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Abstract: Material extrusion additive manufacturing of metal (metal MEX), which is one of the
3D printing processes, has gained more interests because of its simplicity and economics. Metal
MEX process is similar to the conventional metal injection moulding (MIM) process, consisting
of feedstock preparation of metal powder and polymer binders, layer-by-layer 3D printing (metal
MEX) or injection (MIM) to create green parts, debinding to remove the binders and sintering to
create the consolidated metallic parts. Due to the recent rapid development of metal MEX, it is
important to review current research work on this topic to further understand the critical process
parameters and the related physical and mechanical properties of metal MEX parts relevant to further
studies and real applications. In this review, the available literature is systematically summarised
and concluded in terms of feedstock, printing, debinding and sintering. The processing-related
physical and mechanical properties, i.e., solid loading vs. dimensional shrinkage maps, sintering
temperature vs. relative sintered density maps, stress vs. elongation maps for the three main alloys
(316L stainless steel, 17-4PH stainless steel and Ti-6Al-4V), are also discussed and compared with
well-established MIM properties and MIM international standards to assess the current stage of metal
MEX development.

Keywords: material extrusion; 3D printing; fused filament fabrication; metal injection moulding;
debinding; sintering; mechanical property

1. Introduction

From the ISO/ASTM 52900, additive manufacturing (AM), usually known as 3D-
printing, is a process of joining materials to make parts from 3D model data, usually
layer by layer, as opposed to subtractive manufacturing and formative manufacturing
methodologies [1]. This process has become increasingly popular for various material
fabrications, such as ceramic, polymer and metal [2-5]. Many metal AM processes, such as
powder bed fusion (PBF), direct energy deposition (DED) and materials extrusion (MEX)
can successfully fabricate various metals, e.g., stainless steel [6-9], titanium alloys [10-13],
nickel alloys [14-18], cobalt [19,20] and aluminium alloys [21-25]. AM can also provide a
high degree of freedom, lightweight design with almost unlimited shape, complexity and
a varied range of sizes depending on the printing process [26]. In addition, the AM parts
are not only limited to prototyping, but can be applied in various technologies, including
modelling, pattern-making, tool-making and end-use parts productions with very high
growth rates [27]. Hence, AM parts can be served in many industries, e.g., biomedical,
aerospace and energy applications [3,28]. Among the several techniques of metal AM, metal
MEX utilises low-cost equipment with simplicity and safety, as neither loose metal powder
nor a high-power source is required when compared to other common metal AM processes,
i.e., laser powder bed fusion (LPBF) and electron beam powder bed fusion (EPBF) [9,29].
During the last decade, this metal MEX process has attracted more attention due to the
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as-mentioned advantages and the familiarities with conventional polymer 3D printing,
which is the metal-fused filament fabrication process (FFF), usually called fused deposition
modelling (FDM). Figure 1 shows the number of publications relating to metal MEX per
year and the cumulative number. From 1996 to 2015, there are very few publications
per year. However, the number has significantly increased since 2015. It is noted that
publications were searched mainly from several databases, e.g., Web of Science, Scopus
and Google Scholar, using several searching keywords, e.g., “metal material extrusion”,
“metal fused deposition modelling”, “metal fused filament fabrication” and “Ultrafuse
316L", including the references of related articles. The three prior review articles focusing
on metal MEX [4,5,30] provide a good overall review of the subject but do not address the

achievable mechanical properties in detail.
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Figure 1. Number of publications relating to the metal MEX from 1996 to February 2022. Data
from [4,5,8,9,29-123].

The nature of metal MEX is very similar to the conventional metal injection moulding
(MIM) [124,125]. The overall MIM and metal MEX processing steps are presented in
Figure 2a,b,d,e and Figure 2a,c,d,e, respectively. The MIM process starts with the mixing
of sinterable metal powder with suitable polymeric binders and then granulating the
metal-binder mixture into feedstock Figure 2a. The feedstock is subsequently injected
into a mould to create the injected part, commonly called a “green part” (Figure 2b).
The polymeric binders are then removed by solvent (optional) and thermal debinding
(Figure 2d) before the debound parts are sintered in a controlled atmosphere, e.g., Hy,
Ny, Ar or vacuum atmosphere, to densify the parts (Figure 2e). During sintering, necks
are formed to bond between adjacent powder particles, consolidation takes place and
voids are closed. This causes shrinkage of the sintered part, which in theory should be
uniform. However, in practice, the uniformity of shrinkage depends on several factors,
e.g., the homogeneity of feedstock and the resultant green parts, geometry, gravity and
friction between the parts and sintering tray. Typical MIM shrinkage lies within the range
of 12-20% [125-127]. Hence, the mould cavity needs to be oversized to compensate for
the shrinkage. After sintering, the density of the MIMed specimen can reach up to 99%
of the theoretical density. Hot isostatic pressing (HIP) can be applied, if high mechanical
property and density are required. For the metal MEX, instead of forming the green part
by the injection moulding process, it is printed layer by layer (the process in Figure 2b
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is replaced by that in Figure 2c) with various forms of feedstock, i.e., granule, bar and
filament, depending on the printer. After printing, the subsequent debinding and sintering
steps (Figure 2d,e) may be slightly different from the MIM process due to the differences in
compositions of binders and the metal powder fraction (usually named “solid loading”),
metal powder size and its distribution. The shrinkage of the sintered metal MEX part is
generally higher than for MIM parts because the metal MEX feedstock usually has higher
binder content (lower solid loading) than MIM so that the metal MEX feedstock is printable
and can be easily handled. Therefore, dimensions of the CAD model need to be carefully
compensated to acquire the required dimension after sintering. The sintered density and
mechanical properties of the metal MEX part are theoretically lower than those of MIM
due to the voids between deposited paths generated during printing [8]. Thereby, the print
strategy, which can generate not only such voids but also deflection and incomplete weld
in polymer 3D-print parts [128-130], needs to be carefully controlled for metal MEX before
progressing to the debinding and sintering.

d As-printed/
injected part

M,

Polymeric Mixing/kneading Granulated b Injection Injected
binder feedstock part
Filament
feedstock ¢ Printing As-printed
» Printing chamber part
Arbitrary
_» feeding _
Bar system é‘
feedstock &
" Bar feedstock ///
— Printing bed
Solvent debinding Thermal debinding | e Sintering Sintered
part
a 5
. g ‘ »
& 5
4 E s
o -
. Backbone polymer Necking and Residual
I:l Plasticiser polymer cousolidation porosity
occur
ﬁ o Metal powder

Figure 2. Comparison of material extrusion additive manufacturing of metal (a,c,d,e) and metal
injection moulding (a,b,d,e).

The objectives of this review are to systematically summarise and present the current
status and available data on metal MEX, including feedstock, printing, debinding, sintering
and physical and mechanical properties. The available metal MEX data are compared to
the conventional MIM process and MIM international standards. The topics of this review
are presented in five sections, which are Section 1—Introduction; Section 2—Material
extrusion additive manufacturing of metal, which reports on types of metal MEX and
process variables, i.e., printer equipment, alloy and powder, feedstock, printing, debinding
and sintering; Section 3—Effects of processing parameters on physical and mechanical
properties of metal MEX parts and comparison with MIM parts and MIM standards;
Section 4—Secondary processes, which can improve the properties of metal MEX parts;
Section 5—Current, prospective applications and future direction of metal MEX devel-
opment and Section 6—Summary. In sub-sections of Section 2, MIM will be introduced
first and then metal MEX will be discussed because MIM is better well established. In
Section 3, the MIM international standards are used because there is currently no inter-
national standard for metal MEX. The MIM standards are the Metal Powder Industries



Metals 2022, 12, 429

4 of 56

Federation (MPIF) Standard 35 Metal Injection Moulding Materials for stainless steels and
Japan Powder Metallurgy Association (JPMA) Standard Metal Injection Moulding Materials
for Ti-6Al-4V. The information from this review will not only be useful for researchers, who
work in the fields of 3D printing and powder metallurgy, metal MEX and MIM, but also
will promote the development of the metal MEX to be widely commercialised.

2. Material Extrusion Additive Manufacturing of Metal (Metal MEX)

In metal MEX, the feedstock composing of metal powder and polymeric binders is
heated until the filament is softened and can be extruded through a printing nozzle. The
printed material is then deposited on the printing bed, which is heated to increase adhesion
between the printed parts and the printing bed so that the 3D part is created layer-by-layer
following the CAD model [131]. This metal MEX process can also fabricate multi-material
3D parts, when a printer has more than one printing head or feeding system. Depending on
the feeding system of the printer, the metal MEX process can be classified into three types,
as presented in Figure 3, which are (a) screw-based, (b) plunger-based and (c) filament-
based types [132]. After printing, the as-printed parts require to be debound and sintered
in a similar manner to those in the MIM processing steps, as presented in Figure 2d,e.

Granulated
feedstock

Printing
chamber

Bar/granulated
feedstock

a Screw-based type b Plunger-based type ¢ Filament-based type

Filament
feedstock

Printing
chamber

Filament
transport

Printing bed

Printing bed

Printing bed

Figure 3. Types of material extrusion additive manufacturing classified by feeding system:
(a) screw-based, (b) plunger-based and (c) filament-based types.

e Screw-based MEX (SB)

High quality metal filament and bar feedstocks are still very limited in alloy selection.
Hence, screw-based MEX is currently the most versatile material extrusion system in
term of material selection. Screw-based MEX uses the granulated feedstock in a similar
form as MIM, hence all alloys for MIM feedstocks are applicable. The feedstock will be
transported by screw rotation [132] and simultaneously heated by heating elements to a
temperature above the glass transition temperature of the polymer binder. The softened
material will be deposited through the nozzle in a pattern that follows the CAD design, as
presented in Figure 3a. The advantages of this type over the latter two processes, which
are plunger- (Figure 3b) and filament- (Figure 3c) based types are high productivity due
to a continuous filling system and no requirement for an additional processing step for
bar or filament preparation. In addition, high solid loading equivalent to that employed
in MIM can be used. This process provides the best available feedstock filling system,
which can continuously feed without interruption during printing, as the feedstock in the
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system is replenished. This results in printing time reduction, as neither printing stoppage
during feedstock replenishment nor feedstock re-heating to the printing temperature is
mandatory. There is also no need for additional equipment for bar or filament preparation
and know-how to produce and handle feedstocks, especially filament feedstock, which
is commonly brittle and difficult to handle. The size of the granulated feedstock needs
to be controlled (<5 mm) to obtain stability during printing and reduce printing defects
generated by air entrapment [133]. As reported by Singh et al. [85], the granule feedstock,
sized from 3 to 5 mm, can provide relative sintered density up to 94% after sintering.
Likewise, Lieberwirth et al. [41] reported that a granule size of 3 mm could be readily
printed, yielding good appearance. Too large granulated feedstock may not be evenly
and properly softened in the feeding system. Too small granulated feedstock may cause
blocking at the hopper. Any printed mono-material green parts with defects or mistakes
can be easily re-used by crushing and sieving before feeding back into the printer hopper,
similar to the re-use of MIM injected parts with defects and all runner systems [134]. The
other two types of printing systems need an additional bar or filament preparation step.
The stabilisation of the screw system is still challenging to fabricate the 3D part, as it
is difficult to control the flow rate of the material to be constant due to the trapped air
inside the softened material. Moreover, the strength and stability of the printing system
are also required during printing due to the high viscosity of the feedstock. The well-
known commercially available screw-based MEX systems are proposed by AIM3D GmbH
with a “ceramic extrusion modelling” system (CEM) [135] and Pollen AM, Ltd. With a
“pallet additive manufacturing” system (PAM) [136], in which multi-material parts, such
as both ceramic and metal, can be fabricated by using general powder injection moulding
feedstocks. Figure 4a shows the AIM3D printer and the schematic representing the printing,
while Figure 4b shows the feedstock and the microstructure of the feedstock utilised for the
AIM3D printer. Recently, pallet extrusion system has been introduced by Direct3D, which
supplies both a screw-based printer and only a screw-based print head that can be applied
with a suitable 3D printer [137]. In addition, most MIM manufacturers will prefer to use
their current MIM feedstock so that they can use their current debinding and sintering
systems. Hence, the implementation of metal MEX will be easier, smoother, faster and more
economical for MIM manufacturers.

Steel Feedstock
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4~ Material
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Figure 4. Cont.
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Figure 4. (a) AIM3D printer and the schematic representing the printing and (b) low and high magnifi-
cation of the 17-4PH stainless steel granulated feedstock utilised for the printer (adapted from [92]).

o  Plunger-based MEX (PB)

The plunger-based MEX utilises bar or granulated feedstock to feed to the nozzle of
the plunger system. Desktop Metal, Inc. [138] proposes the plunger-based system using
circular-bar feedstock, called “bound deposition modelling” (BMD), in which the bar
feedstock will be fed by a cartridge into a heated sleeve. The feedstock is then pushed
through the nozzle for layer-by-layer printing by the plunger following the CAD design
as presented in Figure 3b. One of the main advantages of this system is the high material
handling ability, which is significantly easier than the filament feedstock. Besides, the solid
loading of the bar feedstock can be higher than the filament-based printers and comparable
to the MIM feedstock. However, one of the main disadvantages of the plunger-based system
when compared to the screw-based one is the additional step of bar feedstock preparation.
The bar feedstock can be prepared by extruding the mixture of metal powder and polymer
binders and cut to size, as shown in Figure 2a. Furthermore, print discontinuity occurs
when the feedstock is required to be replenished. To overcome this disadvantage, Giberti
et al. proposed an in-house developed machine, as shown in Figure 5a, combining a screw-
based to feed the MIM feedstock and plunger system to push the feedstock through the
nozzle [36]. However, at the end of the plunger stroke, the plunger still requires reversing
to receive the softened feedstock from the screw-based plasticiser. Hence, the discontinuity
is minimised but remained. As the injection unit is stationary, the deposited path will
be printed on the printing bed of a 5-axes parallel kinematics machine (PKM). Hence,
parts can be printed with minimal support materials. In 2020, Waalkes et al. proposed
an in-house plunger-based printer, as presented in Figure 5b, which can fabricate the 3D
part of Ti-6Al-4V using commercial MIM feedstock [61]. This in-house system successfully
fabricates the as-printed parts with a good appearance and high stability. Moreover, the
production cost of the machine is claimed to be close to the open polymer filament-based
systems (5-10 k€) [61]. These in-house developed plunger-based printers provide the ability
to use MIM feedstock. This increases the flexibility in material selection. In addition, there
is no need for further feedstock preparation into filament form.
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Figure 5. (a) In-house developed machine and their components with the extrusion unit combining a
screw-based (plasticiser) to feed the feedstock and plunger system to inject the feedstock through the
nozzle (adapted from [36]) and (b) in-house developed plunger-based printer and their components
with the schematic of the extruder unit (Reprinted with permission from [61]. Copyright 2020,
Additive Manufacturing, Elsevier).

