
uct quality must be eliminated. Optimization of technology 
in terms of cost, quality, and accuracy should be considered 
in the second stage. It might be claimed that metal FDM's 
initial stage is still unfinished, with many tough questions 
and difficulties to be answered. The following are some of 
these questions and difficulties:

1.	 Establish a sufficient level of control and analysis of 
metallurgical characteristics and microstructure.

2.	 Increased mechanical characteristics, such as tensile 
strength, for a broader range of applications

3.	 Development of low-cost commercial materials such as 
filaments, binders, and powders are easy to come by.

4.	 To achieve a broad range of capabilities and applicability 
for unique situations such as complicated forms, thin-
walled components, and high-precision dimensions.

5.	 Providing metal FDM and subtractive manufacturing 
hybrid methods with significant advantages in manu-
facturing components with unique engineering charac-
teristics.

6.	 Compared to other metal AM technologies, major com-
panies in this sector, such as Markforged and Desktop 
Metal, have not made adequate and significant develop-
ment.

7.	 Numerical simulation research in metal FDM is insuf-
ficient. Moreover, the development of specialized soft-
ware for predicting the final component’s size, residual 

Fig. 22   Finite element simulation of a 3D printed metal part, (a) ovalization of the circular holes due to shrinkage, (b) stress distribution, and (c) 
overlay plots of the original and deformed parts [8]

Fig. 23   Failure plots for simula-
tion of the debinding process 
(red areas show failure due to 
tension, and the blue regions 
indicate failure due to compres-
sion) [73]
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stresses, and predicting ultimate mechanical character-
istics for various metals would assist in the progress of 
metal FDM.

However, the significant advantages of this technology, 
such as its ease of use and relatively low cost of produc-
tion, and capacity to manufacture large parts, have sparked 
interest among corporations and researchers to enhance 
metal FDM technology.
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