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REVIEW

A review on recent developments in binder jetting metal additive
manufacturing: materials and process characteristics
Asier Lores a, Naiara Azurmendia, Iñigo Agote a and Ester Zuza b

aFundación Tecnalia Research & Innovation, Donostia / San Sebastian, Spain; bDepartment of Mining and metallurgical engineering and
materials science, Engineering school of Bilbao, UPV/EHU, Bilbao, Spain

ABSTRACT
Binder Jetting Metal Additive Manufacturing (BJ-MAM), known also as metal 3D-printing, is a
powder bed-based additive manufacturing technology. It consists of the deposition of liquid
binder droplets to selectively join powder particles to enable the creation of near-net shaped
parts, which subsequently are consolidated via sintering process. This technology is known
for its capability to process a wide range of different materials and for its orientation towards
large volume production series. Binder Jetting has recently been drawing the attention of
both the research sphere as well as several industrial sectors. The present review study
encompasses the various and most remarkable aspects of BJ-MAM part fabrication. The
review covers the material selection and characterisation considerations, followed by the
manufacturing process features and the parameter effect on different part properties. It
concludes with an overview concerning the most recent case studies with regards to diverse
metal alloy developments.
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Highlights

. State of the art of the most recent studies and devel-
opments in Binder Jetting (BJ) metal additive man-
ufacturing (MAM).

. Critical overview of BJ process parameters and their
effect on part properties.

. Considerations about powder characterisation and
technology usage

Introduction

Additive manufacturing (AM) was born in the 1980s
providing a new scope for Rapid Prototyping and Tool-
ing (RP&T) developments. The first AM machine,
known as the Stereolithography Apparatus, was created
in 1984 and patented in 1986 [1] by Charles W. Hull of
3-D Systems Corporation, although some claim that
the first AM patent was proposed by Baker in early
twenties as an ancient electric-arc-based metal depo-
sition technology [2]. AM was further developed and
extensively used for RP&T purposes, enabling shorter
product development cycles [3] due to reduced costs,
lead times and human interactions [4]. AM is, in fact,
defined as ‘a process of joining materials to make
objects from 3D model data, usually layer upon layer,
as opposed to subtractive manufacturing method-
ologies’, according to ASTM standard F2792-12a [5].
This standard also divides existing AM processes into

seven groups, providing a standardised guideline with
the aim of being a reference for education or communi-
cation purposes. Most common technologies for metal
additive manufacturing (MAM) are shown in Figure 1,
according to previously mentioned ASTM standard
classification.

One of the most remarkable benefits of AM technol-
ogies is its complex shaped part production capability.
Due to its material layer-to-layer building process, AM
enables new design features that are impossible to achieve
with traditional subtractive routes. For example, high
complexity cooling channels or topologically optimised
lightweight structures [6]. In other terms, AM enables
designs without the constraints of the traditional manu-
facturing processes, enabling a design-driven manufac-
turing future [7]. This, in fact, permits the optimisation
of assembly designs, thereby significantly reducing the
part count and final assembly weight [8]. For those
reasons, AM has been successfully integrated into the
aerospace [9] and medical [10] sectors, where a high cus-
tomisation capability and design freedom are required.

Despite all the benefits that it can provide, MAM
still must deal with some obstacles to be able to ensure
a rapid growth and to consolidate its industrial inte-
gration. Some of these are restrictions related to part
sizes and production times, along with high equipment
and raw material costs. In addition, the role played by
new regulations could lead to certain social and com-
mercial concerns regarding the long-term uptake of
AM-based processes [11].
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Binder Jetting (BJ), originally named ‘Three-dimen-
sional printing technique’, was invented and patented
by MIT in the early 1990s [12]. The general BJ process
chain is shown in Figure 2. To this day, this technology
has been mainly used to fabricate sand moulds and
cores for the metal casting industry. As a direct
MAM technology, BJ has more attracted attention
over the last few years, mainly thanks to its high pro-
ductivity and the relative simplicity of its integration
within powder metallurgy industry. As it is a sinter-
based AM technology, a huge part of the required

know-how is in fact well established. The interest for
this metal AM technology has grown substantially in
the last 5 years, which is reflected in the increase of
published research papers and the high productivity
machines developed for the technology [13]. Also,
the broad offer of processable materials makes BJ a
promising technology for many different industrial
and research developments.

The primary challenge when fabricating metal parts
with BJ is to achieve the same densities as those in the
conventional powder metallurgy (PM) processes.

Figure 1. MAM technologies classification according to ASTM standard [5].

Figure 2. Binder jetting part fabrication process general scheme.
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Typically, binder jetted parts exhibit a low powder
packing densities due to the absence of compacting
forces during the printing process [14]. Thus, obtaining
highly dense parts is challenging and implies large part
shrinkages during the later sintering process. The con-
trol of shrinkage is essential to achieve tight dimen-
sional tolerances. Porosity, in contrast, is highly
desirable in some applications, for example, in biome-
dicine, where bone-like mechanical properties, cell
migration or good tissue attachment are required [15].

The purpose of this document is to provide an over-
view of the recent research work in BJ-MAM and to
serve as a general guideline for technology users. Con-
siderations regarding raw materials used, process par-
ameter effects and developments in different alloys
and MMCs are reported and discussed.

Research work analysis

Research work made on BJ has increased exponentially
during the last decade. Scopus® data for the search term
‘Binder Jetting’ clearly proves the increase since 2013,

which is led by the contributions made in the USA,
as shown in Figures 3 and 4. BJ research work
covers many different subjects: processability of differ-
ent metal alloys, technology development and
improvement, process parameter optimisation,
amongst others.

The metal alloys most studied and reported in lit-
erature and their relevance in terms of a number of
papers are shown in Figure 5, based on the best
knowledge of the authors to date as of September
2019 (based on data obtained from Scopus®). The
amount of research published is still small compared
with other AM technologies (approximately one hun-
dred papers in BJ compared with several thousand in
PBF-L, for example). Research topics are focused in
the preliminary aspects of the technology such as
understanding process parameter influence on fabri-
cated part properties, analysis of obtained micro-
structures, attainable mechanical properties and
exploring different ways to obtain full dense metal
parts. Due to the inherent porosity issues of the BJ
technology, the last issue is in fact the most relevant

Figure 3. Research documents per year in binder jetting since 2013 according to Scopus® data, at date of September 2019.

Figure 4. Research documents by country in binder jetting since 2013 according to Scopus® data, at date of September 2019.
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and studied topic in metal BJ, due to the inherent
porosity issues of the technology process.

BJ of steel is especially focused on process devel-
opment and feedstock material adaptation for density
improvement of 316L and 420 stainless steels.
Regarding nickel-based alloys, preliminary densifica-
tion studies and microstructure analysis of BJ-pro-
cessed Inconel 625 and 718 alloys have been
performed. BJ of pure copper also has been exten-
sively analysed in order to obtain fully densified
parts. Also, advanced nanoparticle suspensions and
metal–organic inks have been tested with the aim
of replacing organic binders. Additionally, some
studies regarding metal matrix composites (MMCs;
TiC–Steel, WC–Co, SiSiC and others) have been
carried out.

BJ process features and parameters effect

Considerations about powder feedstock for
BJ-AM

The availability of commercial metallic powder for
metal AM is increasing day by day. Currently, at least
29 common alloys are available, including aluminium,
stainless steels, nickel-based alloys, cobalt-chrome and
titanium [16]. Powder characteristics, like particle size
distribution (PSD), morphology and porosity strongly
influence the powder performance properties, like
powder packability and flowability, and thus the feasi-
bility to obtain high-quality powder layer and hence
final part homogeneity and properties. An incomplete
understanding of the effect of the powder character-
istics in the whole process may lead to undesired
final part properties [16].

Nowadays, there are multiple metal powder manu-
facturing processes that give powders with different
characteristics. Conventional metal powder used in
some PM processes, usually water atomised and with

irregular shapes, are not suitable for AM purposes
due to poor self-compacting capability and low
flowability [6]. In contrast, powder used in AM should
be the most spherical shaped possible in order to
achieve adequate process performance and thus better
part properties. Almost all recently published works in
BJ-AM area have used Gas Atomized (GA) powders, as
they are a reliable and relatively cheap feedstock.
Differences between Water Atomized (WA) and GA
powders for BJ-AM were studied and reported [17],
concluding much better performance and part den-
sities for GA ones. Also, PREP titanium powders
have been tested in BJ [18,19].

Powder selection and characterisation
Powder selection for BJ-MAM implies the well under-
standing of the whole manufacturing process. On one
hand, the used powder should be easily processable
in order to assure higher process stability and robust-
ness, as well as homogeneous powder bed and part
properties. On the other hand, the powder should
facilitate the sintering process.

The main issue is that powder characteristics that
improve its processability penalise its sinterability,
and vice versa. Therefore, the correct selection of pow-
der material is not an obvious task. A huge amount of
information and powder properties must be con-
sidered, and for this reason, the use of correct powder
characterisation parameters and techniques is a key
point to achieve a reliable, controllable and repeatable
AM process.

Current efforts for standardising AM powder
characterisation can be seen in the recent ASTM
F3049-14 ‘Standard Guide for Characterizing Proper-
ties of Metal Powders Used for Additive Manufactur-
ing’. Nevertheless, there are some standardisation
needs for AM that are currently under discussion.
These are, for example, [20], the machine-to-

Figure 5. Research document amount about binder jetting metal additive manufacturing reported in the literature.
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machine or day-to-day variability, the specific need
of powder characterisation methodologies and issues
regarding raw material reusability. The relation
between characterisation parameters and powder
performance is quite complex as there are multiple
interactive effects [21], as shown in Figure 6. There-
fore, powder parameters substantially influence some
key factors that must be well understood and opti-
mised [21]:

. Powder flow behaviour for sufficient and consistent
feeding/spreading.

. Powder packing for maximum layer density.

. Particle porosity that affects sinterability and final
part density.

. Impurity levels that affect final part mechanical
properties.