e Filament-based MEX (FB)

Filament-based type is the most popularly and widely used metal MEX process. It is
known by many terms, such as “fused deposition modelling” (FDM), first developed by
Stratasys, Ltd. (Eden Prairie, MN, USA and Rehovot, Israel) for polymer [139]; “fused fila-
ment fabrication” (FFF) or “atomic diffusion additive manufacturing” (ADAM) proposed
by Markforged, Inc., Watertown, MA, USA [140]. At the beginning, this process was usually
used for rapid prototyping; however, it can currently be used for tooling and end-user part
fabrication [50,140,141]. The filament of metal MEX composed of the metal powder and
polymeric binder is fed by the filament transport system to the heating element and heated
nozzle so that the filament will be softened and extruded to the printing bed layer-by-layer
following the CAD design as illustrated in Figure 3c. The advantages of this filament-based
process are safety, simplicity and familiarity of the process, and its low-cost equipment
because the general desktop polymer 3D printer is used with the metal MEX filament. The
high volume fraction of metal in the filament results in a high wear rate of the printing
nozzle; hence, a special ruby or hardened steel nozzle should be utilised to produce a
stable flow of the filament, prolong the nozzle life [142] and reduce contamination. The
main disadvantage of this process is the need for filament production, which requires
single/twin screws or plunger extrusion equipment for filament fabrication [34,52], plus
special know-how, e.g., the selection of appropriate binder types, suitable mixing procedure
and the filament fabrication technique [31]. The filament properties are very important to
the final shape, size, dimension and properties in both as-printed and as-sintered stages.
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Appropriate binders must be selected to provide the desired properties in the filament. The
filament should have high strength and stiffness so that the filament can be driven by the
roller or gear without breaking and bulking [31,143,144]. The high bonding strength of the
metal powder and binders of the filament can provide strong weldability between deposit
paths. In addition, the filament should have high flexural strength and stiffness so that the
filament can be spooled and handled with ease [31]. The filament will be brittle if too-high
solid loading is used [145]. Very careful handling of the filament is needed with an extra
heater to reduce the brittleness of the filament and to reset the memory shape [56,64,146].
The filament must have no porosity, shape consistency and uniform distribution of the
metal powder, including as high as possible of solid loading to minimise shrinkage [94].
The above factors directly influence the printing, debinding and sintering processes, which
can be prone to generate many defects. High quality sintered parts can be achieved if these
factors and the processes are correctly controlled. Examples of commercially available
filaments are Ultrafuse 316L® by BASF SE [147], Filamet® by Virtual foundry [146] and
316L metal filament by Anycubic [148], which provide high-quality metal filaments, to-
gether with the suggested suitable range of processing parameters. The cross section of
commercially available filament by BASF (Figure 6a), Virtual foundry (Figure 6b), including
the filament specially developed for MetalX by Markforded, Inc. (Figure 6b) shows high
fraction of the metal powder. It is noted that the Ultrafuse 316L filament uses polymer skin
(Figure 6a) to case the filament to increase the flexibility of the filament [4], while the Filamet
and Anycubic filament use binder with high flexibility and lower solid loading [48,146].

Figure 6. Cross-sectional view of the commercial filaments—(a) Ultrafuse by BASF (adapted from [4]),
showing polymer skin surrounding mixing of polymer and metal powder, (b) 316L metal filament
by Virtual foundry (adapted from [72]) and (c) 17-4PH stainless steel filament for MetalX system
by Markforged, Inc. (Reprinted with permission from ref. [8]. Copyright 2021, Metallurgical and
Materials Transactions A, Springer).

2.1. Printer

As previously mentioned, the metal MEX process can be classified into three types
based on feeding systems, which are screw-, plunger- and filament-based. The available
information on printers that have been utilised to fabricate metal MEX parts is reported in
Table 1. There are few studies using the screw- and plunger-based printer systems. Some
in-house built printers have been used both types of printer systems, even though there are
commercially available printers, e.g., EXAM 255 printer by AIM3D (screw-based printer)
and Desktop Metal Studio+ system (plunger-based printer). From Table 1, it is worth
reinforcing that the filament-based system is the most popular type with various printer
models being utilised for this system. These filament-based printers can be classified into
three groups, which are (1) in-house built printers, (2) general polymer FDM printers and
(3) special purposed and closed metal printers. The general polymer FDM printers are the
most popular, as they are readily available in the workplace. Both commercially available
and self-prepared metal filaments have been used for general polymer FDM and in-house
built printers. A few studies [42,47,65] have used a special purposed metal printer, which
is closed, more expensive but providing excellent and consistent printing quality.
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Table 1. 3D printers classified by feeding system and printer model as reported in the literature.

Type of Printer Printer Model Ref.
Screw-based 1. In-house built printers [41,132]
2. ExAM 255 printer [50,84,85,92]
Plunger-based 1. In-house built printers [36,61,68,87,109,113-121]
2. Special purposed and closed metal printer [62,108]
o Desktop Metal Studio+ system !
Filament-based 1. General polymer FDM printers
e 3D Modeler™ [32]
e Apium P155 [45]
e Apium P220 [97]
e Axiom Dual, Airwolf [100]
e Crane Quad 3D machine [72]
o Duplicator i3 v2 FFF [38,43,44,49]
o Flashforge Dreamer [9]
e Funmat HT [53]
e German RepRap X500 [98]
e German RepRap X1000 [90]
e HAGE 3Dp-A2 [37,40]
e Hephestos 2 [106]
e L-DEVO M2030TP [56,64]
o MakerBot Replicator 2 [82]
e Modified Hage 3D-72L [35]
e PrintBox3D [71]
e Prusa i3 Mk2 [52,102]
e Prusa i3 Mk3 [48,54,83,86]
e Prusa i3 Mk3s [93]
e Prusa Steel Black Edition Mark II [96]
e Pulse 3D from MatterHackers [59,60,77-79,88,95]
o Renkforce 1000 printer [63]
e Raised 3D pro2 [99]
e TAZ6 [70,107]
o Ultimaker 2 [29,46,51,89]
o Ultimaker 3 [66,91,94]
o Ultimaker S5 [73,99,101]
e WANHAO Duplicator 4S [105]
e Zmorph 2S [75]
e Zortrax M200 [80]
2. Special purposed and close metal printer
e Markforged MetalX [8,42,47,58,65,67,69,110]
e CoLiDo metal 3D printer [57]

2.2. Feedstock

In this subsection, the feedstock of metal MEX will be discussed in terms of metal
powder and binder as raw materials. The details of the MIM feedstock will be comparatively
discussed to provide insight and understanding of the similarities and differences between
the two processes.

As metal MEX is developed based on the principle of MIM, the range of available
materials for metal MEX is rather similar to MIM. The materials that are usually fabricated by
the MIM process are the sinterable materials, e.g., stainless steel, copper, titanium and its alloys
and nickel-base superalloys [149]. Similarly, the main materials utilised in the metal MEX
process are stainless steel and titanium alloys, as presented in Figure 7. The utilisation of the
materials that have been fabricated by metal MEX can be ranked from the highest to lowest as
316L stainless steel (41.57%), 17-4PH stainless steel (or AISI 630, 17.98%), Ti-6Al-4V (13.48%),
Cu (12.36%), WC-Co (4.49%), bronze (2.25%) and high-C iron, H13 tool steel, M2 high speed
steel, AZ91 magnesium alloys, CP-Ti, Ni-Cu and Inconel 625 (1.12% each), respectively. For
316L stainless steel, more than one-third of the studies used the commercial 316L filament
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feedstock from BASF SE, namely as Ultrafuse 316L (UF-316L). It is noted that at the time of
writing, the 17-4PH stainless steel filament by BASF [150] has just been launched and there is
still no available study. The availability of commercial and high-quality metal filament that can
be printed using a general polymer FDM printer, debound and sintered using available MIM
equipment, can accelerate the acceptant and utilisation of metal MEX. Interestingly, although
the AZ91 Mg alloy (recognized as a material that is difficult to sinter) can be fabricated by
metal MEX [87], its mechanical properties still need to be improved by solving the problem of
magnesium oxide formation, which prevents proper sintering.

] 17-4PH
[ INon-Uitrafuse-316L
[ Juitrafuse-316L
[_]High-C iron
] Ti-6A1-4v
“;C-Co 1.12% 13.48% -
E[Igl:ﬂnel 625 15.73% ¥ ?_fz%
us N
M2 ) \ = S Ay
. - YRR
B cr-Ti
Ni-Cu 1.12%
0,
9- sl ' iz
Bronze l] 2%"
25.84%
17.98%

Figure 7. Alloys utilised to fabricate 3D parts by material extrusion additive manufacturing processes
(UF-316L is Ultrafuse-316L and Non-UF-316L is the 316L studies that are fabricated using other filaments).
Data from [8,9,29,31,32,34-46,48-53,56,57,59,61,63-68,70,72-76,78,79,81-83,85-102,104-116,119-123].

The raw material utilised in the metal MEX is in the form of pre-alloyed metal powders.
There is no study reporting the utilisation of more economical elemental, master or/and
HDH-Ti powders having an irregular particle shape, which are commonly employed in the
MIM process [151-156]. However, these lower cost powders are likely to be investigated in
the future to reduce the feedstock cost, especially for the screw-based and plunger-based
type metal MEX for which MIM feedstock can be applied. For metal MEX, the preferable
characteristics of powder are having a spherical shape, fine size and suitable size distribution
similar to that of MIM [40,149]. These characteristics not only provide high printability but
also enhance part density after sintering [78]. The high solid loading can be achieved with
fine powder [105]. Besides, the use of fine powder sizes can provide thinner layer thickness;
thus, higher surface quality and smaller features can be achieved. The powder characteristics
utilised in MIM and metal MEX are presented in Tables 2 and 3, respectively. The powder
sizes used as raw materials in metal MEX tend to be smaller than those for MIM. The suitable
range of powder size for MIM is less than 20 um for most stainless steels and less than 45 um
for titanium alloys because of the powder cost. Earlier studies of stainless steel MIM used
the mean powder size (Dsp) of around 10 um [134,157-161]. Because of the advancement
in powder production, smaller sized powders, especially for stainless steel, are available at
similar cost to earlier larger powder sizes for the MIM industry. This is also beneficial for
metal MEX. Smaller stainless steel powders will enhance densification especially for metal
MEX, where the packing pressure is not as high as MIM.

The binder is one of the critical components that determine the quality of MIM
parts [4,149,162]. The binder in MIM processing has multiple components, consisting
of (1) plasticiser, (2) backbone polymer and (3) additives. The plasticiser is a low molecular
weight polymer and is the main component with generally 50 to 90 vol.% in the binder
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system. Paraffin and carnauba wax for wax-based or polyethylene glycol for water-soluble
based are commonly used as presented in Table 2. The role of the plasticiser is to provide
strength, wetability and to increase the fluidity of the feedstock so that the mould cavity
can be completely filled. The backbone polymer is a higher molecular weight polymer with
usually up to 50 vol.% in the binder system. Several grades of polymer can be utilised, as
presented in Table 2, such as PA [158], PP [159], PE [161] and EVA [163,164]. The role of
the backbone polymer is to provide the strength and to maintain the shape of parts after
debinding before sintering. The additives (0 to 10 vol.% in the binder system) consist of
surfactant and lubricant to modify the properties of the feedstock [149,165]. As presented
in Table 2, stearic acid (SA) is the most commonly used. The type and fraction of the
binders can also be varied depending on the required properties. The acrylic resin and
cyclohexyl methacrylate (CHMA) [159] or Atactic Polypropylene (APP) polymers [163]
can be used as a part of the binder. The desirable properties of the binder are having a
low softening temperature, rapid solidification, good adhesion with powder, non-reactive
with the metal powder, low viscosity at the moulding temperature, easy to be debound,
having high strength and stiffness at room temperature and, last but not least, safe and
environmentally acceptable [149,166,167].

There is very limited information regarding the grade of the polymer and the ex-
act percentage of binder for metal MEX, as summarised in Table 3. This is understand-
able, as it is one of the most confidential pieces of information, similar to MIM binders
or feedstock (Table 2). Most metal MEX binders are based on multiple components of
polymer, similar to MIM binders. Considering the screw-and plunger-based metal MEX,
the binder requirement is not as demanding as that for the filament-based type, as the
granulated MIM feedstock, which has already been fully developed, can be successfully
used [36,41,61,68,84,85,87]. However, the filament feedstock requires high flexibility so that
it can be easily spooled, handled and printed. To achieve this characteristic, the binder
must be highly elastic, such as the thermoplastic elastomer, TPE, which is usually em-
ployed in the in-house built filament feedstock [31,32,39,50,52,96,102,106], as presented in
Table 3. The usage of high flexibility polymer as a part of the binder system, such as PA [29],
PLA [51,89] and PO [37,96,102,168] can also be helpful. Otherwise, special features, such
as a heating chamber, are required to reduce the brittleness of the filament during feed-
ing [56,64]. For the well-known commercial filament; Ultrafuse 316L, the high flexibility of
the skin case is utilised to enhance the filament flexibility [4]. Moreover, for the metal MEX
feedstock, a tackifier is also used to enhance the adhesion with the previous layers and the
flexibility [31,32,168]. The desirable properties of the metal MEX binder are rather similar
to MIM. However, low viscosity is not as important as that of MIM, as it uses printing
instead of injection. Furthermore, high strength, stillness and flexibility are mandatory to
the metal MEX, especially for the filament-based type [4]. Even though the binder system
is rather confidential, Wagner et al. has developed and initiated the binder system with
two types of soluble polymers. The developed binder system can be easily modified to
achieve the required physical and mechanical properties [106].

Although general filament feedstock utilised multi-component material, Sadaf et al.
have successfully used a single component binder system (LDPE) to fabricate 316L stainless
steel with good surface finish and density [75]. This is possible because of the presence of
some intrinsic porosity associated with metal MEX acting as a “relief valve” for the release
of volatile products from thermal degradation of the binder [75]. However, the elongation
to failure is only about 9%, which is relatively low for sintered 316L stainless steel. Further
discussion about the binders will be in the next sections for printing and debinding.
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Table 2. Selected MIM information categorised by alloys and used for comparison in this study (ND is no detail; SD is solvent debinding; TD is thermal debinding,
MPIF35 is Metal Powder Industries Federation Standard 35 Metal Injection Moulding Materials; JPMA is Japan Powder Metallurgy Association Standard Metal
Injection Moulding Materials; * typical values).

Solid Loading

Alloys Powder Characteristics (Vol.%) Binder Detail Debinding Process Sintering Process Shrinkage (%) Relative Density (%) UTS and % El Ref.
. SD in - Pre-sintering at Was-sintered = 1000 MPa, 8.8%
) }/ga?jte;;;tomlsed W), heptane at 1000 °C for 15 min o7 WW9UU :ﬁ%)gol\%’ljai ?0{;’%
17-4PH ; X : 93 wt.% PW, SA, PE 45°Cfor8 h - Sintering in partial ND 1100 = a 2127 [157]
1Gzas ?;ormsed @), TD in H; at pressure of Ar at 98 Gag-sintered = 1050 MP a, 8%
B 500 °C for 2 h 1350 °C for 2 h Gopo = 1300 MPa, 10%
G100 = 1080 MPa, 14%
Water-atomised powder PA-based, Mould
17-4PH Do 077 pm 60 Research, Co., Ltd., Only TD ND 15.7 97.5 896 MPa, 9.9% [158]
50 = 7.7/ [ Japan
- i Sintering in Ar at
17-4PH Wategjgof‘;@effrfl“’der ND ND Only TD 1305 °C tor 2 h 13.03-15.64 98.8-99 900 MPa, 6% [134]
17-4PH 12-20 790 MPa, 4%
(MPIF 35) - - - - - (- 15-18) %7 (*900 MPa, 6%) [169]
17-4PH
Heat treat 12-20 1070 MPa, 4% o
900 °F - - - - - (+15-18) 967 (* 1190 MPa, 6%) [169]
(MPIF 35)
SD in - Pre-sintering at
Irregular powder, 93wt LDPE, HDPE, PW, heptane at 1050 °C
316L D= 1001 o (62 vol%) oA 60°Cfor6h - Sintering in vacuum 14.84-19.43 95.4-97.2 ND [159]
TDin Ar at 1380 °C for 3h
600 °C for1h
Acrylic resin and o Sintering i
GA powder cyclohexyl TD in air at - intering in Ar at .
316L (80% <2 I»lm) 60 methacrylate 450°C for1h 1350 °C for1 h ND 95 450 MPa, 30 %o [160]
(CHMA)
PA-16, 1340 °C, 95.45 581.1 MPa, 57.2%
- Pre-alloyed (PA) SDin PA-22,1340 °C, 97.8 587.0 MPa, 60.6%
powder 5*16 and heptane at - Pre-sintering at PA-16, 1360 °C, 97.9 581.3 MPa, 56.3%
—22 pm 50% PW, 40% PP, o 1000 °C PA-22, 1360 °C, 99.1 582.5 MPa, 60.2%
/ , 60 °C for 4 h e / +99. - , 60.
316L - Masteralloyed (MA) 65 10% linear LDPP TDbetween - Sintering at 1340 and ND MA-16, 1340 °C,98.35 541.0 MPa, 44.2% el
powder (—16 and 200 to 500 °C 1360 °C for 1 h MA-22, 1340 °C,97.72 527.7 MPa, 43.6%
—22 um) MA-16, 1360 °C, 98.2 534.2 MPa, 56.1%

MA-22, 1360 °C, 97.7

536.5 MPa, 54.3%
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Table 2. Cont.
Alloys Powder Characteristics Soh(c\l](ho(;)()lmg Binder Detail Debinding Process Sintering Process Shrinkage (%) Relative Density (%) UTS and % El Ref.
316L 12-20 450 MPa, 40%
(MPIF 35) - - - - - (- 15-18) 9%6.6 (* 520 MPa, 50%) [169]
- SDin
. 69% PW, 10% CW, heEta“e at Sintering in vacuum
Ti-6A1-4V GA powder, Dsy = 31.43 um 65 10% APP, 10% EVA, 48°Cfor5h 1350 °C 4 h ND 9% 910 MPa, 15% [170]
1% DBP - TDin Ar at ’
600 °Cfor1h
. 69% PW, 10% CW, - SD in heptane Sintering in vacuum
Ti-6Al-4V GA powder, Dsg = 28.8 pm 65 10% APP,10%EVA,  _  NDofTD at 1350 °C. 4 h ND 97.4 840 MPa, 15% [163]
1% DBP ’
. 69% PW, 10% CW, - SD in heptane Sintering in vacuum
Ti-6Al-4V GA powder, D5y = 28.8 um 65 10% APP, 10% EVA, . ND of TD 2t 980 °C. 96 h ND 98.8 925 MPa, 18% [163]
1% DBP ’
- SDin
i 60% PW, 35% EVA, heptane at 3 ’
Ti-6Al-4V GA powder, <45 pm 65 S5 GA 40°C for 20 h 1250 °C, 2h ND 96.4 824 MPa, 13.4% [164]
- ND of TD
- SDin
i 60% PW, 35% EVA, heptane at 3 . ’
Ti-6Al-4V GA powder, <45 pm 69 S5 GA 40°C for 20 h 1250 °C, 2h ND 96.6 806 MPa, 13.7% [164]
- ND of TD
- SDin
- heptane at
Ti-6Al-4V GA powder, <45 pm 68 PW, PE, SA 40°C for 20 h 1250 °C, 2h ND 96.5 800 MPa, 15% [171]
- ND of TD
Ti-6Al-4V - - - - - - 95 800 MPa, 5% [172]

(JPMA)
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Table 3. Metal MEX feedstocks and debinding processes: alloys, powder characteristics, solid loading, binder and its debinding process, classified by feeding system

(ND is no detail; SP is spherical powder; IP is irregular powder; SD is solvent debinding; TD is thermal debinding; HR is heating rate).

Type of Powder . . . 1.
Printing Alloys Characteristics Solid Loading Binder Feedstock Debinding Process Ref.
MIM feedstock SD in a water for 12 h at 60 °C for 12 h
Screw-based 17-4PH SP (2 to 10 um) 93.5 wt.% PEG and wax eeastoc - TDin He-4% H, at 500 °C for 1 h (HR [41,92]
(PolyMIM) o .
of 1 °C/min)
Screw-based 316L ND 55 vol.% Thermoplastic MIM feedstock TD holding at 450 °C and 600 °C [41]
(83 mm granule size)
- SD in a mixture of H,O with 2%
inhibitor at 60 °C for 48-72 h
Screw-based WC-Co ND ND TPE and PP MIM feedstock TD in H, /N, atmosphere at [50]
600-800 °C
MIM feedstock - SD in a water at 60 °C for 48-72 h
Screw-based Cu Mean size = 5.9 um 93.5 wt.% PEG and wax (polyMIM Cu999 - TDinHe-4% H; at 500 °C for 1 h (HR [84,85,87]
from PolyMIM) of 1°C/min)
Plunger- : °
based 17-4PH ND 79 vol.% Water-soluble PEG MIM feedstock - SDinwater at 60 °C for 10 h [36]
Pl Water-soluble In-house prepare - SD in agitated water at 40 °C for 48 h
bungder- 316L Sandvik Osprey 63 vol.% Embemould K83 (granulated - TDat145°Cfor4h (HR of 20 °C/h) [68]
ase binder feedstock) and at 300 °C for 2 h (HR of 10 °C/h)
. MIM feedstock
Plunger- Ti-6Al-4V Dyg = 19 um 66 vol.% Element 22 binder (<2and<9mmin -  Noaction [61]
based system -
granule size)
- SD in Hexane at 40 °C for 15h
Plunger- o - TD at 350 °C to 460 °C (HR of
based AZ31 <45 um 64 vol.% ND ND 0.5 °C/min) in Ar + 5 vol.% H, and at [61,87]
350 °C in vacuum
Filament- B o Polymeric blended . - SD>12h
based 17-4PH Dsg =3.97 pm 63 vol.% binder 1.75 mm diameter _ TD at 450 °C for 1.7 h [8,110]
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Table 3. Cont.

Type of Powder . . . 3
Printing Alloys Characteristics Solid Loading Binder Feedstock Debinding Process Ref.
Filament- e Lﬁ?n():;g ot In-house developed [n-house prepared
based 17-4PH IP (10 1m (2.8 to 44 58 vol.% binder (ECG2) (1.78 mmdcilgmeter of ND [34]
um))
30 wt.% wax, 35 wt.%
Filament- . o polymer, 15 wt.% In-house prepared
based 17-4PH 325 mesh size 60 vol.% tackifier, and 20 wt.%  (1.78 mm diameter) ND [31,32]
elastomer
Filament- PO.Mf PP and PW In-house prepared TD at 600 °C for 2 h in N atmosphere
17-4PH 10 um 60 vol.% (Taisei Kogyo, Co., . [64]
based (1.73 mm diameter)
Ltd., Tokyo, Japan)
. Dip =42, D5 = 123, . In-house prepared SD in cyclohexane at 23, 40, 60 and
Filament- Dgg =28.2 um, Multicomponent . o
17-4PH - 55 vol.% . (1.75 mm diameter of 75°C [38,43]
based Sandvik Osprey, Ltd., binder system die) TD at 650 °C in N, /H, atmosphere
Neath, UK 2/ P
In-house prepared SD in cyclohexane at 60 °C
Filament- _ o Two-component h ) TD by OBE (Ohnmacht &
based 17-4PH SP, D5p = 12.3 um 55 vol.% binder (1.75 mmdc.hameter of Baumgaertner GmbH & Co. KG, [44]
ie) Ispringen, Germany)
Filament- Dyg =4.2, D5y =12.3, In-house prepared SD in cyclohexane at 70 °C
basee;i 17-4PH Dgo = 28.2 um, 55 vol.% TPE and PO a 75‘;;? gi:rietzr) TD at 600 °C in H, atmosphere (HR = [49]
Sandvik Osprey, Ltd. ’ 120 °C/h)
SD in cyclohexane at 60 °C for 18 h or
Filament- Dsp = 30.8 um and o 70°Cfor6h
based 316k Dso=10 um 50vol.% PF, SEBS, PW and SA ND TD 350-440 °C for 1-4 h in Hy or H, + [105]
Ar
Filament- D5y =2.8 um, o In-house prepared SD in cyclohexane at 60 °C
based 316L Sandvik Osprey, Ltd. 50 vol.% LDPE, TPEand Ay 75’ diameter) TD at 370-470 °C in H, [106]
Filament- 316L SP, Dsg = 6.9 um 50 and 55 vol.% PA In-house prepare TD at 200-450 °C [29]

based
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Table 3. Cont.

Type of Powder . . . 3
Printing Alloys Characteristics Solid Loading Binder Feedstock Debinding Process Ref.
POM and PW .
i - - D °Cfor2h h
Filament 316L ND 60 vol.% (Taisei Kogyo, Co., In-house p.repared at 600 °C for 2 h in N, atmosphere [56]
based (1.73 mm diameter)
Ltd., Tokyo, Japan)
Flézr;?t_ 316L ND 55 vol.% Thermoplastic binder ND SD in cyclohexane 60 °C for 10.5 h [35]
. ) ) . TPE, three types of In-house prepared
Filament 316L Epson Atmlx 55 vol.% PO and two types of (2 mm diameter of ND [37]
based Corporation T .
compatibiliser die)
Dyp =6.1,D5g =15.1 SD in cyclohexane at 23, 40, 60 and
Filament- um, Dgy = 25.5, Multicomponent In-house Prepared 75 °C
based 316L Carpenter Powder 55 vol.% binder system (1.75 mm c}1ameter of TD at 550 °C in Ar + 5% H, [38]
. die)
Technologies AB atmosphere
Filament- _ o TPE, PO and SD in cyclohexane at 60 °C for 3 to
based 316L SP, Dsp = 6.05 pm 55 vol.% compatibilizer In-house prepared 12h [39]
In-house prepared SD in cyclohexane at 60 °C
Filament- _ o Two-component - ) TD by OBE (Ohnmacht &
based 316L SP, D5g = 8.6 um 55 vol.% binder (1.75 mm(;hameter of Baumgaertner GmbH & Co. KG, [44]
ie) Ispringen, Germany)
Filament- o . Virtual foundry TD at 450 °C in H, atmosphere (HR =
based 316L ND 83 wt.% Two types of binder (1.75 mm diameter) 5°C /min) [48]
Filament. Mean size = 17.7 um, ;D ﬁn cyclohexane at 65 °C for 0.5 to
based 316L Carpente.r 55 vol% TPE and PO In-house prepared TD at 750 °C for 1.5 h in vacuum (HR [52]
technologies — 5o ;
=5°C/min)
. POM, PP, DOP, DBP
Filament- 316L 30-50 pm >88 wt.% and Ultrafuse S16L.X Catalytic debinding [9]
based filament (1.75 mm)
ZnO
. POM, PP, DOP, DBP Catz:)lyhc debinding in acidic gases at
Filament- 316L 30-50 um 588 Wt.% and Ultrafuse 316LX 120 °C [45]
based H e s filament (1.75 mm) TD in H, at 600 °C for 1 h (HR =

5 °C/min)
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Table 3. Cont.