Powder density, morphology and PSD
Along with particle morphology, PSD may be the most
important factor or parameter to consider for under-
standing general powder behaviour or processability
in BJ-AM. The packing density of the powder bed in
BJ will be absolutely influenced by the correct selection
of powder or powder mixtures with appropriate PSD.
Powder bed density has been found to be often between
powder apparent and tap densities on powder bed-
based AM technologies [22–24]. Since the layers are
created with little or none compaction force, the appar-
ent and tap density play an important role in the pow-
der bed characteristics. BJ requires special attention as
finer powder is often used comparing with other AM
methods. Fine powders are more active in sintering,
as there is more surface interaction between particles
per volume. Nevertheless, the interparticle friction is

also increased, which promotes the particle bridging
and agglomeration. These phenomena decrease pow-
der packability [25] and flowability. Therefore, powder
tap density, whose determination is gathered in ASTM
B527 standard [26] is also used to determine the
powder bed packing capabilities, as it will be the
maximum attainable packing level of the powder bed.
Some researchers report that tap and bulk density
measurement methodologies have high dependence
on experimental procedures and propose dispersed
density called technique as a high reproducibility
method which does not induce any powder compac-
tion [27].

Another relevant parameter is the powder or skeletal
density, usually measured with inert gas pycnometry
[28], that analyses particle inner porosity, possible
cracks, satellites and also phase composition of the
material or alloy content, as density depends on poss-
ible alloying elements of the metallic material. How-
ever, the accuracy of the process depends on the used
material and operation parameters and can vary
between 0.02% and 0.1%, making it a non-easily repea-
table process [29].

The PSD will strongly influence the achievable pack-
ing density of a powder. Wider PSD gives higher pack-
ing densities compared with narrower PSDs [25]. For
large powders, in fact, the packing density is only func-
tion of PSD and particle shape and independent of par-
ticle sizes [30]. This statement is not valid for fine
powders, where the interparticle forces are dominant
in powder packing. Bimodal powder mixtures are effec-
tive means for increasing packing density. Some theor-
etical and experimental studies conclude that at higher
particle size ratio of the mixture, higher packing den-
sity can be obtained. As can be seen in Figure 7, this
relation is increased if coarse particle weight per cent
is in between 55% and 75% [21,30]. However, these
studies were carried out assuming perfectly spherical
particle shapes and may have some uncertainty com-
pared to real powders. Nevertheless, thanks to the
ongoing increase in computational power and software
optimisation developments, particle packing simu-
lation software may provide a practical tool for future
research or studies for AM [31–35].

As mentioned before, particle morphology will
strongly influence the powder packability and flow
behaviour. Irregular or non-spherical particles, due to
the higher interparticle friction, exhibit lower random
packing density [25]. Therefore, the green density of
printed parts is also affected and thus sintered part
density and shrinkage [36]. There are not specific stan-
dards or guidelines for AM particle shape measuring,
but there exist some national standards that describe
and characterises powder particle shapes. An example
of powder shape characterisation according to Russian
GOST 25849 is shown in Figure 8(a) [37]. Additionally,
X-ray computed tomography and scanning electron

Figure 6. Powder typical characterisation methods and its
relationship with powder performance. Adapted from [21].
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microscope (SEM) are commonly used for particle
shape determination purposes.

Powder rheology
Flowability of powders is one of the main concerns in
BJ-MAM as it will determine the suitability of the pow-
der processability. The current trend in BJ is to increase
final part densities and to this aim very fine powders,
bimodal mixtures or sintering additives are being
used. Fine powders, despite their adequacy for

sintering purposes, tend to agglomerate affecting their
spreadability and flowability and are challenging to
process [38].

Traditionally, a Freeman rheometer has been used
for determining powder dynamic properties [39].
Despite its robustness, the measurement of powder
avalanche angle and surface fractal measurement
with powder rotating drum analyser may be a better
way to characterise powders for AM [40,41]. Due to
the powder flow similarities between rotating drum

Figure 7. (a) Comparison of McGeary and DEM simulations of theoretical packing densities of bimodal powder mixtures [21] and (b)
variation of packing density with size ratio and composition of binary mixtures with log-normal size distributions [30].

Figure 8. (a) Powder shapes according to GOST 25849 and (b) different powder batches: (a) gas atomised In718; (b) chemical
reduction Fe; (c) gas atomised Ti64; (d) plasma atomised Ti64 and (e) mechanically alloyed Fe–Cr–Ni–Mn alloy [37].
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rheology analyser and powder bed-based AM technol-
ogies, one can have a precise idea of powder flow
behaviour under AM process conditions.

Nevertheless, these methodologies are not yet exten-
sively used for BJ-MAM purposes, maybe due to the
lack of consistency in flowability standards for AM.
Thus, more extensively used qualitative indexes for
measuring the flowability and packability of powders
are the Hausner ratio and Carr indexes, which give a
cheap and fast preliminary idea of powder behaviour.
Although both indexes have been criticised for lack
of theoretical basis and for being uncomplete method-
ologies for the correct characterisation of powder
flowability for AM purposes [39], they give an empiri-
cally tested accurate qualitative value of powder proces-
sability [42–44].

Table 1 shows some data from the study of the influ-
ence of bimodal size powders in BJ performed by Bai
et al. [45], in which the Hausner ratio is calculated for
different Cu powder and their mixtures. As it can be
seen, some powder mixtures have improved flowabilities
compared to the monomodal powder. This means that
higher packed powder bed can be obtained without, in
some cases, penalising the powder processability.

Powder feeding and layer building

Powder feeding refers to the printing stage where pow-
der material is deposited and conditioned to properly
form the powder bed layers. In this phase, the powder
recoating system builds up a new powder layer on top
of the powder bed. In general, there exist two different
recoating systems: Parallel deposit/powder bed and
Hopper recoater. In order to enhance the sintering
activity, finer powders are preferred for BJ-AM. Fine
powders processing is usually challenging as fine par-
ticles tend to agglomerate [25]. The application of
vibration reduces powder bulk strength and the wall
friction, substantially increasing the ability of the
material to flow [46]. Thus, Hopper recoaters, which
usually incorporate vibration systems, are more suit-
able for fine powder processing.

The powder spreading system is commonly a coun-
ter-rotating roller or a doctor blade. Counter-rotating

function of the roller is to fluidise the powder material,
decreasing the shear forces in the previously processed
layers and allowing better packing of powder particles
[47,48]. Some new approaches also include ultrasonic
vibrating rollers and double smoothing techniques
that increase obtained green densities and decrease
powder layer defects [49]. With the doctor blade, as
the powder is not fluidised with blade-spread systems,
usually ultrasonic vibrating blades are used for shear
stress-reducing purposes. The reduction of adhesive
interaction between the blade and fine cohesive pow-
ders has been found to improve layer uniformity [50].

The main parameters that rule the recoating stage
are the powder supplying system parameters (depends
on the system), layer thickness and roller motion
(roller traverse speed and roller rotation speed).

Crack formation during the printing of the first
layers has been reported due to layers displacement
by the roller shear forces. For this reason, roller trans-
lation and rotational speed decreasing is recommended
for solving this issue [51]. Although lower spreading
speed could significantly increase the printing time,
higher powder spreading speed would decrease powder
uniformity and packing density [52]. It is important to
remark that finer particles will require slower spreading
speeds for the correct setting of the powder bed [53,54].
At the end, the powder bed density determines the final
part density. Poor flowability fine powders, although
they are more active during the sintering process, result
in low density and non-uniform powder bed and the
consequent achievable final sintered densities [55].

Additionally, it has been found that the dimensional
accuracy of printed parts varies for parts located in
different zones along the printing area [56]. Parts
located near to the feeding zone (first area where roller
goes through) have better dimensional accuracy than
parts located on the opposite side. Note that this
phenomenon may not occur in BJ machines with hop-
per-based recoaters instead of foot or parallel powder
bed feeding systems.

Green part strength, although closely correlated to
binder saturation level (BSL), is also directly influenced
by the powder feeding amount. With higher powder
excess level during layer formation, the roller induces
higher compacting forces when it spreads the powder
[57]. Also, the increase of spread speed or transverse
roller speed will decrease the green part strength due
to the loose of uniformity and powder packing
[52,53]. Sang-Joon John Lee [58] also concluded that
thinner layer spacings, thicker powder excess levels
and high vibration levels of the counter-rotating roller
contributes to raise the packing density of the powder.

There is not a specific rule that correlates the pow-
der particle size and process layer thickness. As it is
obvious, the minimum layer thickness should be at
least thicker than the diameter of the larger particles
presented in the powder feedstock. In Figures 9 and

Table 1. Properties of bimodal powder mixtures compared
with initial powders used in copper BJ [45].
Fine
D50
(µm)

Coarse
D50 (µm)

Weight
ratio (fine/
coarse)

Relative loose
powder

density (%)

Relative tap
powder

density (%) HR

5.5 – – 41.7 55.6 1.33
17 – – 52.9 65.1 1.23
30 – – 48.5 60.8 1.25
77 – – 56.1 64.9 1.16
5.5 17 0.37 54.6 67.4 1.23
5.5 17 2.7 47.3 60.5 1.28
5.5 30 0.37 53.7 63.9 1.19
5.5 30 2.7 54.4 61.2 1.12
17 77 0.37 59.7 66.9 1.12
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10, a guidance data relating average powder particle
sizes and process layer thicknesses used in recent
BJ-AM developments are presented, as well as this par-
ticle and layer size relation with obtained final part
density.

As it can be seen in Figure 9, research works reflect
the broad range of materials, used powder sizes and
usable layer thicknesses in BJ-AM. Thicker powder
layers will permit to decrease process time, while thin-
ner powder layers allow processing very fine powders
with lower surface roughness and higher part qualities
and accuracy [59]. For example, 1 µm-sized Barium
Titanate powders were successfully printed using
30 µm layer thickness by Gaytan et al. [60]. Addition-
ally, thinner layer thicknesses increase part surface
quality, decreasing surface roughness due to the
smoothing of staircase effect phenomena [59,61]. As
shown in both Figures 9 and 10, to this day there is
not a direct correlation between used layer thickness/
particle size and achieved final part density, as the
influence of some other factors like sintering cycle
and material chemistry is not considered. However,
based on the research work data, most used layer thick-
ness/particle size ratios lie between 3 and 6, as shown in
Figure 10, deducing that this is the appropriate value
range for adequate material processing in BJ.

Binder deposition, layer drying and binder
curing

Print-head deposits binder droplets onto the surface of
the previously formed powder layer. The leading print-
ing parameter of this stage is the BSL. The BSL defines
the deposited binder amount by the print-head, which
is related to the packing density of the powder bed. In
other words, the BSL (measured in percentage) is
defined as the ratio of binder volume to the pore
volume in a predefined envelope of powder bed [62].

The BSL directly depends on the print-head drop-
on demand system capacity, that is, on fixed droplet
volume print-heads or adjustable droplet volume
print-head. This will determine both the minimum
attainable BSL and the droplet overlapping or overlay-
ing mechanisms for reaching higher BSLs [54]. This
parameter is of great importance as it will influence
the printed part accuracy, surface quality, green part
strength and thus part handling capacity. Therefore,
the correct set of BSL is critical for the correct process
performance.

Binder–powder interaction
Some BSL theoretical models have been developed and
experimentally tested for better comprehension of bin-
der permeation and for determining the equilibrium
saturation conditions. Results determine that the equi-
librium conditions of the binder permeation are predo-
minantly influenced by the capillary pressure [62,63].
Nevertheless, the binder interaction with powder sur-
face is difficult to measure due to the existence of
internal microscopic surface along the powder particle
which is not wetted by the binder and thus will overes-
timate the optimal saturation level of the theoretical
model. Also, the real drop penetration area does not
fit with the drawing area of deposited binder drop
[64] thus introducing another possible mismatch in
desired BSL and the real one, as well as affecting the
printing resolution.

Further binder drop/powder bed interaction studies
show the importance of achieving a closely packed
powder bed to avoid macro-voids, generated from
the heterogeneous packing of loose powder. Those
macro-voids do not participate in liquid flow with
the consequent inhibition of liquid path [65].
Additional research work that studies the energetic
interaction between droplets and powder bed [66],

Figure 9. Relation between layer thickness and particle size, obtained from literature data.
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and drop impact and its influence on liquid penetration
driven by 3D simulations [67], shows the high com-
plexity and the long way to go in terms of analysing
and optimising the binder deposition onto powder
bed substrates.

A lot of research works reported crater and groove
formation on powder bed surface due to binder drop
deposition in BJ-AM. These defects lead to a higher
interlayer porosity [45], less surface quality and lower
green part strength. In fact, the dynamic binder–pow-
der interaction analysed by high-speed synchrotron X-
ray imaging, revealed a sub-surface movement and par-
ticle ejection due to the binder droplet impact that
could potentially increase porosity in printed parts
[68]. Also, it was observed that for fine particles, con-
secutive binder droplets coalesce forming large
agglomerates that may interfere with the consecutive
powder layers generating defects [68].

Additionally, some research work in powder granu-
lation area may suggest the potential feasibility of using
liquid foam droplets instead of liquid droplets due to
the improved liquid distribution efficiency and liquid
usage in loosely packed powder beds [69].

BSL influence in part quality and dimensions
Miyanaji et al. [70] reported a linear correlation
between printing speed and dimensional accuracy in
Y-direction, which is the direction parallel to print-
head motion and binder deposition. Also, part dimen-
sional accuracy in X-direction seems to differ from the
Y-direction accuracy, mainly due to the asymmetric
droplet deposition and different shear forces involved
in consequent powder layer spreading. Additionally,
as higher printing speed results in printed part volume
increase, the equilibrium BSL decreases for the same
binder amount used deteriorating the printed part
mechanical strength. Also, higher expansion rates in

Z direction than in X and Y building directions were
reported due to binder bleeding and sticking [71].

Furthermore, BSL was determined to have a direct
relation with part surface quality as reported by Chen
and Zhao [59]. Lower saturation levels lead to a lack
of bonding between powder particles and thus particles
detach from the printed part. On the other hand, too
high saturation levels permit an excess of powder
bonding to the surface, leading to a poorer surface
quality. Therefore, an equilibrium BSL must be set in
order to obtain optimum surface quality. Nevertheless,
higher BSL increases green part strength and thus part
integrity while it is handled [53,56]. Thus, optimum
BSL for surface quality improvement may not assure
a minimum or optimum green part strength.

Inkjet problems in BJ may manifest depending on the
part orientation during manufacturing producing visual
differences on the product surfaces, caused by powder
particle disposition among the surface and the projec-
tion of ink droplets on the oriented surfaces of products.
Gardan [72] performed a printing characterisation and
texture quality improvement, fabricating test specimens
for visual observation, image processing and texture
quality analysing with pixel scanning aided by a compu-
ter software. The author demonstrates that samples
printed in XY plane had better quality regarding texture
contrast and quality. Also, image contour correction
algorithms were developed for better quality and
image contour accuracy for inclined plane profiles.
The research thus proposes an approach able to improve
the texture quality in BJ in all manufacturing directions.

Binder systems
Many different binder types are now being tested and
used in BJ. Ethylene glycol (EG) based binders are
maybe the most extendedly used ones. Their excellent
water solubility, inexpensiveness, long-lasting and

Figure 10. Relationship between final part density and layer thickness/average particle size relation, obtained from literature data.
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burnout properties make it appropriated for BJ-MAM
[73]. Sometimes, BJ machine builders offer its proprie-
tary formulation binders for MAM (as can be seen in
Table 2), although the main binding component is
usually diethylene glycol (DEG), EG or ethylene glycol
butyl ether.

The use of the appropriate binder is essential to
ensure good part green strength. This will allow the
manipulation of green parts after the curing stage with-
out damaging them. That is not completely true since
the selection of powder particle size is sometimes
much more determinant than binder composition.
Towards improving green part integrity, a research
work developed by Kathy Lu et al. [92,93] determine
that smaller powder particle sizes improve green part
strength, due to the reduced binder spreading rate vari-
ations, and the faster and the better binder spreading
due to the higher capillarity forces. Nevertheless,
the selection of binder system for BJ is critical as it
determines the success of creating satisfactory green
parts and affects the final properties of the sintered
parts [94].

Despite the reliability of polymer-based binders for
BJ-AM purposes, they inherently imply certain com-
plexities to the manufacturing process, as listed below
by Bai et al. [94,95]:

. Debinding of polymer binders typically require
refined sintering profile to facilitate polymer pyrol-
ysis and degassing.

. The pyrolysis of polymer binder could leave residual
carbon, which could affect the purity (and thus
mechanical, optical and electrical/thermal proper-
ties) of the final part.

Although binder residuals are in general not desired
due to the degradation that may cause on final part
properties, for some purposes, binder residuals are of
great importance. For example, during the fabrication
of BJ-AM high-performance composites of Ti3SiC2,
dextrin-based binder residual carbon was used to
form reactions with both Ti and Si [88]. Also, sili-
cone-based resin green part infiltration, along with
dextrin binder, allowed to successfully fabricate SiSiC

Table 2. Commonly used binder systems and curing cycles in binder jetting.
Binder Material Curing temperature (°C) Curing time Reference

EGBE/IPA/EG 316 195 2 h [74]
EGBE/IPA/EG 420 195 2 h [74]
EG/DEG 316L + 316L nano 200 2 h [75]
ExOne LB 04 420 + Cu nano 200 2 h [76]
N.A. 316 175 3 h [15]
PM-B-SR1-01 ExOne 420 + Si3N4 170 2 h [77]
DEG Glass iron 200 2 h [78]
PVA/IPA Metal oxides Infrared lamp 20 min [79]
PVA/PVP Ti Air dried 24h [80]
ZB60/3D Systems Ti Air dried 1h [51]
PM-B-SR1-04 ExOne Ti + Al 200 2h [81]
EGME/EG ExOne In 625 175 N.A. [82,36]
EGME/EG ExOne In 625 175 N.A. [83]
N.A. In 718 80 2h [38]
DEG ExOne In 718 N.A N.A. [84]
PM-B-SR1-04 ExOne Cu 190 2 h [85]
PM-B-SR2-05
ExOne

Cu 190 2 h [45]

ProMetal R-1 ExOne TiC + Ti 200 N.A. [86]
Dextrine/Glycerine Si/SiC Air dried 24 h [87]
Dextrine/Glycerine Ti₃SiC₂ Air/70 24 h/24 h [88]
DEG aqueous NdFeB 100–150 4–6 h [89,90]
Polysaccharide based starch Si N.A. N.A. [91]

Table 3. Summary of the main advantages and disadvantages of different binder systems for BJ-AM [95].
Binder/Ink type Advantages Disadvantages

Polymeric . Compatibility
. High green strength

. Pyrolysis and residuals

. Curing process usually required

Metal particle suspension . No residuals
. No curing process required

. Particle sedimentation and nozzle clogging problems

. Particle dispersion difficulties

. Oxidation of nanoparticles

Metal salt . Clogging risk reduction
. Ink shelf life increasing

. Metal content limited to salt solubility

. High temperatures and reducing atmospheres for metal salt
reduction

Metal organic
decomposition

. Lower metallisation temperature than metal
salts

. Control of precipitated particle size

. Improved solubility

. Limited metal content

. Low green part strength
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composites thanks to inter-reactions of carbon
residuals, Si-O–C residuals and Si and α-SiC powder.

Some recent works have also explored the use of
different kind of solutions away from polymeric bin-
ders, like the use of metal nanoparticle suspensions
[75,94,96,97], metal oxide precursors [79,98], metal
salts and more recently metal organic decomposition
(MOD) inks [95]. The overall advantages and disad-
vantages of each binder are summarised in Table 3.

These different binder approaches require further
studies to a better understanding of their performance.
For example, recent efforts made by Bai et al. [99]
studied the interaction effect between powder bed
and nanoparticle suspension binder, in order to under-
stand the effect of nanoparticle load on BJ process fea-
ture resolution and its wettability and spreadability on
powder beds built with different powder particle sizes
and distributions.

Binder drying and curing
After the binder deposition stage, a heater lamp passing
over the powder bed dries previously printed part layer.
Lamp parameter control, like power and drying time
will directly impact on the printing process perform-
ance. Too high drying temperatures or drying times
could promote the part slice cracking during the next
powder layer spreading due to the shear forces created
by the roller and the fragility of excessively dried layer.
On the other hand, too low temperatures or drying
times may cause part layer peeling off from powder
bed and sticking to the roller. Also, for part shrinkage
rate in both Z and Y axes, drying time has been
found to be the most influential factor according to
Chen and Zhao [59]. Too long-time drying times
lead to higher green part shrinkage due to binder soli-
dification while very short drying times leaves higher
porosity and higher shrinkage after the sintering pro-
cess. Therefore, drying time plays a critical role both
in process correct performance and final part
properties.