Type of

Powder

Printing Alloys Characteristics Solid Loading Binder Feedstock Debinding Process Ref.
Filament. POM, PP, DOP, DBP flagfgitlc debinding in HNOj3 gases at
based 316L 30-50 um 80 wt.% and Ultrafuse 316X TD in H, at 600 °C for 1 h (HR = [53]
ZnO ° .
5 °C/min)
Filament. POM, PP, DOP, DBP IC_ZI?\tIaOI);tlc debinding at 120 °C under
based 316L 30-50 pm 88 wt.% and Ultrafuse 316LX TD in H, at 600 °C for 2 h (HR = [57]
ZnO o s
5 °C/min)
Catalytic debinding at 120 °C for 8 h
Filament- o Ultrafuse 316X under HNOj3 (1 L/h)
based 316l 30-50 pm 0 wt.% ND filament (2.85 mm) TD in in H; at 600 °C for 1 h (HR = [66]
5 °C/min)
Catalytic debinding in acidic gases at
Filament- 316L 30-50 88 wt.% POM, PP, ]?iOP' DBP Ultrafuse 316LX 120 °C (1-2 mm/h) (70]
based Hm Wt ;“O filament (2.85 mm) TD in H, at 450 and 600 °C for 1 h
n (HR =5 °C/min)
. POM, PP, DOP, DBP Catalytic debinding in HNOj3 gases
Fléam?t' 316L 30-50 um 88 wt.% and Ultﬁfuse 3t16L TD in H, at 450 and 600 °C for 1 h [107]
ase ZnO Hamen (HR = 5 °C/min)
Filament- 316L 30-50 90 wt.% POM, PF, %OP’ bBP Ultrafuse 316L Catalytic debinding in acidic gases at (73]
based —oY Hm Wi ;EO filament (2.85 mm) 120 °C (1-2 mm/h) -
Catalytic debinding in HNOj; gases at
Filament- 316L 30-50 um 90 wt.% POM, PIZIBOP, DBP Ultrafuse 316X 110-140 °C (2 mm /h) (98]
based H " filament (1.75 mm) TD in Hy at 600 °C for 1 h (HR =
ZnO ° .
5 °C/min)
Filament- 316L (zg\i L]fcll 80 wt Y 92 vol.% PE and 8 In-house prepared TD at 200 °C for 2 h and 425 °C for 1 [81]
based 7 w7 vol.% SA (0.75 mm diameter) h (HR=5°C/s)

Changsha, China)
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Table 3. Cont.
Type of Alloys Powder Solid Loading Binder Feedstock Debinding Process Ref
Printing Characteristics '
Filament- 0.872-76 um (Dsgq = o Filamet filament . . .
based 316L 32.7 ym) 83.5 wt.% (PLA) Virtual foundry TD in Ar atmosphere (0.28 1/min) [72]
Filament- Nitrogen atomised LDPE In-house prepared TD at 500 °C for 1.5 h in a controlled
based 316L 20-53 pm, Hoganas 65 vol.% RIBLENEMV 10R  (1.75 mm diameter of O,-free atmosphere (H, partial [75]
(AM 316L) ENI Versalis die) pressure 0.4 bar; HR =5 °C/min)
Filament- Dqg=4.6, D5y =94, o o -
based 316L Dog = 16 pm 60 vol.% POM, TPE, ULDPE In-house prepared TD at 500 °C in H, atmosphere [83]
27.5 wt.% PVA,
Filament- . o 45 wt.% PP-PE, .
based Ti-6Al-4V SP (<20 um) 0-65 vol.% 22 5 wt.% PIB and In-house prepared No action [91]
5wt.% SA
Filament- . _ o TPE, PO and SD in cyclohexane at 60 °C for 3 to
based Ti-6Al-4V SP, D5g = 14.97 um 55 vol.% compatibiliser In-house prepared 12h [39]
In-house prepared SD in cyclohexane at 60 °C
Filament- . B 0 Two-component i : TD by OBE (Ohnmacht &
based Ti-6Al-4V SP, D5g = 14.97 um 55 vol.% binder (1.75 mmdc.hameter of Baumgaertner GmbH & Co. KG, [44]
ie) Ispringen, Germany)
Fine SP (Dw =7, D50
. ) =13, Dyg =21 pm) . In-house prepared
Filament Ti-6Al-4V Coarse SP (Do =2, 59 vol.% Several polymeric 7o i meter of No action [59,76]
based components -
Dso =30, Dgg = die)
44 um)
. ) D1p=1.8,Ds59 =67, - E SD in acetone at 60 °C for 24 h
Flkl)zr;e;‘t Ti-6Al-4V Dop = 6.8 um, 55-59 vol.% Pgirylgfrﬁsn ftifﬁd (IZHS}S“;EISE Sffﬁiﬁf) TD at 300 (HR = 5 °C/min) and 550 [63]
American Elements Y ’ (HR =2 °C/min)
. Fine SP, D5p = 13 pm
Filament- . - o In-house prepared
based Ti-6Al-4V Coarse SP, D5 = 59 vol.% ND (1.75 mm diameter) ND [78]

30 um
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Table 3. Cont.

Type of Powder . . . 3
Printing Alloys Characteristics Solid Loading Binder Feedstock Debinding Process Ref.
SD in n-heptane solution at 64 °C for
. 4h
Fl}ljame;‘t' Ti-6Al-4V Coarse SP, Dsp =30 59 vol.% ND 11“;1;0“56 g.reParted TD in partial vacuum at 250 °C for [79]
ase Hm (1.75 mm diameter) 3 h, 330 °C for 3 h, 440 °C for 4 h and
550 °C for4 h
Fil ‘ Styrene—bzsed TPE In-h d SD in 99.5% cyclohexane
Lament CP-Ti Mean size = 23.4 um 55 vol.% . an n-house prepare TD in Ar or vacuum at 170 to 450 °C [102]
based insoluble grafted (1.75 mm) o .
. (HR =0.2 °C/min)
polyolefin
SD in a mixture of H,O with 2%
Filament- o o In-house built (1.75 inhibitor at 60 °C for 48-72 h
based WC-10% Co ND 50 vol.% TPE and PP mm) TD in H; or N, atmosphere at [50]
600-800 °C
30 wt.% wax, 35 wt.%
Filament- polymer, 15 wt.% In-house prepared
WC-Co ND <50 vol.% tackifier, and 20 wt.% prep ND [31,32]
based (1.78 mm diameter)
elastomer (1% of
Oleyl alcohol)
Filament- High 1.45-756 um (D5 = o Filamet filament . . .
based carbon-Fe 129 pum) 80 wt.% (PLA) Virtual foundry TD in Ar atmosphere (0.28 L/min) [72]
Fil t In-h d SD in cyclo-alkane at 65 °C
Lamen M2 SP, Dsg 26.93 um 50-60% TPE and PO n-house prepare TD in N atmosphere at 450 for 1 h °C [96]
based (1.75 mm) 1% -
(HR =1 °C/min)
. Virtual foundry .
Filament- . SD at 150 °C in H; for 1.25 h and
based Cu ND ND PLA based fllame.nt (2.85 mm 400 °C (HR = 1.25 °C/min) [51,89]
diameter)
. Dgy =46.6 um Polyolefin waxes, o s o
- TD A 1.% Hy (HR
Flézr;?t Cu Dsp = 16.2 um 61 vol.% ethylenic polymers In-house prepared -1 225/(1)2115 in Ar+5vol.% Hy ( [51,86]
Dsg = 6.67 um and TPE -
: SD in cyclohexane at 60 °C up to 24 h
Filament- SP, D1g = 6.8, D5y = o In-house prepared ncy OP
based Cu 16 and Dog = 33.6 um. 55 vol.% TPE and PP (1.75 mm) TD in H; atmosphere at 450 °C for 2 h [90]
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Regarding the solid loading of feedstock used in the MIM process (Table 2), it lies
in the range of 60 to 69 vol.%, with the common range of 60 to 65 vol.%. The higher
solid loading of the feedstock provides a higher density with lower dimensional shrinkage
after sintering [149]. However, the higher solid loading of the feedstock results in higher
viscosity, which is thus difficult to inject. For the metal MEX process, comparable or higher
solid loading of granule or bar feedstock can be utilised in the screw-based and plunger-
based type, as presented in Table 3. The solid loading can reach up to 79 vol.% [36]. It must
be noted that the filament feedstock has lower solid loading (50 to 60 vol.%) than feedstocks
for MIM or for screw-based and plunger-based types. This is due to the brittleness of
the filament feedstock associated with high solid loading, which makes handling and
spooling difficult [37]. The sensitivity of the solid loading content on the brittleness of the
filament is presented by Gonzalez-Gutierrez et al. [4], shown in Figure 8. A 5% increment
from 55 to 60 vol.% solid loading can significantly induce the brittleness of the 316L and
Fe1p0195r filaments. However, to achieve as high as possible solid loading of filament,
a multi-component binder with high elasticity must be used or additional heaters are
required to reduce brittleness.

- 12
- 10
- ~_
«
i 8 E
-6
| 7]
w
L4 B
—a— Fe ,0,,5r 55 vol.% )
—e— Fe;,0,,5r 60 vol.% [
— & 316L55vol.% = 2
—<— 316L 60 vol.% i
T T T T v T T T T 0
0 1 2 3 4 5

Strain (%)

Figure 8. Tensile curves of and Fe;5019Sr and 316L filament with different solid loading, showing
the reduction in strain with 5% increment of solid loading (adapted from [4]).

2.3. Printing

The MEX printing process fabricates the as-printed or “green” part after the CAD
model has been sliced, the printing path generated and the fundamental printing parame-
ters optimised. An as-printed part is illustrated in Figure 9, showing the printing path in
the top (Figure 9b) and side views (Figure 9c).
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Figure 9. An as-printed part fabricated by metal MEX process, using an in-house developed 316L
filament: (a) overview of the as-printed part, (b) top view and (c) side view (adapted from [83]).

To achieve satisfactory sintered parts, i.e., defect-free and having the highest relative
sintered density, the printing parameters must be carefully controlled [43,54]. Practically,
the printing parameters must be optimised case by case depending on the printer system,
feedstock and the shape and size of the printed part. Although there are several adjustable
printing parameters, some of these are more critical in determining the final properties of
the green part and as such have been commonly studied, e.g., printing and/or printing bed
temperature, number of perimeters, infill pattern and density, printing speed of perimeter
and/or infill, flow rate multiplier and layer thickness, as shown in Table 4. The nature of
the binder, metal powder, solid loading and printing speed determine the printing temper-
ature, which lies in the range of 80 to 260 °C, similar to injection moulding temperature
for MIM. Similar to MIM, the most important factor influencing shape formation is the
binder. Feedstock with water-soluble binder [68] requires lower printing temperature
than those with solvent and/or thermal debinding, e.g., TPE and PO [49,52,54], PA [29],
POM [9,53,56,57,66,70], PLA [72] or PE [75,81] based binders. The printing bed is heated in
the range of 40 to 100 °C to increase the adhesion and reduce warping defects generated by
the shrinkage during solidification [77,173]. This is a common practice in polymer FDM.
The printing bed temperature is suggested to be slightly lower than the glass transition
temperature of the binder [173]. Apart from the heated printing bed, adhesive coatings, e.g.,
blue painters tape, water-soluble glues, hair sprays, polyimide, polypropylene, polypropy-
lene film, polyetherimide and special coatings, are commonly applied on the printing bed
to increase the adhesion [43,66,93,102,173,174]. To avoid this warpage issue, the commercial
closed systems, MetalX by Markforged, Inc. and Studio+ System by Desktop Metal, Inc.,
utilise a raft, which is printed layers between the part and the printing bed to improve
the adhesion [47,62,93]. The raft is the same material as the printed part and is separated
from the part by printed ceramic layers (called an “interface” by Desktop Metal, Inc. and
“ceramic release” by Markforged, Inc.). The ceramic printing head is a special feature of
both commercial closed systems. The ceramic layers will allow the raft or support to be
manually removed after sintering. The raft has a larger base area than the printed part
and can sometime be a large portion of the printed green set, especially for small parts. In
practice, the raft should be minimised or eliminated. In addition, the ceramic layers can be
used to prevent two printed movable surfaces/parts to fuse together during sintering. In
some cases [7,49,57], the printing chamber is also heated to increase the flexibility of the
filament. Printing with a perimeter is optional and the number of perimeters is varied. To
obtain high quality green parts, at least a few perimeters are highly recommended. The
infill patterns, which are commonly investigated, are rectilinear, zig-zag and concentric
with 100% infill density.
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Table 4. Printing parameters reported in the literature classified by feeding system corresponding to Table 3 (ND is no detail; VF is Virtual Foundry filament; UF is
Ultrafuse filament).

Printing Printing Printing
. Binder (Solid . Nozzle Feedstock Tempera- Bed Temper-  Number of Infill Infill Spged: Flo“-zrafe I:ayer
Printer Type Alloys AR Printer Diameter . . o ro Perime- Multiplier Thickness Ref.
Loading, %) Size (mm) ture ature Perimeters Pattern Density (%) . o
(mm) €O e ter/Infill (%) (mm)
(mm/s)
Water-soluble In-house s 75,125,
316L Binder (63) built 0.8 ND 135 ND 0 Rectilinear 100 175 ND 0.3,04,0.5 [68]
Studio+ Diameter =
Plunger- 316L DM feedstock (ND) system 0.4 6, length = 175 65 2 Rectilinear 100 30 ND 0.15 [108]
based Y 150
Ti-6AL-4V (66) I“;‘l‘ﬁfe 04 ND 95 60 ND Rectilinear 100 20 100 02 [109]
. In-house s 4.09, 8.18,
Ti-6Al-4V (66) built 04 <2,<9 80 60 3 Rectilinear 100 1207 ND 0.2 [61]
PEG and wax .
17-4PH (93.5 wt.%) ExAM 255 0.4 ND 196 60 ND ND 100 20 120 0.05 [84,92]
Screw-based Cu P(%g ;rv‘jt V/V?X ExAM 255 04 ND 180-220 60 ND Rectilinear 100 20-100 90-150 0.05-0.25 [84]
Cu P (%g ;“ft “/”)‘X EXAM 255 04 ND 196 60 ND Rectilinear 100 20 120 0.05 [85]
Polymeric-blended &
17-4PH ybin der (63) ND 0.3 1.75 220 (Chamber 3 Rectilinear 100 20 ND 0.144 [8,110]
70)
17-4PH ND MetalX ND 1.75 ND ND ND Rectilinear 100 ND ND 0.05, 0.125 [47]
17-4PH ND MetalX ND 1.75 ND ND 4 Rectilinear 100 ND ND 0.125 [65]
17-4PH ND MetalX ND 1.75 ND ND ND Rectilinear 100 ND ND 0.2 [67]
17-4PH ND MetalX ND 1.75 ND ND 3 Rectilinear 100 ND ND ND [69]
17-4PH TPE and PO D“i%h‘f;“’r 0.6 1.75 235 100 1 Rectilinear 100 60/80 175 0.2 [49]
Prusa i3 200 (first 0.12,0.15,
17-4PH TPE and PO MK3 0.4 ND 210-250 100 ND Rectilinear 100 35 layer), 0.20, 0.25, [54]
95-127 0.28
POM, PP and PW L-DEVO 70 (Chamber - )
. 17-4PH (60) M2030TP 0.4 1.73 170 80) ND Rectilinear 100 0.17 ND 0.1 [64]
Filament- 316L PA (50) Ultimaker 2 08 ND 235-240 ND ND ND ND 14 ND 04,0.1 [29]
based Prusa MK3
316L(VF) ND i3 FDM 0.6 1.75 210 55 2 Rectilinear 100 50 90 0.1 [48]
based
Flashforge
Dreamer
316L(UF) POM (62) FDM-based ND 1.75 235 ND ND ND ND 60 ND 0.2 [9]
3D printer
316L(UF) POM (62) Funmat HT ND ND 235 60 ND Rectilinear 25-125 ND ND 0.2 [53]
316L(UF) POM (62) Ultimaker 3 0.6 2.85 230 100 ND Concentric 100 15 ND 0.1 [66]
CoLiDo
316L(UF) POMZTOD(?ZI; DBP o etal 3D ND ND 230 - ND Rectilinear ND ND 0.2 [57]
printer
316L(UF) ~ OMPPDOPDBP TAZ6 05 2.85 240 100 ND ND 100 30 ND 0.2 [70]