Miyanaji et al. [52,53] realised that higher heating
power cure the deposited binder before it completely
joins the particles in the specified area, on the other
hand, low heating power leads to insufficiently cured
binder, which consequently results in part accuracy
deterioration. Moreover, and in line with the results
obtained by Chen and Zhao [59,61], the BSL does
not seem to have a significant effect on the accuracy
or shrinkage of the parts. Also, higher drying times
would over-cure the binder which results in week
bonds between the successive layers, and consequently
decreasing the dimensional accuracy of the parts. Fur-
thermore, the interaction effect of the power level and
drying time should always be considered when setting
process parameters down, as well as the
interaction between binder saturation and spread
speed [53,54].

Drying is not usually enough to properly evapor-
ate binder carrier solvent or water, neither for curing
binder polymer itself. This also depends in used bin-
der type. In some cases, organic solvent-based ther-
moplastic polymer binders are used, where no
post-curing processes are required [79,80]. In other
newer approaches, the layer drying lamp is upgraded
to reach higher temperatures and sintering nanopar-
ticle-based metallic suspensions instead organic bin-
ders [94], as mentioned before. Nevertheless,
usually water-based or organic solvent-based thermo-
set binders are used to print metallic parts. Thus,
once all forming slices of the part are printed, the
resultant powder volume set is removed from the
BJ machine and inserted in a low-temperature binder
curing oven. The curing time and temperature will
directly depend on the used binder system, printed
part geometry, part wall thicknesses and the
volume of the powder bed or height of the printed
job-box.

Part consolidation stage in BJ

Binder jetted part consolidation is carried out by a sin-
tering stage, in which powder particles are bonded into
a coherent, predominantly solid structure via mass
transport events that often occur on the atomic scale,
leading to improved strength and a lower system
energy [100]. Along with sintering, a previous binder
burnout stage is performed, mainly in the same ther-
mal cycle. An absence or a badly traced binder burnout
cycle will probably leave residues within the part that
can diffuse or react with the metal powder, promoting
the creation of non-desirable phases and thus radically
changing expected part mechanical, thermal or optical
properties.

All powder structures prior to sintering are inher-
ently porous. In the case of BJ, where powder particles
are packed almost without the use of external forces,
the solid volume fraction of the packed and printed
powder parts is usually below 0.6. Low green part den-
sities will lead to high shrinkages for a certain level of
part densification, thus this issue must be considered
for BJ-MAM process and part design.

Common sintering mechanisms for BJ-MAM,
which depend on used alloy system and thermal cycle
characteristics, range from solid-state sintering to
infiltration sintering. Attaining full density is difficult
and, in many times, is not necessarily a guarantee of
satisfactory properties. Moreover, green part fabrica-
tion process through BJ gives poorly consolidated
and low packing density parts, thus enhanced sintering
techniques, specially alloyed materials, sintering aids or
consolidation post-processes will be necessary if high-
density parts are required.

For example, Boron-based additives (pure B, BC
and BN) or silicon nitride can be used for improving
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316L or 420 stainless steels sintered density
[74,101,102], as well as bronze as an infiltrant to cre-
ate pore-free metal composite [78,103]. Due to their
high alloying element content, superalloys are suscep-
tible to sinter under supersolidus liquid phase sinter-
ing (SLPS) mechanism, and thus near-full densities
can be obtained in BJ parts with the correct selection
of sintering cycle [38,82,84]. Hot Isostatic Pressing
(HIP) also is an interesting technique for reaching
high densities in BJ-AM [104–106], although it
involves an additional thermal cycle which increases
process cost. For some other developments involving
cemented carbides or ceramic preforms, liquid phase
sintering [107] through a sinter-HIP or infiltration
sintering [86,87] are well-suited mechanisms for
obtaining near-full dense parts.

Additionally, the use of bimodal powders permits
creating higher packed BJ printed parts and thus
improving both sintered density and thermal cycle
efficiency. Since the more contact area among particles
creates more diffusion paths than in monosized particle
systems, the total energy amount required for reaching
the same density decreases [55].

Nevertheless, not all the developments in BJ require
high part densities. Low sintering temperatures permit
creating interconnected porous network [80], which
along with a lattice part design, makes BJ-AM an inter-
esting process for implantology or other medical appli-
cations [15,18,19,80].

Despite the sintered density of a final part depends
on many different and independent factors, like sinter-
ing cycle, green part particle packing ratio, material
composition… etc., particle size is directly linked to
part sinterability and thus achievable final densities
[100].

Figure 11 shows reached the final part relative den-
sity versus used powder average size in some BJ-MAM
studies. Highest relative densities are achieved in parts

fabricated under an infiltration sintering process, as the
infiltrant flows within the open pore network leaving
almost zero porosity. The optimum particle size for
infiltration purposes may depend on the desired final
composition and required capillary flow properties
for the infiltrant material. SLPS-sintered samples pre-
sent near-full densities by using relatively small particle
sizes between 7 [84] and 35 µm [17]. The final density
variation for a specific material at a particular particle
size is related to the differences on BJ process par-
ameters and sintering cycles. Thus, both Figures 11
and 12 just present a preliminary guidance of the
relation range between some process parameters and
part properties.

Regarding sintering temperature ranges used for
binder jetted parts, and according to [108], almost all
the studies remain between 0.8 and 1 Ts/Tm, where Ts
refers to sintering hold up the temperature and Tm

refers to each alloy melting point or solidus tempera-
ture, shown in Figure 12. Data points in which Ts/Tm
relation exceeds the unit value are associated to infiltra-
tion sintered case studies. It is worth mentioning that
final density disparity for same material relies in used
powder particle size and printing parameter
differences.

Despite the high printing resolution and complex
part building capacity of BJ technologies, one of the
main concerns is the relatively high shrinkage that pre-
sents near-fully densified parts, as shown in Figure 13.
This could lead to part warping and collapse during
sintering process. Also, attaining high final part dimen-
sional accuracies could be a handicap due to the incon-
sistency of powder bed density along the printing
volume. Zhao and Wang [71] reported that sintering
temperature, rather than sintering time or heating
rate, has the major influence on shrinkage for sintered
BJ printed parts. Figure 13 provides a perspective view
of shrinkage ranges related to final part densities that

Figure 11. Relationship between final part relative density and powder average particle size, obtained from literature data.
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one can face when sintering BJ-AM parts. Data from
recent research works show that near-full dense part
linear shrinkages in Z direction vary between 15%
and 25%, depending on the used material character-
istics and sintering cycle.

Materials and properties

Iron-based alloys

The low packing density of powder bed is an inner
characteristic of BJ process, which implies low final
density in sintered parts in many cases. Although for
some applications this could be a limitation, porosity
is a desired characteristic in tissue engineering. For
this reason, and also for the capability of using a
wide variety of different materials, BJ is now widely
being explored as a feasible solution for bone tissue

applications [15] and controlled porosity components
development.

As mentioned before, one of the main concerns is
the porosity control and customisation of sintered
parts. To this aim, Verlee et al. [109] analysed the
effect of powder particle sizes and sintering tempera-
tures on final part density, porosity characteristics
and permeability. Six different powder batches were
tested, with particle sizes ranging from spherical D85
< 22 to 45–90 µm non-spherical powders. Printed
parts were sintered during 90 min under temperatures
ranging from 1200 to 1430°C. Along with sintering
conditions, used particle size and morphology deter-
mined obtained pore size and size range, and thus
part permeability. The increase of particle size
decreases the densification factor, leaving more open
porosity and larger pore sizes. Moreover, non-spherical
powder particles led to lower powder bed packing and

Figure 12. Final part relative density and sintered temperature for different materials processed with binder jetting, obtained from
literature data.

Figure 13. Final part relative density and part shrinkage for different materials fabricated with binder jetting.
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thus to more porosity after sintering. Also, the rough
porosity paths left by sintered non-spherical particles,
promotes higher fluid pressure loss and thus decreases
the permeability comparing with sintered spherical
powders of similar sizes.

In a further study, Ziaee et al. [110] carried out an
experimental procedure with 316L stainless steel fine
powder to create parts with varied final density and
controlled shrinkage levels. Two different powder
batches were prepared starting from the <22 µm 316L
raw powder: agglomerate powder with agglomerate
particle size between 25 and 45 µm, and mixtures of
stainless-steel powder and polyamide (PA) powders
with an average particle size of 55 µm, mixed in
different volume ratios. Samples were sintered for
60 min in an Ar/H2 atmosphere furnace at 1360°C.
The mixtures containing PA were previously processed
at 800°C to burn out PA from the part, to create inter-
connected porosity after sintering process, as shown in
Figure 14.

Results showed a close relationship between pow-
der bed density and sintered density. Both raw pow-
der and agglomerated powder samples with similar
spreading densities (near 56% relative density)
showed similar sintered densities (near 93%), while
42% relative powder bed density samples showed
final sintered densities of 77%. Authors explained
that this may be because the shredding of the
agglomerates caused by the roller, increasing powder
flowability and packability. Nevertheless, a post-
printing sieve analysis detects that only less than
10% powder was under 25 µm, and thus agglomerate
breaking phenomena did not occur.

Dimensional shrinkage in three directions was also
analysed. It is remarkable that in all the parts the
shrinkage in Z direction was much higher than in
both X and Y. This suggests that there may be more
porosity in between layers and/or that there exists a
higher shrinkage due to gravity forces during sintering.
Similar shrinkages are obtained in PA/Steel mixtures,
despite obtained less sintered density of 63–66%.
Also, the obtained shrinkages between different PA/
Steel mixtures are independent of PA content. These
results suggest the development of a process where
parts with internal varying porosity can be fabricated
without penalising process dimensional accuracy,
with customised heat transfer or fluid permeability
properties along the same part.

In another study, many cylindrical scaffolds with
different lattice shapes and sizes were built by Vanga-
paly et al. [15], testing final part densities, shrinkages
and compressive strength to compare with natural
human bone mechanical properties. In this preliminary
study, printing parameters were fixed and only sinter-
ing parameters were set as varying parameters to com-
pare the obtained results. Results concluded that the
fabrication of customised properties scaffolds is poss-
ible varying the lattice structure and sintering par-
ameters. In this case, scaffolds with 2-mm circular
lattice structure and sintered in Ar atmosphere at
different temperatures and times reached human corti-
cal bone properties, that is, 100–140 MPa compressive
strength, modulus of elasticity between 0.8 and 1.8 GPa
and densities (relative to the entire scaffold) between
1.8 and 2 g/cc. Also, sintering temperature has more
influence in shrinkage than sintering time.

Figure 14. Porosity of the sintered parts made of (a) raw 316L feedstock, (b) powder agglomerates and (c) and (d)316L + PA mix-
tures, showing an interconnected porosity [110].
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Nevertheless, the authors explain that further investi-
gations should be performed to ensure the feasibility
of BJ for this kind of applications, testing fabricated
parts biocompatibility and wear resistance.

In line with the previous study, Tang et al. [111]
developed a numerical method to calculate elastic
modulus of 316 SS lattice structures made with BJ tech-
nology. The method, based on equating the elastic
strain energy of a heterogeneous representative volume
element with the elastic strain energy of homogeneous
material, was successfully validated with samples sub-
jected to compressive and three-point bending tests.
Lattice samples were fabricated following Chen and
Zhao [59] recommended parameters obtained from
DoE and ANOVA analysis for process optimisation.

Obtained elastic modulus results, shown in
Figure 15, were lower compared with other parts fabri-
cated with other MAM technologies like PBF-L or
PBF-EB, due to the inner porosity of BJ process that
left lattice walls less densified. Also, as fabrication pro-
cess was designed to minimise part shrinkage, density
of the green part does not increase substantially during
sintering process. This can be appreciated in Figure 16.
However, as it was said before, this could be an advan-
tage for tissue engineering applications. Those

micropores on lattice struts enhance the nutrient diffu-
sion during the cell culture process.

Other attempts to fabricate metallic cellular
materials was made by Williams et al. [79], from
chemical reduction of metallic oxide precursors. In
this case, iron oxide, nickel oxide, cobalt oxide and
metallic molybdenum powders were mixed in order
to obtain maraging steel after reduction and sintering
of printed parts. Spray-dried 30 µm granules were cre-
ated with PVA and 1–5 µm particle size oxide powders,
and a PVA solvent was used instead a binder in the
printing process. Printed parts oxides were reduced at
850°C for 6 h and then were sintered at 1300°C for
3 h. Complete reduction of the oxides led to maraging
steel, with a relative density of 81% and 9% of open
porosity, with 45% or linear shrinkage.

Although controlling part porosity for certain appli-
cations may in fact be of great interest, obtaining high-
density parts is most probably the principal handicap
of binder jetted parts. To this aim, infiltrating the
part with another metal with a low melting point is
the most common method. However, some other tech-
niques are currently being studied towards reaching
fully densified parts, like nanoparticle jetting or sinter-
ing aid addition.

One of these attempts for improving part final den-
sity was studied by Do et al. [74]. In this case, three
different boron-based sintering additives (pure B, BC
and BN) were mixed with 316 and 420 stainless steel
bimodal particle size distribution powders. Cubic
samples were printed and sintered at different tempera-
tures and with different additive weight ratios, in order
to optimise the part manufacturing process to the low-
est sintering temperature and lowest additive content
along with highest densification and lowest shrinkage
levels.

Among the performed first attempts of experiments
carried out at 1250°C in Ar atmosphere, the mix of 420
SS (30 and 6 µm average particle size powders in 60:40
weight ratios) which has 0.5% of Boron Nitride as addi-
tive reached the highest relative density of 95.63%. Sin-
tering with 0.5% B or BC resulted in the extensive

Figure 15. Mechanical properties of fabricated Lattice structures [111] compared with numerical model forecasting.

Figure 16. SEM image of a lattice structure fabricated with 316
SS in BJ, where wall porosity is easily appreciated [111].
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liquid formation and thus shape distortion while den-
sity did not experience a substantial increase. It was
also observed that, higher sintering temperatures do
not improve substantially the density but generate
more distortion. On the other hand, surface quality
experienced substantial enhancement reaching Ra of
3.72 µm, compared with the Ra of 18.46 µm obtained
with just 420 SS powder of an average particle size of
30 µm. Additionally, sample density was increased by
sintering in vacuum furnace, reaching near 99% with-
out appreciable shape distortion. Accomplished hard-
ness measurements conclude that produced parts
have attained same hardness values that the same
material produced by traditional methods.

Since the oxidation is proportional to the total sur-
face area of the particles, the use of very fine 316 SS par-
ticles (batches with average particle sizes of 14 and
4 µm) did not help reaching densities as high as in
420 SS samples. During the binder burnout cycle, the
surface of 316 SS was extensively oxidised. However,
looking at the results, full densifications in both mar-
tensitic and austenitic stainless steels may be reached
with the correct tuning of BJ process and using redu-
cing sintering atmospheres.

Following on with sintering aids matter, Yongha
Kim et al. [77,102] investigated the effect of Silicon
Nitride (Si3N4) sintering additives to 420 stainless
steel powder; 35 µm mean particle size steel powder
was used along with 2 µmmean size silicon nitride par-
ticles, mixed in different weight ratios. L-shaped and
rectangular-shaped samples were printed to analyse
dimensional changes and tensile properties after sinter-
ing. Samples were sintered at different temperatures
and sintering times. Results show that part density
increases with the increase of Si3N4 content and
increase of sintering temperature, due to liquid sinter-
ing mechanism. However, exceeding 12.5 wt-% of
Si3N4 leads to highly distorted final parts. Authors
determine that the optimal experimental factors
under the point of view of density, shape conservation
capability and mechanical properties were 12.5 wt-%
Si3N4 content and sintering at 1225°C for 6 h.
Obtained densification of those parts was 95%, with a
volumetric shrinkage near to 45% and modulus of elas-
ticity close to 200 GPa.

Other attempts towards the full densification of SS
parts were made exploring the effect of nanoparticles.
Two preliminary studies have been performed by
Elliott et al. [75,76]. In the first one, SS 316L nanopar-
ticle suspension was deposited on top of pre-sintered
SS 316L binder-jet puck samples, and then totally sin-
tered. EG and DEG water-based binder with different
pH and polarity were designed to analyse the nanopar-
ticle dispersion and carrying capabilities. Results
showed that pre-sintered sample acted as a filter, piling
nanoparticles on the top surface of the sample.
Additionally, the same composition of both

nanoparticles and base powder do not allow to detect
properly the location of nanoparticles within the
sample. For this reason, a second attempt was carried
out using 420 SS base powder and pure copper nano-
particles, in this case using proprietary binder of
ExOne® as nanoparticle carrier. Different percentages
of the voids present in 420 SS packed powder were
filled adding different suspension quantities in order
to explore the effects of concentration of nanoparticles
within base powder. A significant foaming occurred in
samples with high nanoparticle concentration and was
hypothesised that nanoparticles may block solvent
vapour to scape during curing of samples. Figure 17
shows SEM images of different Cu nanoparticle con-
centrations. It has been observed that nanoparticles
act as an aid for sintering steel particles and could
potentially increase part densification while reducing
shrinkage. However, further studies should be per-
formed in order to understand better the foaming
phenomena, and also to determine optimum nanopar-
ticle size and void fill fractions.

Carbon black nanoparticle suspension was also suc-
cessfully tested to locally increase carbon content in
tool steels. Godlinski et al. [97] used a D50 22 µm
420 steel powder for building 20 mm height cubes.
Carbon black ink was progressively added to the binder
during the 3DP process, in order to gradually increase
the carbon content in the printed parts. Samples sin-
tered under vacuum at 1350°C showed significant
differences between the low carbon and high carbon
content areas. The addition of 0.3% carbon black led
to a 9% increased density, as well as to a significant
increase of grain and pore growth. Additionally, geo-
metrical distortions were reported due to the shrinkage
difference between the two areas of the samples: 17%
linear shrinkage in high carbon content area and 10%
in the low carbon content area.

In further work, Godlinski and Veltl [112]
confirmed the suitability for fabricating highly dense
M390 and M2 tool steels with Binder Jetting. Although
relatively large particle size powders were used
(<150 µm) in both alloys, liquid phases during sinter-
ing promote near-full densification of the samples
(99% relative density). Additional different heat treat-
ments were successfully tested for tailoring the hard-
ness of M390 alloy (from 50 HRC to 65 HRC).
Additionally, an as sintered hardness of 40 HRC was
obtained for M2 steel. Regarding surface quality, low
surface roughness values were achieved in as sintered
M2 steel (9 µm Ra) despite the used coarse particle
sizes, thanks to the liquid phase sintering. Thus, a
great potential of further improvement is expected
with finer powders and/or additional post processing.

Doyle et al. [103] used 30 µm mean particle size
powder and a Tin Bronze infiltrant in order to achieve
full densification. Experimental procedure was per-
formed to analyse the effect of layer thickness in final
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part properties onto tensile test samples fabricated in
different orientations; 50, 100 and 200 µm layer thick-
nesses were selected as experimental parameters.
Results show a strong effect of layer thickness on the
mechanical properties of final parts, that is, while
layer thickness increases, yield and ultimate tensile
strength decrease (Figure 18). The high bronze content

(up to 60% in volume depending on the layer thick-
ness) makes the material behave like a liquid phase sin-
tered composite. Also, results show that there is not a
significant mechanical property change between parts
with different orientations.

A rapidly solidified high carbide and boride con-
tent iron powder were used by Cordero et al. [78]
along with bronze infiltration to create high strength
and high hardness net-shaped parts. This kind of
alloys, also known as amorphous or glass metals,
are designed to precipitate stable metal carbides and
borides to prevent grain growth. Sintered and bronze
infiltrated cylindrical parts were fabricated for com-
parison purposes. Results show that infiltrated parts
had a transverse rupture strength of 570 MPa, almost
four times higher (130 MPa) than sintered material.
Also, 11 GPa micro HV hardness was reached in
infiltrated parts, approximately 3 GPa higher than
the hardness of quenched high strength tool steels.
The volume fraction of bronze was 0.35 and the den-
sity of final part reached 98%. Also, it is worth men-
tioning that the low shrinkage obtained permits
dimensional control to fabricate complex net-shaped

Figure 17. SEM images of sintered 420 SS samples with different targeted void percentages of Cu nanoparticles (a) 4%, (b) 7%, (c)
10%, (d) 20%, (e) 40% and (f) 70% [76].