ZnO (62)
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e e Printing
Printing Printing :
. Binder (Solid . Nozzle Feedstock Tempera- Bed Temper-  Number of Infill Infill SP?Ed' Flou{rafe ]Tayer
Printer Type Alloys S Printer Diameter . . o Perime- Multiplier Thickness Ref.
Loading, %) Size (mm) ture ature Perimeters Pattern Density (%) N o
(mm) o o ter/Infill (%) (mm)
(o] ((®)
(mm/s)
Prusa i3 0.25, s
316L(UF) POM (62) MK3s 0.4 1.75 ND 120 ND Rectilinear ND 20-34 ND 0.125, 0.2 [93]
316L(UF) POM (62) Ger‘;;g§ePRap 04 175 240 90-140 4 Hexagonal 25'15(?(3 75 25 100-200 02 [98]
POM PP DOP DBP Ultimaker Concentric,
316L(UF) 700 (62) S5 0.6 2.85 170, 240 100 3 rectilinear 100 20, 50 ND 0.1,04 [73]
316L(UF) POM (62) TAZ6 0.5 ND 240 100 ND ND 100 30 ND 0.2 [107]
Prusa i3 s 125 (first
316L TPE and PO (55) MK2 0.6 ND ND ND 2 Rectilinear 100 ND layer) /105 0.2 [52]
L-DEVO 70 (Chamber .
316L POM and PW (60) M2030TP 04 1.73 170 80) ND Rectilinear 100 0.17 ND 0.1,0.3 [56]
Crane Quad 0.53 (first
0
316L PLA (83.5 wt.%) 3D 0.8 ND 210 60 ND ND 100 15 ND layer)/0.2 [72]
316L LDPE (65) Zmorph 25 0.6 1.75 220 60 2 Rectilinear 100 80 ND 0.2 [75]
92 vol.% PE and 8
316L vol.% SA ND 0.5 0.75 230 ND ND Zig-zag 100 30 ND 0.2 [81]
(80 wt.%)
316L POM, T{;%’)ULDPE Prusa i3 0.4 1.75 210 ND 2 Grid 40 10 140 0.2 [83]
Filament- Wanhao
based 316L Pr, SE]??’O)PW' SA duplicator 0.8 ND 220 110 ND Line ND 10 ND 0.1 [105]
45
0.25,0.4,
316L LDPE, TPE, SA Hephestos 2 06,08 1.75 230 70 - - - 6 - 0.25 [106]
17-4PH, Multi-component Duplicator
316L and binder i3 v2 FFF 0.6 1.75 %31(()), %é(())’ %2(()), 60 1,2 Rectilinear 100 60/80 100, 150, 200 ( ﬁOr.ltS], O'Zr) [43,44]
Ti-6A1-4V (55) machine s o0 stlaye
Cu . . 0.15, 0.225, [46,51,
(VF) PLA Ultimaker 2 0.6 2.85 225 40 4 Rectilinear 100 10, 20 110 03 89]
German Hexagonal, 25 50,75
Cu TPE and PO (55) RepRap 0.6 1.75 240 90 3 diagonal, PPeag 30 ND 0.3 [90]
A 100
X1000 linear
Prusa Steel
M2 TPE and PO (55) E]?iliiic(l)(n 04 1.75 245 70 ND ND 100 15 110 0.2 [96]
Mark II
Several polymeric 05-16
Ti-6Al-4V components Pulse 3D 0.4 1.75 ND ND ND ND ND 5 '5_7 6 ND ND [59]
(59) T
Polyolefin-based Renkfor
Ti-6AL-4V binder system cnidorce 0.4 2.85 190-210 60 2 Linear 100 50 90 0.1 [63]
1000 printer

(55-59)
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o - Printing
Printing Printing :
. Binder (Solid . Nozzle Feedstock Tempera- Bed Temper-  Number of Infill Infill SP?Ed' Flou{rafe ]Tayer
Printer Type Alloys S Printer Diameter . . o Perime- Multiplier Thickness Ref.
Loading, %) Size (mm) ture ature Perimeters Pattern Density (%) N o
(mm) o o ter/Infill (%) (mm)
(o] ((@]
(mm/s)

. No infill

Several polymeric (0/90%)
Ti-6Al-4V components ND ND 1.75 240 65 ND . 100 10 ND 0.2 [76]

(59) zig-zag,

Linear
. Ti-6Al-4V (59) Pulse 3D ND 1.75 240 65 3 ((.)/90 ) 100 10 90, 105, 120 0.15,0.225, [78]

Filament- zig-zag 0.3
based Ti-6Al-4V (59) Pulse 3D 04 175 240 65 3 ;?g/ _C"Z(;g) 100 10 ND 0.15 [79]
Ti-6Al-4V (59) Pulse 3D 04,035 1.75 240 65 ND Zigzag, ND 15,5 112.5,90 0.15,0.1 [88]
concentric
Prusa i3 Alternating

CP-Ti TPE and PO MK2 0.6 1.75 280 80 ND rectilinear, 100 10 120 0.2 [102]

concentric
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The printing speed and flow rate multiplier, which are known to have the greatest
effect on the quality of the green parts, should be carefully adjusted [78]. For metal MEX,
the feedstock is highly viscous when compared to general polymers, such as ABS, PLA
and PA. Hence, a lower speed than general polymer FDM is suggested [76]. Singh et al.
suggested printing speeds in the range of 5 to 15 mm/s, with a preferable speed of 10 mm/s.
As reported by Singh et al., it is found that decreases in printing speed provide higher
as-printed density [84]; however, slow printing speed increases the printing time [76].
Nevertheless, the printing speed can be increased, if the other related printing parameters,
e.g., flowrate multiplier and printing temperature, are suitably adjusted [43]. It can be
observed from Table 4 that the printing speed utilised according to the literature can
reach up to 80 mm/s. Therefore, the printing speed should be as high as possible, with
appropriate printing parameters to achieve defect-free as-printed parts. In addition, the
higher flowrate multiplier significantly increases green density, which has been observed
in Ti-6Al-4V [78], 17-4PH stainless steel [43] and Cu [84]. The layer thickness that has
been used in the literature lies in the range of 0.05 to 0.4 mm, which is dependent on
the capability of the printer system and also on the required production rate and surface
roughness. Increased layer thickness generates higher surface roughness [84]. Furthermore,
the cooling system is also critical for the metal MEX printing process [48,52]. The effects of
these printing parameters on the properties will be discussed in Section 3.2. Further studies
should be carried out to increase printing speed without compromising the quality of green
and sintered parts, as printing is considered to be the bottleneck step for the metal MEX
process.

2.4. Debinding

The debinding step of metal MEX is rather similar to MIM, as the binders are the
same or may sometimes be slightly different. This process aims to remove the polymer
binder after printing to create a “brown” part, which is a skeleton of metal powders ready
for sintering. For the conventional multiple-component binder, the debinding process
can be categorised into two steps [149], which are (1) primary debinding step to remove
the plasticiser component of binder (low molecular weight polymer) and (2) secondary
debinding step to remove the backbone component of the binder (high molecular weight
polymer). In the primary debinding step, the plasticiser is removed and an interconnected
pore path is created so that the backbone polymer can be easily removed in the secondary
debinding step. Traditionally, this primary process can also be categorised into three types
depending on which type of the polymer is used as the main binder; solvent debinding
to mainly remove wax-based, catalytic debinding to remove POM-based binder (specially
designed for Ultrafuse® filament) and water debinding to remove water-soluble binder,
e.g., polyethylene glycol [149]. The solvent or water debinding can take 15 h or more
depending on the thickness of the parts [149]. To reduce the total debinding time to around
8 h, the combination of solvent (acid) and thermal debinding, which is known as catalytic
debinding, has been introduced by BASF, while both heat and acid are simultaneously
applied. This requires a specially controlled catalytic debinding furnace. Although the part
is primarily debound, it needs the secondary thermal debinding step to completely remove
all remaining binder components, especially the backbone polymer, by evaporation in a
controlled atmosphere, depending on the metallic powders. In some cases, with specially
designed polyacetal-based binder [175], both primary and secondary debinding steps have
been combined into only one multi-step 10-h thermal debinding process [134,158]. The
benefit of this one multi-step thermal debinding is that it can be in the same continuous
thermal cycle with the sintering process. One thermal cycle of debinding and sintering for
stainless steel will take only around 24 h. This has been common practice in commercial
mass production for MIM in Japan for 20 years [176] and has also been implemented for
metal MEX. In early 2021, Desktop Metal Studio System 2.0 has been introduced with a
similar concept of no solvent debinding (only printing and sintering units) [177].
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The solvent agent that is used to debind the as-printed part depends on the type of
binders. The typical solvent agent is a suitable organic compound. As presented in Table 3,
heptane, cyclohexane and acetone are commonly utilised. These agents are similar to those
used in the MIM process, e.g., heptane, as presented in Table 2. For a water-soluble-based
binder, such as polyethylene glycol, heated water can be used as the debinding agent [50] to
accelerate the debinding rate. Catalytic debinding was initially designed for the POM-based
(polyacetal or polyformaldehyde) binder used in the MIM process [149], which is used in
a commercial MIM feedstock known as Catamold® by BASF SE. Ultrafuse® filament was
then developed by using a similar POM-based binder, which also needed to be catalytically
debound. Catalytic acid vapour, which is nitric acid, with a temperature of 110 to 120 °C, is
typically used [45,53,57,66]. The secondary debinding or thermal debinding process aims
to thermally remove the backbone or other remaining binders in the printed parts [149].
This process is achieved by slowly heating the parts (1 to 5 °C/min for MIM [178]) to ensure
that the backbone or remaining binder will be evaporated without defects. A multi-holding
step may be necessary, depending on the remaining binders within the part after primary
debinding, as observed in Tables 2 and 3. The debinding temperature depends on the
type of the backbone polymer, according to the evaporation points of each type. This
temperature can be exactly selected by thermo-gravimetric analysis (TGA) of the feedstock,
filament or only binder by itself [149]. However, all binder types should be completely
debound within a final temperature range of 450 to 600 °C, as observed for both MIM
(Table 2) and metal MEX parts (Table 3). From Figure 10 exhibits C and O content uptake
during debinding of Ti-6Al-4V MIM [179]; the C content after 600 °C and longer than 1 h
is relatively constant after the binder is completely debound. However, the O content
continuously increases with increasing debinding temperature and time. As low as possible
debinding temperature and time is suggested to avoid O uptake, especially for Ti and its
alloys [179]. In addition, the atmosphere of the furnace should be controlled to avoid any
undesirable reaction during debinding. The atmosphere that is commonly used is an inert
gas or vacuum depending on the alloys, as observed in Tables 2 and 3. Ar, N, H, and
vacuum atmosphere are used for stainless steel, while Ar or vacuum are for Ti-6Al-4V
alloy. Shibo et al. [179] reports that vacuum provides lower O when compared to the Ar
flow atmosphere (Figure 11). On the other hand, MIMed Ti alloys can also be successfully
debound using the Ar flow atmosphere [180-183].
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0.30 n— < . <
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Figure 10. C and O uptake during debinding as a function of (a) debinding temperature and
(b) sintering (holding) time during debinding of Ti-6Al-4V MIM (Reprinted with permission
from [179]. Copyright 2006, Journal of Materials Processing Technology, Elsevier).
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Figure 11. Effect of debinding atmosphere on the C and O uptake during debinding of Ti-6Al-4V MIM
(Reprinted with permission from [179]. Copyright 2006, Journal of Materials Processing Technology,
Elsevier).

2.5. Sintering

The sintering process is the thermal treatment of the parts to bond the metal powder
so that densified components (up to 99%) can be achieved [184]. The mass transport, con-
sisting of evaporation and condensation, surface diffusion and volume diffusion dominate
during the initial stages of sintering, and then plastic flow, viscous flow, grain boundary
diffusion and volume diffusion dominate after necks are formed between touching powder
particles [149]. Shrinkage occurs at this stage in the range of 12% to 20% [127], depending on
the material, powder type, size, distribution, solid loading, sintering temperature, sintering
time [185] and printing quality. Figure 12 illustrates examples of as-printed and as-sintered
Ti-6Al-4V specimens fabricated by the metal MEX process Figure 12a, demonstrating the
difference in sizes originating from the shrinkage after sintering, similarly to the MIM
process (Figure 12b)

The use of fine powder leads to higher diffusion rate, more shrinkage and hence
provides higher relative sintered density when compared to larger powders [78]. Higher
sintering temperature and longer sintering time also give more shrinkage and higher
relative sintered density of the part [149]. As reported in Figure 13 [78], the relative
sintered density of Ti-6Al-4V fabricated by metal MEX increase with increasing sintering
temperature and time. However, significant grain growth, which compromises mechanical
properties, is commonly observed at a high sintering temperature and time. Therefore,
appropriate sintering temperature and time are needed to acquire an optimum combination
between high relative sintered density and suitable grain size to achieve the required
mechanical properties [124,186]. Although the powder size utilised in metal MEX tends
to be smaller than that of MIM, the sintering temperature of the metal MEX and MIM are
rather similar, as expressed in Table 5.
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Sintered part
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Figure 12. As-printed and as-sintered Ti-6Al-4V specimens fabricated by (a) metal MEX process and
(b) MIM process, demonstrating the difference in sizes due to shrinkage upon sintering (adapted
from [91]).
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Figure 13. Relative sintered density of Ti-6Al-4V fabricated by metal MEX process sintered using
varied sintering temperature and time, demonstrating the dependence of relative sintered density on
the sintering temperature and time (Reprinted with permission from [78]. Copyright 2021, Powder
Technology, Elsevier).

The typical sintering condition of 17-4PH is in the range of 1200 to 1350 °C for 1 to
3 h, 316L is 1250 to 1380 °C for 1 to 3 h, Ti-6Al-4V is 1200 to 1350 °C for 1.5 to 4 h and
CP-Ti is 1150 to 1350 °C for 2 to 5 h. Pre-sintering at 900 to 1000 °C is also applied to
stainless steel alloys [49]. It is noted that Ti-6Al-4V alloy is typically sintered in the 3
phase region. Interestingly, low sintering temperature with an extended sintering time



Metals 2022, 12, 429

29 of 56

can also be applied to Ti-6Al-4V in MIM (as presented in Table 5 as 980 °C up to 96 h) to
refine grain size [157,159,161,163]. This low sintering temperature within the « + 3 phase
region for an extended time was proven to increase fatigue strength of MIM Ti-6Al-4V.
Figure 14 shows the typical microstructure of Ti-6Al-4V fabricated by MIM (Figure 14a—c)
and metal MEX (Figure 14d,e) sintered at the conventional sintering temperature (in the 3
region) and the low sintering temperature (in the « + {3 region). Grain refinement is clearly
observed. In addition, the microstructure of parts fabricated by both processes in both
sintering conditions is similar.

Sintering in p region Sintering in o+f region
N b 980 °C for 48 h 980 °C for 96 h

C

3] <100 -c or <35 ERRE

Ry
G LA (%A

<nE

-

Metal MEAM

Figure 14. Microstructure comparison of Ti-6Al-4V parts (a) fabricated by MIM process sintered in the
f region (Reprinted with permission from [171]. Copyright 2009, Materials Science and Engineering:
A, Elsevier), (b,c) fabricated by MIM process sintered in the « + 3 region (adapted from [163]),
(d) fabricated by metal MEX process sintered in the 3 region (Reprinted with permission from [78].
Copyright 2021, Powder Technology, Elsevier). and (e) fabricated by metal MEX process sintered in
the « + (3 region for grain refinement (adapted from [109]).

The furnace atmosphere is one of the critical issues in the sintering process that
influences the material properties, especially for Ti alloys, which are highly reactive with
carbon, oxygen, nitrogen and hydrogen. Excessive impurity pick-up during debinding
and sintering reduces elongation [124] owing to the formation x-phase by oxygen picking
in CP-Ti [102] and the formation of brittle TiC generated by excessive carbon in beta Ti
alloys [11,187,188]. As observed from Table 5, atmospheres suitable for sintering of stainless
steel are Hy, Np, Ar and vacuum, but the atmosphere for the sintering of CP-Ti and Ti-6Al-
4V is limited to Ar or vacuum. It has been suggested that Ti sponge material with a high
specific area should be placed in the sintering furnace with MIM Ti parts to scavenge any
impurities in the furnace atmosphere [124,189].
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Table 5. Sintering parameters used in metal MEX and MIM processes classified by alloys (ND is no
detail).

Sintering Heating Rate Sintering Temperature . . .
Alloys Atmosphere ©Clmin) ©C) Sintering Time (h) Ref.
17-4PH H, ND 1360 ND [36]
96% Ar + 4% H» ND 1200 3 [8,110]
H, 5 1260 3 [34]
H, + N, ND 1350 1 [31,32]
Ar ND 1280 2 [64]
ND ND 1050 3 [38,43]
ND 4 1360 3 [92]
ND 0.15,4.16 900 (pre-sintering) /1380 1.5/5 [49,92]
MIM 17-4pH  Fartal Pl of ND 1000 (pre-sintering)/ 1350 0.25/2 [157]
Ar ND 1325 2 [134]
316L ND 2.17 1350 1 [68]
H, ND 1250 ND [29]
Ar ND 1280 2 [56]
Vacuum 20 1250 1.5 [38]
Ar 5 1100 ND [48]
Vacuum 0.2 1330-1360 2 [52]
H, 5 1380 3 [45,53,107]
Ar 5 1380 2 [57]
Ar 5 1380 3 [66]
ND ND 1380 3 [98]
ND ND 900 (pre-sintering), 1380 0.75/ND [70]
ND 10 1320 2 [81]
Ar 3 1310-1400 1,6,12 [72]
ND 5 1380 3 [75]
H, 10 1250 ND [83]
H, 5 1350 4 [105]
H, 5 1360 3 [106]
MIM 316L Vacuum ND 1050 (pre-sintering), 1380 0.75/3 [159]
Ar ND 1350 1 [160]
1000 (pre-sintering), 1340,
ND 1360 1 [161]
CP-Ti Ar and Vacuum 3 1350 5 [102]
MIM CP-Ti Vacuum ND 1150 2 [181]
Ti-6Al-4 V Ar ND 900, 1000, 1100, 1200, 1340 15 [63]
Vacuum ND 1200, 1250, 1350 2,4 [78]
Partial vacuum 3 1250 4 [79]
Vacuum ND <1100 <3.5 [109]
MIM Ti-6Al-4V Vacuum ND 1350 4 [170]
Vacuum ND 980 96 [163]
ND ND 1250 2 [164,171]
WC-Co N at specific ND 1150, 1430 ND [50]
temperatures
Cu Oxidation 3.24 983 4 [51,89]
Cu He-4% H, 4/4 950 (pre-sintering) /1030 3/3 [84,85]
Cu Ar + 5 vol.% H, 5 1045 3 [86]
Cu H, 2 1050 1 [90]
M2 Vacuum 5 120 to 1280 1 [96]
AZ91 Pure Ar (Ar6.0) 2 605 4 [86,87,190]
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3. Effects of Processing Parameters on Physical and Mechanical Properties

The appearance, dimensional accuracy, physical and mechanical properties of metal
AM parts are essential requirements for end-user products, especially for assembled engi-
neering parts. In this section, the processing parameters that influence the physical and
mechanical properties of sintered metal AM parts will be systematically summarised and
the properties of metal AM parts compared with those obtained in typical MIM parts and
with the MIM international standards. The parameters include the effects of solid loading
of metal MEX feedstock on the shrinkage after sintering, the effects of sintering conditions
on the relative sintered density and the effects of printing parameters on physical and
mechanical properties. To conclude the discussion, the mechanical properties of 316L,
17-4PH and Ti-6Al-4V MEX (most popular MEX alloys) will be evaluated based on those of
MIM parts and MIM international standards. It is noted that there is currently no available
metal MEX standard, hence MIM standards have been used for evaluation. The MIM inter-
national standards are the Metal Powder Industries Federation (MPIF) Standard 35 Metal
Injection Moulding Materials for stainless steels and Japan Powder Metallurgy Association
(JPMA) Standard Metal Injection Moulding Materials for Ti-6Al-4V. In addition, the MPIF
standard does not cover titanium and titanium alloys. Hence, the JPMA standard is used.
Standards for stainless steel are identical for both MPIF and JPMA.

3.1. Effects of Solid Loading of Metal MEX Feedstock on the Shrinkage

The effect of solid loading content on the shrinkage of 17-4PH stainless steel [8,36,44,49,
64,127,158] and 316L stainless steel [9,35,37,38,41,44,45,52,53,56,57,66,68,70,75,98,127,159]
with different sintering conditions is summarised in Figures 15 and 16, respectively. The
solid loading of 17-4PH is in the range of 55% to 79% with measured shrinkage of 12% to
20% [8,36,44,49,64,158], which is similar to the typical shrinkage obtained in MIM (12% to
20% [127]). Generally, it is observed that as the solid loading increases, the shrinkage tends
to decrease. The shrinkage depends on several factors, e.g., filament, metal powder, solid
loading, sintering conditions and print orientations. For parts with 55% solid loading of 17-
4PH stainless steel (orange circular and pink triangular and circular symbols in Figure 15),
the dimensional shrinkage ranges from 15% to 20% depending on several variables, such
as the measured directions and processing conditions. The shrinkage in the x-y direction
is normally lower than that of in the z direction in MIM [73,77,191] and this commonly
occurs in 316L stainless steel, where there are more data, as discussed in the next section.
Sometimes, the opposite effect is observed in metal MEX [49], which may be due to the
effects of printing parameters. The shrinkage in the z direction (the built direction) has the
lowest shrinkage (15%), while the shrinkage in the x-y direction is 19% (pink circular and
triangular symbols). At the same 60% solid loading for MIM and metal MEX, the measured
shrinkage is comparable (purple-rectangular and green edge-circle symbols).

A consistent trend for 17-4PH is observed for 316L stainless steel in Figure 16. Sintered
parts with higher solid loading tend to exhibit lower shrinkage. At 55 and 62 vol.% solid
loadings of 316L stainless steel, a large variation of shrinkage is observed (14% to 20% and
13% to 25% for 55 and 62 vol.%, respectively). Although it is known that higher sintering
temperature provides higher dimensional shrinkage, its effect may be lower when different
processing parameters have been utilised, e.g., powder size and its distribution [192] and
printing parameters; layer thickness and infill patterns [73]. These effects are observed for
62 vol.% solid loading, even though the same commercial feedstock was used (Ultrafuse
filament, UF, represented by centre-dot symbols). The variation of shrinkage (13% to 25%)
is wider than that of typical MIM values. It can be noted that most shrinkage values
measured in the z direction (the built direction) are higher than those in the x-y direction
(perpendicular to the built direction), which corresponds to the studies of Quarto et al. [73]
and Ait-Mansour et al. [53], which focused on the shrinkage behaviour of the part. This
behaviour can be explained through the combined effects of the higher thermal gradient
along the z-direction when compared with the x-y direction, the effect of layer direction,
layer thickness and infill pattern during printing [73,77], the friction-free z direction and
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gravity [191]. It is also noted that the variation in shrinkage between x-y direction and
z direction of MEX is more significant than in MIM, where isostatic pressure is applied.
As observed, the shrinkage of metal MEX is varied in a wide range. Zhang et al. [101],
therefore, proposed the predictive model of the meal MEX dimensional change using
machine learning techniques. It is found that neural network algorithms provide the
highest accuracy, which can successfully predict dimensional variations and optimise the
printing and sintering process parameters of the metal MEX parts [101].
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Figure 15. Solid loading vs. dimensional shrinkage map of 17-4PH stainless steel fabricated by
metal MEX process with different conditions compared with typical MIM. The underlined number
represents sintering temperature (°C); the italic number represents sintering time (h); and x-y (average
from length and width) or z (thickness) indicate the direction of shrinkage measurement. Data
from [8,36,44,49,64,127,158].
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Figure 16. Solid loading vs. dimensional shrinkage map of 316L stainless steel fabricated by the
metal MEX process with different conditions comparing with typical MIM. The underlined number
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represents sintering temperature (°C) and the italic number represents sintering time (h); x-y (average
from length and width) or z (thickness) indicate the direction of shrinkage measurement. Data
from [9,35,37,38,41,44,45,52,53,56,57,66,68,70,75,98,127,159].

3.2. Effects of Printing Parameters on Physical and Mechanical Properties

The sintered properties critically depend on the quality of the as-printed parts. If
the as-printed part has a high relative density without any defects, the corresponding
sintered properties tend to have high physical and mechanical properties, as presented in
Figure 17. Therefore, many early investigations were focused only on the effect of printing
parameters on the as-printed parts. Among many adjustable printing parameters for the
metal MEX process, there are common variables that have been investigated, for example,
printing temperature, printing bed temperature, flow rate multiplier, layer thickness, built
orientation, infill pattern and infill density.
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Figure 17. The green vs. sintered density of Ti-6Al-4V fabricated by metal MEX, demonstrating
sintered density dependence on the green density (Reprinted with permission from [78]. Copyright
2021, Powder Technology, Elsevier).

Godec et al. report that an increase in the printing temperature significantly increases
the as-printed tensile properties [54]. However, a too-high printing temperature can
generate high residual stress, leading to warpage and deflection defects after printing,
as reported by Singh et al. [76]. Godec et al. also report that an increase in the flow rate
multiplier results in significant increases in the as-printed tensile properties [54]. This agrees
well with the report of Singh et al. [78], which reports that the higher flowrate multiplier
provides the higher relative density of both as-printed and sintered parts. In addition to
effects on relative sintered density, Singh et al. reported that an increase in the flow rate
multiplier up to 120% could improve the surface quality [84]. However, as reported by
Rosnitschek et al. [98], a too-high flow rate multiplier (200%) results in the deformation of
the printed parts because of excessive material. Regarding the layer thickness, most studies
report that the thinner layer thickness leads to higher properties [56,68,73,84] due to the
reduction of voids between the deposited paths. However, Godec et al. report that the
increasing layer thickness provides better properties due to the reduction of weak points
between the deposited paths [54]. This difference is likely to be because other processing
parameters are different or not fully optimised. As reported by Singh et al. [78] and Quarto
et al. [73], changes in the layer thickness do not significantly influence the density when
enough binder is used and the distance between the nozzle and the deposited layer is
carefully controlled. Nonetheless, as reported by Singh et al., a decrease in layer thickness
from 0.25 mm down to 0.05 mm can decrease the surface roughness from approximately 18
to 8 um.

The infill patterns that have been commonly used in metal MEX are rectilinear and
concentric, as listed in Table 4. There is only one study reported by Gonzalez-Gutierrez
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et al. [90] focusing on the effects of an infill pattern in metal MEX parts. It is found that
the diagonal infill pattern and the linear with 0°, 0°/90° and 90° infill pattern have no
significant difference on the flexural properties and density. In a polymer FDM investiga-
tion, Akhound et al. report that the pattern providing a parallel printed path to the load
direction (concentric pattern) exhibits the highest tensile and flexural properties [193]. It
is also found that the concentric pattern provides lower void fractions when compared to
other infill patterns, e.g., rectilinear, honeycomb and Hilbert curves [193]. This well agrees
with Pandzic et al. [194] that the highest tensile properties are obtained from the concen-
tric infill pattern. However, Srinivasan et al. report that the rectilinear pattern provides
higher tensile properties than concentric [195]. From the Ultrafuse 316L metal MEX tensile
properties reviewed in this work, the rectilinear with 45°/90° pattern with appropriate
printing parameters (nozzle size, printing speed, strand width, layer thickness and first
layer adjustment) reported by Moritzer et al. [93] provides higher tensile properties than
other infill patterns [66,98] and also similar infill patterns [53,57]. As reported by Singh
etal. [79], the 0°/90° zigzag infill pattern in metal MEX can also provide comparable tensile
properties to MIM parts. Therefore, it can be speculated that in the case of 100% infill
with suitable printing parameters to create the fully dense part, the mechanical properties
can be at a similar level although the infill patterns are different. However, in the case of
low infill density for weight reduction, the mechanical properties could be significantly
different, as reported by Gonzalez-Gutierrez [90]. For example, the flexural strength of 50%
infill density of specimens printed with diagonal and linear infill patterns is similar but
significantly higher than hexagonal. Nonetheless, this issue still needs further systematic
investigation to understand the effects of different infill patterns on properties in relation
to other metal MEX operating variables. In addition, tensile, compressive and flexural
strengths tend to decrease with decreasing the infill density, as reported by Ait-Mansour
et al. [53], Gonzalez-Gutierrez [90] and Rosnitschek [98].

The built orientation is an important issue that has been widely studied with three ori-
entations, which are the flat, on-edge and vertical orientations. All available studies report
that the vertical built orientation exhibits the lowest tensile properties due to layer delami-
nation [8,53,56,64,68,81]. Figure 18 shows the difference in fracture surface characteristics
and related failure mechanism of metal MEX specimen built by the flat (Figure 18a,c) and
vertical orientations (Figure 18b,d). It shows that crack originates from the void between
the printing paths and the interlayer bonding area, resulting in the low tensile properties
of the vertical orientation parts. The difference in mechanical properties of the flat and
on-edge orientations is still inconsistent. Kurose et al. [56] and Abe et al. [64] report that
the on-edge orientation exhibits higher tensile properties than the flat built orientation,
while Ait-Mansour et al. [53] and Suwanpreecha et al. [8] report that the flat orientation
provides higher tensile properties than that of the on-edge built orientation. However, as
reported by Damon et al. [45] and Caminero et al. [66], there is no significant difference in
tensile properties between the flat and on-edge built orientations. As for tensile proper-
ties, flexural properties are also orientation dependent as reported by Suwanpreecha and
Manonukul [110]. It is found that weak points between two layers can result in layer sliding
during bending, leading to the difference in flexural strength and strain [110]. The degree
of overhang also influences the mechanical properties, as studied by Alkindi et al. [65]. It is
found that 0 to 10° hanging provides higher tensile properties. Furthermore, the printing
of scaffold type structure or the supportless part is one of the unique characteristics of 3D
printing. The printing parameters need to be carefully modified from the general printing
of bulk parts, as reported by Shaikh et al. [88].
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Figure 18. Fracture surface of metal MEX 17-4PH stainless steel specimens built with the (a) flat, (b)
vertical orientations and schematics showing the failure mechanism of specimen built with the (c) flat
and (d) vertical orientations (Reprinted with permission from [8]. Copyright 2021, Metallurgical and
Materials Transactions A, Springer).