Figure 18. UTS contour plot of different 420 SS infiltrated
samples in function of orientation and layer thickness [103].
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parts. Few issues were found through experimen-
tation due to the dissolution of ferrite within molten
bronze that then precipitates as pure α-Fe, causing
brittle fracture behaviour (Figure 19). Authors rec-
ommend this phase to be avoided reducing infiltra-
tion cycle time.

On another note, 316L SS was also explored to man-
ufacture metallic antennas for millimetre and sub-
millimetre wavelength applications, along with Cu-
15Sn bronze fabricated via SLM. Bing Zhang et al.
[113] analysed the surface roughness of as printed
and sintered part, gold electroplated part and of micro-
machined part. The measured average roughness of
tested surfaces was 12.89, 4.64 and 7.82 µm, respect-
ively. However, obtained average surface roughness of
micromachined Cu-15Sn antenna fabricated with
SLM has a value of 0.25 µm, thus this material and pro-
cess were chosen for further developments. This is also
due to the easier machinability of bronze comparing to
316L SS.

Nickel-based alloys

In the same way than stainless steels case studies, one of
the main R&D streams in nickel-based superalloys is to
reach the full density with BJ-printed parts. Mostafaei
et al. [17,36,82] carried out some experimentations
with the objective to analyse the densification, shrink-
age and mechanical properties of Inconel 625 alloy. To
this aim, different powder feedstock, like water or gas
atomised, and different sintering temperatures range
from 1200 to 1300°C were tested in a 4-h hold up
time, while printing parameters were fixed for all
experimentations. Also, some samples were post

heat-treated to analyse the ageing and evolution of
microstructure and material properties.

Differential scanning calorimetry was set at 1280°C
as the optimal sintering temperature [82] for 16–53 µm
size GA powder. With temperatures below this value,
highly porous samples were obtained, with irregular
interconnected porosity that worsens fatigue life and
tensile strength. With high sintering temperatures
(1290 and 1300°C), pore coarsening phenomena
occurs, leading to bigger sized pores and in some
cases lower final density. The obtained average grain
size increases, decreasing the mechanical properties
of samples. The obtained densification for 1280°C in
a vacuum environment was 99.6% with a volumetric
shrinkage of 18.7%. Sintered microstructure shows a
precipitation of Nb, Cr, Mo and W carbides and inter-
metallic phases, probably liquid phase formed, during
sintering and related to the presence of C and O
residuals. Ultimate tensile strength (UTS) of
612 MPa, yield strength (YS) of 327 MPa and fracture
strain of 40.9% was measured from the samples, simi-
larly to as cast 625 alloy parts.

Further works [17,36] compared gas (D50 30.8 µm)
and water (D50 32.5 µm) atomised samples, showing
lower mechanical properties in samples printed with
WA powder, due to higher pore percentage. Near-
fully densified parts (99.2%) were obtained with
1285°C sintering with GA powders, reaching
644 MPa UTS, 376 MPA YS, 213 HV0.1 hardness
and 47% elongation at break. After ageing treatment
at 745°C for 20 h, precipitation of intermetallic phases
and carbides (M23C6, MC, M6C, γ′, γ′′, δ, Laves) was
observed and consequently mechanical properties
were increased reaching 718 MPa UTS, 394 MPa YS
and 327 HV0.1 hardness, with a decrease of the
elongation at break to 29%. Also, WA and GA samples
showed quite different microstructure evolution. While
WA samples did not reach full densification and
formed huge carbide and oxide precipitates with Cr-,
Nb- and Mo-depleted zones, GA reach near-full den-
sification with small amounts of fine precipitates and
no depletion zones.

The effect of solutioning and ageing heat treatments
on already sintered dense part microstructure has been
afterwards analysed [114,115]. Parts solutionised at
1150°C for 2 h and aged at 750°C for 60 h exhibited
higher hardness and yield stress than parts made from
MIM or casting processes, with the expected different
phases of 625 alloy appearing in its microstructure.

With all this background experimentation accom-
plished, Mostafaei et al. [83] fabricated near-full den-
sity Inconel 625 partial denture framework with
controlled shrinkage. Printer parameters were set up
like in previous studies. Samples were then sintered
embedded in alumina powder in a vacuum chamber
at 1285°C for 4 h. Densities and overall obtained prop-
erties coincide with previous research work (>99%

Figure 19. Precipitated iron due to dissolution within molten
bronze infiltrant [78].
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densification). The average dimensional change
measured is of 15%. Compared with EBM, which pro-
duces near-full density parts and a stress-relief post-
processing is required, BJ can provide tailored porosity
parts (0–40%) and more customisable features and
properties for this kind of applications, also without
the need of support structures for complex shapes or
overhangs.

Some results regarding fatigue behaviour and sur-
face roughness showed that BJ is a potential alternative
to conventional manufacturing processes, after a
proper sintering and surface treatments [116]. The
average surface roughness measured from stylus profi-
lometry of as sintered 625 sample was Ra= 1.10 ±
0.16 µm and decreased to Ra= 0.38 ± 0.16 µm after
grinding surface treatment. There was a significant sur-
face roughness reduction that indeed influences the
fatigue life improvement in one order of magnitude.
Moreover, the fatigue life of grinded BJ parts surpassed
the runout cycle conditions (107) at higher stress levels
than casted parts and with stress ratio of R =−1, that
promote lower fatigue life, comparing with the R =
0.1 of casted parts. The elimination of the ‘deep valleys’
present in as-sintered parts that act as stress concen-
tration and the mechanical hardening of part surface
were reported to be the main causes of fatigue life
improvement.

Sicre-Artalejo et al. [106] studied the effectiveness of
HIP process to reach full density for 3DP Inconel 718
samples. For that, different coarse (D98.2 < 53 µm)
and fine (D90 < 21.8 µm) powder blends were tested
in different BJ devices using different commercial bin-
ders. A huge influence of binder and printing device on
sample’s sinterability, microstructure and as-sintered
density was found. Sintering at 1290°C in high vacuum
during 2 h, with a heating rate of 5 K m−1, gave the
highest densities for powder blend containing a
20 wt-% of fine powder. Nevertheless, there was not
any influence of binder or used particle size after HIP-
ing process. All the samples reached full density under

an HIP process at 1200°C, with 206 MPa pressure in
Argon atmosphere for 3 h. Therefore, the HIP post-
process may extend the range of suitable powders,
machines and binders to be used, as they may not influ-
ence part density at the end.

Turker et al. [38] tested Inconel 718 alloy powder in
BJ to analyse obtained sample properties changing
layer thickness and sintering temperatures. Parts sin-
tered below 1260°C showed high amount of porosity.
Also, increasing printing layer thickness decreased
the obtained sample densification, but it was only
noticeable for low sintering temperatures as shown in
Figure 20. For higher ones, density variation between
different samples was almost negligible. From the
microstructural point of view, SEM images of 1260°C
sintered samples did not show any precipitates, while
samples sintered at 1280°C showed some Nb-rich γ′′

precipitates within grains and grain boundaries, desir-
able for alloy hardening. Increasing sintering tempera-
ture has led to precipitate dissolution along the grains
leaving some pits. For this reason, authors have set
1280°C as recommended sintering temperature. The
obtained densification and linear shrinkage for this sin-
tering temperature were 98% and 19.5%, respectively.

Due to the lack of knowledge about the relation
between feedstock properties, process parameters and
sintering kinetics in BJ printing, Nadwana et al. [84]
documented the role of powder feedstock with sinter-
ing kinetics in solid state (SSS) and SLPS) along with
empirical models. To this aim, 7, 21 and 70 µm average
size Inconel 718 powders from different suppliers were
used and sintered at different temperatures; 7 and
70 µm powder samples were not tested beyond 1290°
C due to collapse of the samples for the excessive liquid
phase. The chemical composition differences and PSD
between feedstock lead to different sintering kinetics
and phase transformations. The authors remark the
extreme importance of knowing feedstock chemistry
to set up appropriate sintering parameters. Using Ther-
mocalc software, the liquid phase at 1290°C for 7 and

Figure 20. Sintered density dependence on build up layer thickness. Adapted from [38].
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70 µm powders were estimated to be 35% and 40%,
respectively, while for 21 µm one was 3% due to pow-
der chemistry. Therefore, 99.9% densification was
achieved in the first two mentioned powders and
92% in the third one. Also, depending on dominating
sintering mechanisms (SSS or SLPS), different empiri-
cal mathematical models were built [117–119] in order
to predict sintered shrinkage through material charac-
teristics and sintering kinetics. Binder saturation was
set to 80% for 7 and 21 µm powders and to 70% for
70 µm powder. Microstructurally, authors detect laves
phase formation in 70 µm powders SLPS sintered at
1290°C and 1330°C, while in 7 and 21 µm ones not.
They assumed that higher binder saturation of the
last two leads to higher residual carbon content that
promotes MC carbide precipitation, while with lower
carbon residuals, less desirable Laves and δ phases
are more likely to precipitate.

Titanium based

Thanks to BJ AM process along with optimised sinter-
ing parameters, Titanium parts with tuned porosity can
be fabricated. Bone tissues can easily grow inside the
porous structure of a biocompatible alloy such as
pure Ti, maintaining a stable connection between the
implant and the tissue. In this particular case, pure Ti
(>98%) bone implant was successfully fabricated by
Xiong et al. [80], with stiffness and compressive
strength ranges similar to human bone(2–30 GPa and
130–180 MPa, respectively). In this case, 200 mesh
(<74 µm) titanium powder and 120 mesh (<125 µm)
aqueous PVA powder binder were mixed and used as
feedstock. Polyvinylpyrrolidone was used as penetrator
enhancer poured into the print-head supply chamber.
Printed samples were sintered at different tempera-
tures. Stiffness, strength and hardness of the samples
increased with increasing sintering temperature, while
porosity decreased.

xIn other work, porous cellular titanium structures
were fabricated by Sheydaeian et al [51]. In this case,
a powder blend was produced composed of 97 wt-%
of Ti (75–90 µm) and 3 wt-% PVA (<63 µm), and the
effect of layer thickness in material properties was
studied. 80 and 150 µm layer thicknesses were selec-
tively alternated during the printing of the samples in
four different configurations. Results showed that por-
osity and shrinkage increases with the increase of layer
thickness but obtained mechanical properties did not
show significant changes (2.9 ± 0.5 to 3.5 ± 0.4) GPa
for Young’s modulus and (158 ± 10 to 175 ± 27) MPa
for yield stress, obtaining values close to human cancel-
lous bones.