3.3. Effects of Sintering Conditions on the Relative Sintered Density of Alloys Compared to MIM

If there are no defects present, it is well known that the tensile properties critically
vary with the sintered density, depending on sintering conditions [124,186,196]. The
higher sintering temperature and longer sintering time provide the highest relative sin-
tered density [149]. The effect of sintering conditions on the relative sintered density
of 17-4PH [8,49,64,92,110], 316L [9,41,45,52,53,56,57,66,68,70,72,75,81,98,108] and Ti-6Al-
4V [78,79] alloys fabricated by metal MEX, MIM [134,157,159-161,163,164,170,171] and
the corresponding MIM international standards [169,172] are graphically compared in
Figures 19-21, respectively. Figure 19 shows that most relative sintered densities of MEX
17-4PH alloy, which are in the range of 97% to 99%, meet the minimum value of the MPIF
standard 35 for MIM materials (>96.7%). The relative sintered densities of parts sintered at
1200 °C (blue symbols) are comparable to those sintered at 1280 °C (red symbols) for metal
MEX. In addition, they are comparable to those MIM sintered at 1350 °C (green symbols).
MIM 17-4PH alloy with larger powder size is commonly sintered at a higher temperature
than MEX 17-4PH, which has smaller powder size, as reported in Tables 2 and 3. This
is expected, as the higher specific surface area associated with smaller powder enhances
sintering. It is noted that the part sintered at 1380 °C for 5 h (black square symbol) should
have the highest relative density; however, this value was reported in early work in this
field [49], and, as such, the low relative sintered density may be the result of poor printing

quality.
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Figure 19. Sintering temperature vs. relative sintered density map of 17-4PH stainless steel fabricated
by metal MEX process with different conditions comparing with MPIF standard 35 for MIM materials.
The italic number represents sintering time (h) and the underlined number represents powder
size (um). F, O and V represent flat, on-edge and vertical printing orientations, respectively Data
from [8,49,64,92,110,134,157,169].

For 316L stainless steel MEX (Figure 20), most reported relative sintered densities are
lower than the minimum requirement of MPIF standard 35 for MIM materials (96.6%),
and are in a wide range of 72% to 99%. The relative sintered density tends to increase as
the sintering temperature increases and is highest at the sintering temperature of 1380 °C,
which is comparable to MIM material sintered at 1360 °C. This is because both processes
were using similar powder size. The secondary process, i.e., hot isostatic pressing, HIP
(rectangular filled purple symbol) can raise the relative sintered density to 99.7% [81].
Interestingly, the effect of infill density has been firstly studied by Rosnitschek et al. [98].
The decrease in infill density tends to significantly decrease the relative sintered density;,
resulting in weight reduction (red rectangular centre-dotted symbols). It is noted that the
relative densities for 50% and 75% infill seems to be inconsistent but there is no explanation
in the literature [98].

From both 17-4PH and 316L stainless steel, it is observed that metal MEX parts that
are fabricated with the flat and on-edge built orientations (red rectangular and circular
symbols in Figures 19 and 20) exhibit higher relative sintered densities than the vertical
built orientation (red triangle symbols in Figures 19 and 20) [56,68]. The Ti-6Al-4V alloy
(Figure 21), demonstrates similar behaviour, as 17-4PH and 316L in that the relative sintered
density tends to increase as the sintering temperature increases. Most available data from
literature satisfied the JPMA standard for parts sintered at 1250 °C or above and are
close to the data for the equivalent alloy formed by MIM and sintered at similar sintering
temperatures, as similar powder size are used for both processes. Moreover, it is clearly
observed that the parts produced using larger powder size (circular blue symbols) need to
be sintered at a higher sintering temperature when compared to those from smaller sized
powders (rectangular blue symbols) [78]. It is noted that although the sintering temperature
of <1100 °C was used (to refine grain size), the relative sintered density can be more than
98%. This is attribution to the fine size was utilised.
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Figure 20. Sintering temperature vs. relative sintered density map of 316L stainless steel fabricated
by metal MEX process with different conditions comparing with MPIF standard 35 for MIM materials.
The Italic number represents sintering time (h) and the underlined number represents powder size
(um). F, O and V represent flat, on-edge and vertical printing orientations, respectively. ##%ID is the
infill density. DM is utilising Desktop Metal system. Data from [9,41,45,52,53,56,57,66,68,70,72,75,81,
98,108,159-161,169].
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Figure 21. Sintering temperature vs. relative sintered density map of Ti-6Al-4V alloys fabricated by
metal MEX process with different conditions comparing with MPIF standard 35 for MIM materials.
The italic number represents sintering time (h) and the underlined number represents mean powder
size (um). Data from [78,79,109,163,164,170-172].
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3.4. Tensile Properties Evaluation

The tensile properties from the literature of metal MEX, MIM and the corresponding
MIM international standards are presented as strength vs. ductility maps for 17-4PH, 316L
and Ti-6Al-4V in Figures 22-24, respectively. The data included in these figures are grouped
and plotted from the selected data in Table 6. In Figure 22 [8,49,64,92,134,157,158,169], most
available 17-4PH parts fabricated by the metal MEX process satisfy the MPIF minimum
requirement for both as-sintered and as-aged conditions. However, the mechanical properties
of the metal MEX parts are highly build-orientation dependent. Only the flat and on-edge
built orientations (black, green and blue rectangular, and circular symbols) can meet the
MPIF minimum requirement, while the vertical built orientation cannot (black, green and
blue triangle symbols) [8,64]. This is due to the layer delamination effect in the vertical built
orientation parts leading to premature failure [8]. Although the strength level of the metal
MEX parts can be comparable to MIM, the elongation is slightly lower.
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Figure 22. Stress vs. elongation map of 17-4PH stainless steel fabricated by the metal MEX process
with different conditions comparing MPIF standard 35 for MIM materials. The underlined number
represents sintering temperature (°C), the italic number represents sintering time (h), F, O and V
represent flat, on-edge and vertical printing orientations, respectively, and the bold number represents
relative sintered density (%). Data from [8,49,64,92,134,157,158,169].

For 316L stainless steel (Figure 23) [9,45,53,56,57,66,68,75,81,93,98,108,160,161,169,171,172],
tensile properties of all available parts fabricated by the metal MEX process are lower
than for MIM and most of them cannot satisfy the minimum requirement of the MPIF
standard. Most tensile properties of MEX 316L vary in the range of 100 to 550 MPa for
tensile strength and 3% to 57% for elongation to failure, which reflects the effect of the
difference in processing parameters, such as printing and sintering, including the relative
sintered density, as previously discussed, resulting in a significant difference in the tensile
properties. This is more visible when focusing on the commercial Ultrafuse feedstock
reported in many works (centre-dotted symbols). Although the feedstock is the same, the
tensile properties are still subjected to wide scatter. The flat and on-edge built orientations
provide higher tensile properties than those of the vertical built orientation similar to
17-4PH. Moritzer et al. [93] is the study that the tensile properties meets the MPIF standard.
This is because many variables are suitably selected with the Ultrafuse filament, such
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as nozzle size, printing speed, printing temperature, layer thickness and strand width,
resulting in up to 99% as-printed density. In addition, the part printed by the commercial
system, Desktop Metal, can meet the standard with very high elongation, reflecting the
high quality of the process [108]. Moreover, for 316L parts that are treated by HIP, the
tensile properties of both flat and vertical built orientations are comparable to those of
MIM parts and can reach the MPIF standard [81]. This suggests that if the defects during
printing can be minimised, metal MEX parts should have tensile properties comparable
to those of MIM parts. Interestingly for Ti-6Al-4V alloy, the tensile properties of metal
MEX parts meet the minimum requirement of the JPMA standard and are comparable or
higher than those for the MIM alloy, as presented in Figure 24. The tensile strength is in
the range of 875 to 96 MPa with 5% to 17% elongation. It is noted that the Ti-6Al-4V works
were reported by the Singh et al. group [78,79], which has been working on MIM and has
extensive knowledge of debinding and sintering. The availability of commercial filament is
significantly increasing the accessibility of metal MEX, as in the case of 316L stainless steel.
However, the use of non-optimised printing parameters, as well as a lack of debinding and
sintering experience, can lead to variations in mechanical properties and can be detrimental
to the acceptance to metal MEX when using commercial metal filaments or in-house metal
filaments. This issue is being addressed by the availability of user-friendly closed metal
MEX systems, which are supplied as complete sets of a printer, solvent debinding unit and
controlled atmosphere sintering furnace. Users of such systems are not allowed to use any
third-party feedstock and also are not allowed to vary debinding and sintering parameters.
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Figure 23. Stress vs. elongation map of 316L stainless steel fabricated by the metal MEX process
with different conditions comparing with MPIF standard 35 for MIM materials. The underlined
number represents sintering temperature (°C) and the italic number represents sintering time (h). F,
O and V represent flat, on-edge and vertical printing orientations, respectively, and the bold number
represents relative sintered density (%). ##% ID is the infill density. DM is utilising Desktop Metal
system. Data from [9,45,53,56,57,66,68,75,81,93,98,108,160,161,169,171,172].
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Figure 24. Stress vs. elongation map of Ti-6Al-4V alloy fabricated by the metal MEX process with
different conditions comparing with JPMA standard for MIM materials. The underlined number is
sintering temperature (°C), the italic number is sintering time (h) and the bold number is relative
sintered density (%). Data from [78,79,109,163,164,170].

With respect to mechanical properties of the product, there is still room for improve-
ment in the development of the metal MEX process. At present, MEX 17-4PH and Ti-6Al-4V
parts can meet the minimum requirements of MIM standards and be comparable to MIM
parts. However, most mechanical properties of MEX 316L cannot yet meet the minimum
requirement of the MPIF standards.
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Table 6. Effects of sintering temperature on shrinkage density and mechanical properties (ND is no detail; SP is spherical powder; IP is irregular powder) * The
value was converted from density to relative sintered density for comparison.

- Powder Solid Loading . . . o Relative Sintered o
Type of Printing Alloys Characteristics (Vol.%) Sintering Process Shrinkage (%) Density (%) UTS, %El Ref.
Screw-based 17-4PH SP (2 to 10 um) 93.5 wt.% 1360 °C, 3 h 14.2% 96.5 939.5 MPa, 3.67% [92]
Screw-based 316L ND 55 1365 °C X-Zy:1154 ';9 96.03 - [41]
° o x-y =226
Screw-based WC-Co ND ND 1150 °C and 1430 °C S =234 - - [50]
Plunger-based 17-4PH ND 79 1360 °C for 15 h (all cycle) 121 - >320 HV [36]
in Hy atmosphere
Hp3 =410 MPa, 11.5%
H0.4 =400 MPa,
11.5%

. 1350 °C for 1 h (HR . Hys = 540 MPa, 11%
Plunger-based 316L Sandvik Osprey 63 130 °C/h) 12.7 89.5 Vos = 350 MPa, 12% [68]

Vo4 =360 MPa, 18%

Vo5 =460 MPa,
19%
1350 °C for 2 h in Ar o

Plunger-based 316L SP (D5p = 1.4 um) - (~1 °C/min) - 98.73 524 MPa, 96% [108]
Plunger-based Ti-6Al-4V Dgg =19 um 66 No action - - - [61]

x= ﬁg gj:; F = 1000 MPa, 18.5%
Plunger-based Ti-6Al-4V Dgp =19 um 66 <1100 °C for <3.5h Z _ 12'21 v B 98.4 O =957 MPa, 10.1% [109]

- o V =968 MPa, 3.4%
F=98.6

0=97 4 F =1034 MPa, 5%
Filament-based 17-4PH D5 =3.97 um 63 1200 °C for 3h 15 e O =978 MPa, 4% [8]

V=977 V = 745 MPa, 1%

F=98.1
Filament-based 17-4PH Dsp = 3.97 um 63 1200 °C for 3h - 0=98.0 - [110]

V=965
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Table 6. Cont.
s Powder Solid Loading . . . o Relative Sintered o
Type of Printing Alloys Characteristics (Vol.%) Sintering Process Shrinkage (%) Density (%) UTS, %El Ref.
SP (22 um (3.9 to
. : : 44 pm)) 1260 °C in H; atmosphere } ) )
Filament-based 17-4PH IP (10 um (2.8 to 58 (5°C/min) [34]
44 um))
Filament-based ~ 17-4PH 325 mesh size 60 1350°C for 1 hin Hy + N - 92-95 - [31,32]
atmosphere
F=979 F = 840 MPa, 24%
0=979 O =880 MPa, 23%
. 1280 °C for 2 hin Ar V=973 V =780 MPa, 17%
Filament-based 17-4PH 10 pm 60 atmosphere 15.8 Foged = 97.8 Faged = 1100 MPa, 13% [64]
Oaged =98.2 Oaged = 1140 MPa, 16%
Vaged =97.6 Vaged = 700 MPa, 6%
Dyg =4.2, D5y = 12.3,
Filament-based 17-4PH Dgg =28.2 pm, 55 1050 °C for 3 h [197] - - - [38,43]
Sandvik Osprey, Ltd.
Sintering by OBE
Ohnmacht &
Filament-based 17-4PH SP, D5g = 12.3 pm 55 Baumgaertner GmbH & 20 - - [44]
Co. KG, Ispringen,
Germany
Dyg =4.2, D5y = 12.3, 900 °C for 1.5 h and 1=20.3
Filament-based 17-4PH Dgg = 28.2 um, 55 1380 °C for 5 h w=17.3 95.7 619 MPa, 4% [49]
Sandvik Osprey, Ltd. (HR=3°C/h) t=152
Filament-based 316L SP, D5g = 6.9 pm 50 and 55 1250 °C in H; atmosphere - 89 - [29]
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Table 6. Cont.

s Powder Solid Loading . . . o Relative Sintered o
Type of Printing Alloys Characteristics (Vol.%) Sintering Process Shrinkage (%) Density (%) UTS, %El Ref.
Fo.1 = 430 MPa, 36%
Op.1 =453 MPa, 48%
. 1280 °C for 2 hin Ar x-y = 14-15 Vo1 =110 MPa, 3%
Filament-based 316L ND 60 atmosphere = 15-17 91-93 Fo. = 350 MPa, 28% [56]
Qg3 = 420 MPa, 44%
Vo3 =120 MPa, 4%
Filament-based 316L ND 55 ND 19.2 97.1* - [35]
Filament-based 3161 Epson-Atmix 55 ND 15 - . [37]
Corporation
Dyg=6.1,
Ds5p =15.1 um, 1250 °C for 1.5 hin
Filament-based 316L Dgg = 25.5, Carpenter 55 vacuum atmosphere 19 - - [38]
Powder Technologies (HR =20 °C/min) [198]
AB
Filament-based 316L SP, D5g = 6.05 pm 55 No action - - - [39]
Sintering by OBE
) Ohnmacht &
Filament-based 316L SP, D5g = 8.6 um 55 Baumgaertner GmbH & 20 - - [44]
Co. KG
. o 1100 °C in Ar atmosphere
Filament-based 316L 30-50 pm 83 wt.% (HR = 5 °C /min) - - - [48]
Mean size = 17.7 um, 1330-1360 °C for 2 h in v = 16.3
Filament-based 316L Carpenter 55 vacuum zy—_17 4 >95 Flexural = 1100 MPa, 6% [52]
technologies (HR = 0.2 °C/min) o
. 5 g >88 wt.% Sintering in Hj or x-y =13-18 465 MPa, 31%
Filament-based 316L 30-50 um (62 vol.%) vacuum 4= 1523 98.5 60 HRB [9]
99.5-98.3 500-520 MPa, 32-34%
588 Wt Y 1380 °C for 3 h in H, HD =985 HD =500 MPa, 33%
Filament-based 316L 30-50 um (62 vol o /0) atmosphere 20 HL =98.6 HL =500 MPa, 33% [45]
e (HR =5 °C/min) HP =995 HP =520 MPa, 34%
VD =98.3 VD (O) = 500 MPa, 32%
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Table 6. Cont.

. Powder Solid Loading . . . o Relative Sintered o
Type of Printing Alloys Characteristics (Vol.%) Sintering Process Shrinkage (%) Density (%) UTS, %El Ref.
. 1380 °C for 3 h in H, ~ F = 311.8 MPa, 12.5%
Filament-based 316L 30-50 um (6820 xtlo//o ) atmosphere Xz_}i_l 91 3_82_ 41 264 82.2 O =229.6 MPa, 7.9% [53]
e (HR = 5 °C/min) TS V =218.7 MPa, 6.27%
Filament-based 316L 30-50 um 88 wt.7o 1380 "Cfor2hin Ar 17 92.23 441 MPa, 29.5% [57]
(62 vol.%) atmosphere
. . . ~ F=98.1 F = 497.1 MPa, 36.7%
Filament-based 316L 30-50 pum ( 6820 th§ | 1380 tfnfor i};m Ar X'Y_‘ziS 0=981 O = 498.6 MPa, 37.1% [66]
vol-7e atmosphere Z= V=979 V = 409.1 MPa, 16.9%
o o _ 1.05 x 10% at 120 MPa
Filament-based 316L 30-50 pm ( 6828 X)tlﬁ | 1050 Cl ;ZB ?;(7:5 hand X;y_‘li? 95.6 1.04 x 105 at 100 MPa [70]
e o >10° at 80 MPa
Filament-based 316L 30-50 um 90 wt.% ND X';’ - ;8‘4 95 - [73]
S$1-25 = 519.6 MPa, 71.4%
S$2-25 = 517.3 MPa, 66.2%
. . S$3-25 = 508.0 MPa, 61.9%
Filament-based 316L 30-50 um 90 wt.% ND - - $1-40 = 497.0 MPa. 53.6% [93]
S$2-40 = 522.9 MPa, 62%
$3-40 = 524.6 MPa, 67%
25% IDx-y = 16.59
25% ID z = 17.35
50% IDx-y = 1653 25% ID = 69% 25% ID = 290 MPa, 30%
. . . 50% ID z = 17.8 50% ID = 79% 50% ID = 300 MPa, 25%
Filament-based 316L 30-50 um 90 wt.% 1380 °C for 3 h 75% IDx-y = 15.95 750 1D = 75% 75% ID = 250 MPa, 22% [98]
75% 1D z = 15.19 100%ID =84%  100% ID = 260 MPa, 32%
100% IDx-y = 16.42
100% ID z = 17.26
H = 412 MPa, 56.3%
. 3-15 um . 1320 °C for 2 h x-y = 16.4 925 V =316 MPa, 36.2%
Filament-based 316L (AEM, China) 80 wt.% (HR = 10 °C/min) 2=20 HIP 99.7 Hygp = 540 MPa, 60% [81]

Vyrp = 520 MPa, 56%
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Table 6. Cont.

s Powder Solid Loading . . . o Relative Sintered o
Type of Printing Alloys Characteristics (Vol.%) Sintering Process Shrinkage (%) Density (%) UTS, %El Ref.
Sintering in Ar at
Filament-based 316L ([()) '87_2;;67“‘;) 83.5 wt.% 1310-1400 °C for 1, 6 and - 72-92 160-370HV [72]
50 = 94/ 1 12h (HR = 3 °C/min)
Nitrogen-atomised
. 1380 °C for 3h x-y =11 521 MPa, 9.5%
Filament-based 316L 20-53 pm, Hoganas 65 o ) : 93 / [75]
(AM 316L) (HR =5 °C/min) z=15 285.5 HV
Filament-based Ti-6Al-4V SP, D5y = 14.97 um 55 No action - - - [39]
Sintering by OBE
. . Ohnmacht &
Filament-based Ti-6Al-4V SP, D5 = 14.97 ym 55 Baumgaertner GmbH & 20 - - [44]
Co. KG
Fine SP (D10 = 7,
. ~ . _ D50 =13, Dgo =21 pm) . _ B _
Filament-based Ti-6Al-4V Coarse SP (Dyg = 2, 59 No action [59,76]
Dsp =30, Dgg = 44 pm)
Dyg=1.8,D5y=6.7, 900, 1000, 1100, 1200,
Filament-based Ti-6Al-4V Dgg = 6.8 um, 55-59 1340 °C for 1.5 hin Ar - - - [63]
American Elements atmosphere (2 L/min)
C1200,2h =92
C1200,4h =935
C1250,2h =92.5
C1250,4h =94.2
Fine (F) SP, C1350,2h=95.2
. : Ds5p =13 pm 1200, 1250 and 1350 °C for C1350,4h =95.6 F = 960 MPa, 4.4%
Filament-based  Ti-6Al-4V Coarse (C) SP, 59 2 and 4 h in vacuum F1200,2 h = 95 C = 875 MPa, 17% (78]
D5 =30 um F1200,4h =97

F1250,2h =972
F1250,4h =97.5
F1350,2 h =97
F1350,4h =99
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Table 6. Cont.

Powder Solid Loading Relative Sintered

Type of Printing Alloys Characteristics (Vol.%) Sintering Process Shrinkage (%) Density (%) UTS, %El Ref.
Sintering in partial
Coarse SP. vacuum of 150 millitorrs v = 145
Filament-based Ti-6Al-4V Deo = 30 1;1 59 at 1250 °C for 4 h with Ar Z: 1 5' 94.2 875 MPa, 17.3% [79]
50 =20 K gas shield -
(HR =3 °C/min)
Filament-based CP-Ti Mean size = 23.4 um 55 vol.% 1350 °C for 5h 15 93.16 300 MPa, 15% [102]
Filament-based ' 107 ND 50 1150 °C and 1430 °C xy=21 . . [50]
Co z=22
Filament-based WC-Co ND <50 ND - - - [31,32]
. Sintering in Ar at
Filament-based ar}bhgn}fF ([1)'45:715269 “‘I‘;) 80 wt.%, 1310-1400 °C for 1, 6 and - 72-92 160-370 HV [72]
carbon-te 50 = RE7H 12 h (HR = 3 °C/min)
Filament-based Cu ND ND 983 Clordh 15.82 90 HRH 44.68 [51]

(HR = 3.24 °C/min)
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4. Special Processes to Improve the Properties

Many special processes have been investigated to improve the appearance, density
and mechanical properties of polymer and metal MEX parts. In this section, examples of
processes that hold promise for improvement of metal MEX parts will be discussed.

During printing, it is commonly known that there are the intrinsic voids between
the deposited paths. Additional in situ systems, e.g., magnetic and ultrasonic, can be
applied with the printing head or printing bed to successfully improve the quality of metal
MEX parts [199] (magnetic) and polymer FDM parts [200] (ultrasonic). Squeezing by the
rollers applied with the printing head is also demonstrated to improve the density and
mechanical properties of polymer FDM parts [201]. However, the dimensions of the rolled
parts needed to be carefully controlled. These systems can be possibly applicable to the
meal MEX process to improve the as-printed quality, thus improving mechanical properties.

Metal MEX at the as-printed stage is significantly softer than after sintering. Hence,
additional surface finishing of the as-printed parts, such as grinding, shot blasting or laser
peening, can be applied to polish the surface [35]. The very high surface quality after
sintering can also be achieved. Furthermore, HIP is still the most effective process to obtain
fully dense parts; as discussed in the previous section, HIP can increase the relative density
very close to 100% and provide tensile properties comparable to those of MIM and its
standard [81]. It also reduces the build-orientation dependence of the metal MEX parts.

5. Current, Prospective Applications and Future Direction of Metal MEX Development

At this moment, metal MEX, which uses low-cost equipment, is a successful process to
fabricate not only prototypes, but also end-user parts. Many parts in various applications
have been developing. The rapid prototype of high wear resistance M2 steel can be
fabricated with the in-house built filament, which can be an alternative for establishing a
method for MIM part prototyping [96]. In addition, several end-user engineering parts
have been commercially fabricated by the user-friendly closed metal MEX system [83,141].
The example of the end-user brake pedal 316L part is presented in Figure 25a. Metal MEX
is also promising for the biomedical field [91,95], especially for patient-specific implants.
Shaikh et al. [95] can produce Ti-6Al-4V MEX simple standard test pieces that can satisfy
the MIM standard. However, when the required shape is complicated, e.g., the Ti-6Al-4V
maxillofacial implant prototypes shown in Figure 25b to e, the density up to 94% can be
achieved [95], which is below the MIM standard.

2 cm

10 mm

Figure 25. (a) 316L MEX brake pedal (Reprinted with permission from ref. [141]. Copyright 2021, Ma-
terials Today: Proceedings, Elsevier) and (b) maxillofacial implant design, (c) maxillofacial implants
related to the design, (d) as-printed parts following the design and (e) as-sintered parts (adapted
from [95]).
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From the tensile property maps of the alloys, although most 316L MEX is still not
comparable to MIM 316L and cannot satisfy the MIM standard, the 17-4PH and Ti-6Al-4V
MEX are equivalent to their MIM counterparts. The process parameters still need to be
systematically developed to increase the physical and mechanical properties of metal MEX
parts to be at least comparable to those of MIM with high repeatability and reliability.
This is achievable in the user-friendly commercial closed metal MEX systems, e.g., Studio+
System by Desktop Metal, Inc. and MetalX by Markforged, Inc. Hence, it should be possible
for open systems using commercial feedstock suppliers or custom feedstocks and MIM
furnaces.

From the research perspective, there is considerable scope in metal MEX to further
investigate and develop in areas, such as printing, debinding and sintering with a variety
of materials, especially Ti and Ni and their alloys. The printing strategies, including
algorithms, also need to be explored to achieve denser parts. Moreover, although CP-Ti
has been recently investigated [102], the mechanical properties can still be improved by
minimising the impurity during debinding and sintering. In particular, the production
of MEX parts in biocompatible and low elastic modulus beta-type Ti alloys, which are
well known as challenging alloys for MIM fabrication due to the formation of brittle
TiC [11,183,202], still needs to be further developed. Moreover, there is still a lack of
investigations regarding the effects of adjustable processing parameters on the properties
in more detail, e.g., the effect of infill percentage and infill pattern on the physical and
mechanical properties, the printability of complex parts and the stability of complex parts
during debinding and sintering. There have been limited studies on multi-material MEX.
High carbon iron and 316L could be fabricated with homogeneous structure [72]. Only
91-92% relative sintered density was achieved with the complexity of shrinkage and
distortion [72]. Further investigation to minimise the mismatch in shrinkage during co-
printing and co-sintering will need to be carried out. Mechanical properties beyond tensile
testing still need to be extensively studied, such as bending, compression and especially
dynamic properties. The remaining porosity and the large grain size due to the nature of the
printing and sintering processes are known to affect the dynamic properties [163,170,203-205].
A very limited number of studies have examined the fatigue properties of metal MEX. For
example, there is only one study reporting the fatigue properties of 316L fabricated by
FDM using Ultrafuse 316L feedstock [70]. Secondary processes, e.g., surface treatment
by shot peening [171,182,206,207] or grain refinement [125,170,205,207], which improves
both tensile and fatigue properties in MIM alloys, can also be promising for the metal MEX
parts. In addition, the highly stable and precision screw-based printer still needs more
development so that conventional MIM feedstock can be fed into an affordable printer.
This will be useful to the MIM industry, which produces mass production parts, as metal
MEX could create small quantity custom-made parts with short lead times using existing
MIM feedstocks and MIM debinding and sintering equipment. In this case, no additional
filament preparation is needed and parts can be readily produced without waiting for a
metal mould for injection to be made. For the future perspective, the metal MEX process
route will need to be covered by a suitable international standard after the technology
becomes more mature and there are more manufacturers implementing metal MEX.

6. Summary

The metal MEX received much interest due to its low cost and simplicity, especially
after the introduction of Ultrafuse 316L® filament by BASF SE, MetalX system by Mark-
forged, Inc. and Studio+ System by Desktop Metal, Inc. Metal MEX is different from the
MIM during the green part fabrication, which utilises layer-by-layer printing instead of
injection. The most popular metal MEX printer is the filament-based type. The metal
filament should have high flexural strength and stiffness so that the filament can be spooled.
As a result, the solid loading is typically lower than MIM feedstock or polymer skin can be
introduced to increase the filament flexibility. Special purposed and closed metal printers
seem to provide more consistent and better printing quality. At the moment, metal MEX
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can fabricate various types of alloys similar to MIM with close or comparable properties to
MIM. Metal MEX is more attractive in terms of design freedom and does not require metal
mould. Moreover, metal MEX has been used to fabricate end-use parts. However, from the
present review, there are still large gaps for development in every step of this process. Many
aspects, such as consistency, static, dynamic mechanical properties, geometry, precision
and production rates, are still required to be improved and investigated.
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