Sheydaeian et al. combined both BJ and material
extrusion AM technologies for Ti fabrication. Sacrifi-
cial polymer droplets were deposited periodically
within a concrete number of Ti powder layers, in

order to obtain structurally robust cellular structures
with inner closed cavities [18]. Also, controlled poros-
ity Ti parts were successfully developed by Sheydaeian
et al. [19] with this hybrid AM technique. With selec-
tively deposited sacrificial polymer droplets porous
parts with mechanical properties similar to cancellous
bones were obtained (Elastic modulus of 2.48 ± 0.37
to 3.55 ± 0.49 GPa and yield strength of 107.65 ±
18.14 to 145.75 ± 13.85 MPa). Analytical equations
were suggested to estimate the porosity and stiffness
and then compared to experimental results. The aver-
age error close to 5% in all the cases reveals the poten-
tial use of these equations to estimate porous part
properties. Also, the author remarks the importance
that sacrificial polymer droplets have on influencing
process parameter role in part properties. Although
between some samples the binder saturation level has
a statistical influence in porosity variation, this influ-
ence became inestimable when sacrificial polymer dro-
plets are used.

In a similar way, they replaced the polymer droplets
by a slurry of Titanium Boride in order to fabricate Ti/
TiB2 periodic composites [120]. The obtained stiffness
of fabricated samples increases up to 15.2% while small
fraction of 4% ceramic reinforcement was added com-
pared to samples made only with Ti powders.

Dilip et al. [81] developed a novel method to fabri-
cate TiAl (titanium aluminide) porous parts directly
from separate powders of 30 µm Ti6Al4 V and 45 µm
Al mixed in equi-atomic portion and then reactive sin-
tered. Results and micrographs (Figure 21) show the
formation of the different intermetallic phases during
the sintering process and the feasibility to use BJ as a
manufacturing method. However, authors recommend
a further detailed research on phase evolution, reaction
kinetics and mechanical properties evaluation to scale
up the process towards mass production. The good
high-temperature strength and excellent corrosion
resistance make porous TiAl alloys of great interest
for aerospace and automotive sectors, as well as for
high-temperature gas or liquid separation filters [121].

Stevens et al. [122] fabricated a Ti-6 Al-4V part in
order to analyse which are the main effects in final
part density differences. The density of the printed
part varies from 50% (in part edges) to 95% (centre
curve) relative density. This huge difference was
reported to be likely due to two main effects. On one
hand, the deposition of binder droplets may disrupt
and distort the powder layer, droplet bouncing may
affect to the quality of printed part edges, and the poss-
ible capillary migration of the binder parallelly along
the powder layer may reduce part density along the
part boundaries. Also, the low adherence of the edges
may have an incrementally negative effect if the edges
of consequent layers are located in the same position,
rather than in different ones, such as in curved geome-
tries. On the other hand, the presence of satellites in
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coarse GA powder that decreases the packing
efficiency, and the possible differences between the
absorbed loads on printed slice core areas and the
edges, may affect the part densification.

Copper-based alloys

Copper in BJ is an interesting metal since its main
applications (thermal or electrical management sys-
tems) require complex shape parts. Because of its
intrinsic properties (high thermal conductivity and
high reflectivity), copper may have some complications
to be fabricated via EBM or PBF technologies. Thus, BJ
printing technology may be an alternative to manufac-
ture complex-shaped copper parts. In this way, Bai
et al. performed some explorations with pure copper
powders [85], which were later on complemented test-
ing bimodal mixtures [45,55] and HIP sintering [104]
in order to increase copper parts densification.

In a first attempt [85], a coarse powder and two
different fine powder batches obtained from different
suppliers were used. Testing samples were fabricated
under different printing conditions (layer thickness
and binder saturation) and then sintered at different
temperatures in different atmospheres (Ar/H2 with
different hydrogen content ratios and in a vacuum).
The purity of copper seemed to increase up to 97.3%

in reducing atmospheres and also did the sintering
density, reaching 78.2% relative density in highly
reductive atmosphere for 2 h sintering at 1080°C.
Nevertheless, obtained tensile strength was 55.6% of
the theoretical value [85], due to the huge grain growth
and the low final densities.

In additional works, different bimodal powder mix-
tures were tried in order to increase powder packing
density and thus final part density [55,45]. Four pow-
der batches of 77, 30, 17 and 5.5 µm D50 particle
sizes were used to create different mixtures to analyse
their densification capabilities. It was found that both
density and flowability, qualitatively calculated with
the Hausner ratio, increased in bimodal mixtures.
Bimodal mixtures with similar particle mean size of a
monomodal powder (30 µm + 5 µm mixture compared
to 15 µm mean size powder) resulted in an increased
sintering density, reaching 91.7% with a volumetric
shrinkage of near 46%, for samples sintered at 1080°
C for 2 h in pure hydrogen atmosphere. With coarser
mixtures, i.e. 75 µm + 15 µm, despite apparent density
increased, the final sintered density did not experience
any improvement because of the rigid skeleton formed
by larger particles which limited the contribution of
fine powders to overall densification. Results demon-
strate that an increase on part density can be achieved
while shrinkage is reduced in bimodal mixtures.

Figure 21. TiAl intermetallic alloy SEM and EDS spectra fabricated with Binder Jetting from separate Ti and Al powders [81].
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Finally, the effect of applying a HIP post-process
was studied [104]. The powder mixture consisted of
30 and 5 µm mean size batches, mixed in 73:27 weight
ratios were used [45]. Parts were sintered at 1075°C for
3 h in pure hydrogen atmosphere and post HIP treated
at 1075°C at 206 MPa for 2 h in Ar atmosphere. HIP
treatment increased the density of rectangular samples
from 92% to 99.7% (Figure 22). However, an anisotro-
pic shrinkage was observed between X/Y axis (16%)
and Z axis (20%) due to non-homogeneous density
of the green part. Authors remarked that the effect of
HIP treatment in complex geometry parts could not
be as effective as in simple geometries.

In further studies, the same sintering and HIP par-
ameters were used to study the HIP effect on initial sin-
tering density, mechanical properties, microstructure
and porosity distribution [105]. The obtained maxi-
mum sintered density was 90.52%, and after HIP pro-
cess density 97.32% was reached, using the same
bimodal mixture used in the previous study. These
lower densities were attributed to inkjet nozzle clogging
during printing stage, as well as to differences in pow-
der quality. Measured tensile strength was 176 MPa,
80.16% of fully dense copper parts. Although HIP pro-
cess closes porosity and thus improves part strength,
resulting grain growth leads to lower strength, thus
compensating the increase of mechanical resistance
due to higher densification.

In recent studies, Bai et al. tried to replace the
organic binder by copper nanoparticle suspension, in
an adapted BJ process named as ‘Binderless Jetting’
by the authors. Replacing ordinary organic binders
by nanoparticle suspensions may have some advan-
tages [94], as mentioned in the previous section:

. No need of accurate and sophisticate sintering
profiles for proper binder burn out and degassing.

. No debinding step required.

. Absence of binder carbon residuals that may affect
final part properties.

Some theories and observations confirm that copper
nanoparticles can generate sintering necks below 300°
C. Thus, with an overheating heater, sintering bonds

can be created, shown in Figure 23, between each print-
ing layer just heating up suspension jetted nanoparti-
cles by the print-head, with 2 min interlayer heating
at 260°C.

Results show an 150% increased green part strength
using a 140% saturated copper nanoparticle suspen-
sion, comparing with organic binder at 100% satur-
ation. Nevertheless, the obtained sintered densities of
nanoparticle bonded green parts were near 20%
lower than green parts fabricated with organic binder.
Authors explained that still, sintering mechanisms
using nanoparticles remain uncertain, stating that
further research will be focused on analysing and
improving densification using copper nanoparticle
bonded green parts.

To reduce the inherent problems related to particle
suspension; like inkjet nozzle clogging, particle sedi-
mentation and surface oxidation, MOD inks can be
an advantage as they are particle-free inks. MOD ink
printed parts by Bai et al. [95] showed higher core den-
sities than polymer binder printed ones. Nevertheless,
due their insufficient green part strength, a large pore
outer shell remains after the depowdering process
with compressed air, resulting in a lower overall den-
sity than parts produced with polymeric binder. The
use of a7.4 wt-% metallic content MOD ink at 150%
printing saturation, reduced the overall part shrinkage
and its dependence to sintering temperature.

MMCs and others

MMCs are a family of advanced materials with low
density, high specific strength, high specific modulus,
high wear resistance and in some cases high thermal
conductivity that can be used for a wide range of differ-
ent applications. However, the uses of this kind of com-
posites have been constrained due to their high cost
and the limited possible geometrical configurations.

Snelling et al. [123] propose a novel method to fab-
ricate cordierite (mixture of alumina, silica and magne-
sia) ceramic cores via BJ that then will be embedded in
a metallic material with casting procedures. However,
the weak mechanical bonding of metal-ceramic inter-
face, and the high thermal shock ceramic core must

Figure 22. Copper sample micrographs showing porosity of the parts after sintering (a) and after HIP treatment (b) [104].
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withstand during metal casting, makes necessary to
develop further research work to settle the process.

Other way to fabricate MMCs is to directly manu-
facture final parts from mixed metallic and ceramic
precursor powders or via infiltration of metallic matrix
after printing porous ceramic skeleton.

One of these trials is the novel complex-shape
graded TiC/steel composites manufacturing method
developed by Miriyev et al. [86]. TiCx green preforms
were first fabricated, with graded carbon content in
titanium carbide phase (x changing from 0.7 to 0.98).
Then, these preforms were infiltrated with SAE1070
carbon steel in a vacuum furnace. After infiltration
cycle, and due to thermodynamic considerations in
which carbon is transferred both from TiC to steel
and vice-versa, a microstructural gradient was obtained
throughout the steel matrix from ferrite, in the region
where the steel was in contact with titanium carbide
of low carbon content (x = 0.7), to pearlite, in the
region where the steel underwent interactions with
stoichiometric titanium carbide (x = 0.98). After
annealing and quenching treatments, a gradient from
ferrite to martensite was obtained (Figure 24),

achieving a hardness gradient from 700 to 1600 HV,
that allows to develop new gradient tailored full
dense parts for tooling, wear, aerospace and other
fields of application.

TiCx graded powders were fabricated mixing TiC0.98

and pure Ti powders in appropriate ratios by ball
milling. To synthetise TiCx, first a 4-h furnace cycle
was performed at 1400°C, and then the part was free
infiltrated with steel at 1550°C for 15 min. Then, fabri-
cated samples were annealed at 900°C for 30 min and
then oil quenched.

Enneti et al. [107] studied the viability of manufac-
turing MMC components with WC-12%Co precursor
powders with BJ. The summarise that WC/Co parts
with good mechanical properties can be achieved
with this technology. Using SLM/SLS technologies
only 40 or 65% theoretical densifications can be
achieved fabricating WC/Co, while BJ technology
offers the opportunity to fabricate near-full density
complex WC/Co parts.

In this study, feedstock powder was prepared mix-
ing fine WC (1.2 µm) and Co (1.2 µm) powders with
spray drying technology. Obtained WC-12%Co

Figure 23. Nanoparticle bonding between copper particles in printed green parts [94].

Figure 24. Hardness values of the composite layers as a function of titanium carbide composition before and after quenching.
Adapted from [86].
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powder exhibited an average particle size of 25 µm,
along with spherical morphology and good flowability.
Printed prismatic samples were cured and then
debound in H2 atmosphere prior to sintering. After
that, samples were sintered at different temperatures
and in different atmospheres (vacuum and pressurised
Ar at 265 psi). Finally, to compensate carbon loss, car-
bon correction cycle within methane gas was con-
ducted at 800°C.

Results showed a final density of 94% for parts sin-
tered at 1465°C for 45 min, with lightly anisotropic
shrinkages (near 22% in XY axes and 24% in Z). For
samples sintered under pressure atmosphere of Ar at
1485°C near 100% theoretical density was achieved,
with shrinkages near to 23% in XY axes and up to
26% in Z. Authors remarked that with higher pressures,
like the ones used in HIP processes, full density parts
could be achieved with lower sintering temperatures.
The obtained hardness and fracture toughness values
were in line with conventionally produced parts, confi-
rming the feasability of fabricating WC/Co parts with
appropriate mechanical properties via BJ Figure 25.

Dense SiSiC ceramic composites were fabricated by
Travitzky et al. [87] from Si/SiC/dextrin powder blend.
After printing and infiltrating with silicone, which acts
as a transcient shape stabilizator, green samples were
pyrolysed and then successfully infiltrated with liquid
silicone. 19.5 µm Si powder, 16.2 µm α-SiC powder
and 109 µm dextrin powder were blended varying Si
and SiC proportions while maintaining dextrin con-
tent, which acts as a binder when interacting with prin-
ter aqueous solution. Once samples were printed, they
were infiltrated with silicon resin and then cured. After
the pyrolszing process at 1000°C in nitrogen atmos-
phere, both dextrin and silicone leave a carbon and
Si-O–C residues, respectively. Finally, samples were
infiltrated with liquid Si at 1500°C for 2 h to create
final SiSiC dense composites.

Results show that infiltrating a preceramic polymer
leads to a reduction of the anisotropic shrinkage
usually observed in Z direction. Mechanical properties
of final samples are shown in Figure 26. Duckworth
and Ondracek equations are used to calculate elastic
modulus and bending stress of samples irrespective
of porosity content. The obtained values match with
‘rule of mixtures’, which shows a linear relationship
between phase percentage, mechanical properties and
density (Figure 26). Additionally, microcellular lattice
structures were printed to test near-net shaping capa-
bility and infiltration behaviour of liquid Si within
complex-shaped part. Infiltration time strongly
depends on part geometry; thus authors recommend
radial infiltration procedures in order to reduce process
time.

In the path of this study, Halbing and Singh [124]
from the NASA tested samples fabricated with a similar
process but also using SiC fibres as reinforcement. The
main objective was to study the viability of BJ to fabri-
cate non-metallic turbines for jet engines. They noticed
a significative increase (near 40%) in both strength and
strain to failure.

Another interesting material for jet engine appli-
cations is titanium silicon carbide (Ti₃SiC₂), due to its
unique ceramic-metallic behaviour that combines
high mechanical resistance, thermal shock resistance,
high electrical and thermal conductivity, high oxi-
dation resistance, high machinability, low hardness
and high stiffness. Lorenz et al. [88] carried out some
tests combining in one hand BJ technology with Cold
Isostatic Pressing (CIP), and in the other BJ with Uni-
axial Pressing (UP). Then, samples from both pro-
cedures were sintered at 1600°C for 2 h and
characterised. CIP-ed samples were pressed at 35, 150
and 180 MPa, and UP ones pressed under 765 MPa.
Also, unpressed samples were fabricated for compari-
son purposes.

Figure 25. Tested part relative density and hardness as function of the sintering cycle. Adapted from [107].
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The highest young modulus values were obtained
from UP samples, 273–300 GPa, which are lower than
fully dense part values predicted from literature of
320 GPa. Although stiffness and density increased with
the pressure used before sintering, only UP samples
experience an increase in flexural strength (3 GPa).
CIP-ed samples flexural strength values remain like
unpressed samples values (1 GPa), thus CIP may not
be an optimal process to achieve higher strength. Never-
theless, these values are an order of magnitude higher
than strengths obtained with other methods (260 MPa
for synthetised Ti₃SiC₂ with reactive hot-pressing and
470 MPa for bulk Ti₃SiC₂ with temperature fluctuation
synthesis/hot pressing synthesis).

However, fully densified samples were not achieved
for any of the UP samples. Despite authors did not
mention the use of such compressing techniques may
not be appropriate for manufacturing processes invol-
ving BJ technology. The reason resides in that the use
of BJ technology makes sense to fabricate complex-
shaped parts, and both CIP and UPmay not be suitable
for this purpose.

Due to the flexibility of BJ and other AM technologies
like material extrusion to be used with a wide variety of
materials, Paranthaman et al. [125] explored the suit-
ability of this manufacturing technologies to fabricate
NdFeB magnets. Although there are many remaining
subjects to be optimised and developed, those close to
microstructure control and magnetic field alignment, a
new design possibility for engine and electronic appli-
cations are opened. Also, the high cost and the strategic
dependence of rare earths makes justify this technology
in terms of material saves and waste reduction.

In a first attempt, a resin-coated isotropic NdFeB
powder of 70 µm average size was used to fabricate rec-
tangle and ring near net-shaped parts [89]. After print-
ing and curing process, the 46% density green samples
were infiltrated with liquid urethane resin to improve
their mechanical strength and surface finish. Measured
intrinsic coercivity of printed samples match fits with
the values of starting NdFeB powder, thus concluding

that BJ process does not affect the magnetic properties
of the feedstock.

In a further research, NdFeB isotropic magnets were
successfully fabricated with binder jetting and infiltra-
tion processes [90]. To this aim, rare-earth low point
melting alloys based on Nd and Pr (NdCuCo and
PrCuCo, respectively) were used as infiltrants. Results
showed that intrinsic coercivity of magnets improved
dramatically from 732 to 1300 kA/m (near 80% of
increase), although remanence was slightly worse
from 0.35 to 0.30 T, since non-ferromagnetic infiltra-
tion alloys did not contribute to the net magnetisation,
which is reduced after the infiltration process. How-
ever, mechanical strength and densification of bonded
magnet were improved. Finally, authors remarked the
optimisation need to increase the loading fraction,
reduce porosity and minimise remanence loss.

Summary

An overview of BJ-MAM technology has been pre-
sented, with a special focus on raw material consider-
ations, the process itself, the effect of parameters on
the properties of fabricated parts and the state of the
art of current studies based on different metal alloys.

Regarding raw materials, the main concern in BJ is
the selection of a powder feedstock with an optimal
balance between its processability during the printing
stage and its sinterability. On the one hand, high
flowability powders are usually the best suited for the
3D printing stage. Their spreadability will determine
the homogeneity and quality of the powder bed, and
hence reduce the variability in properties between
parts from the same batch. Also, the probability of
printing defects and rejected parts will be substantially
reduced. On the other hand, high flowability is usually
linked to coarser and narrower distributed powders
which penalises sinterability and thus reduces the
achievable densification level. To address this issue,
bimodal powder mixtures, sintering aids or novel
metal charged binder systems are being explored to

Figure 26. Calculated mechanical properties of SiSiC composites in function of starting powder Si–SiC content per cent [87].
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increase part densification whilst maintaining an ade-
quate flowability during the process. Additionally, the
selection of a proper binder system, the binder droplet
interaction with the powder bed, along with the binder
drying step during the printing process (due to its
direct influence on the interlayer quality and dimen-
sional accuracy) are also critical issues in the BJ tech-
nology development [52,53].

The sintering process enables the creation of a wide
range of material configurations and the tuning of part
properties; from fully dense parts [74,82], parts with
pre-designed and controlled porosity [15,110,111] to
infiltrated parts with graded properties [86]. Due to
the sintering process and the absence of thermal inputs
during green part fabrication, the final as-manufac-
tured parts show residual stress-free near-isotropic
properties, which are difficult to attain using other
metal AM technologies.

BJ technology offers the possibility to use almost any
kind of particulate material as well as a broad range of
particle sizes, as shown in the case studies presented in
the previous sections. Nevertheless, recent studies are
still focused on the preliminary aspects of the material,
and more precisely focused on improving the final part
density, which is currently a crucial issue of BJ
technology.

To date, the relatively large amount of process
steps and parameters involved in BJ metal parts fab-
rication, as well as a lack of complete understanding
of the process, makes BJ a challenging AM technol-
ogy. A greater level of expertise, R&D investment
as well as better developed qualification and certifi-
cation is required as a basis for a widespread industry
adoption [126]. Nevertheless, the increasing number
of recently published research works, the near-future
release of newer, more highly productive BJ machines
[13] and the growing industry interest towards this
technology, makes the future of BJ highly promising.
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