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Abstract

The fabrication of porous structures by additive manufacturing (AM) technologies has been broadly explored over the past few
years. Based on the application, most of the research work in AM is focused on making high-density parts with porosity values
ranging from 0.1 to 5%. Because of numerous technical challenges and lack of process control/monitoring, full aids of AM in
porous application industries are not yet widespread in comparison with other technologies in the same arena. However, only
very limited information is available on the exact correlation between process control and final 3D object, but this is rare. In 3D
technology, the exact process parameters that user needs to adapt while processing his 3D object information are very limited. In
this article, we have reviewed and critically analyzed present established AM technologies for fabricating porous parts, as well as
post-processing characterization techniques and its applications in detail. In-depth analysis is done on different lattice structures
and process parameters those are controlling the porosity of AM parts. We have also attempted to briefly discuss on the present
porous applications in filtration and purification, energy, medical, and pharmaceutical domains.

Keywords Additive manufacturing - Porous materials in AM - Lattice structure porosity - Geometrically undefined porosity - AM

porosity measurement

1 Introduction

3D printing or additive manufacturing (AM) is a technology
that creates objects/parts/components by adding thin layers of
materials using additive processes rather than the more tradi-
tional subtractive techniques. As the entire process in AM is
based on the progressive addition of materials, the approach
enables minimal or zero wastage of material and also has a
great control over geometrical design [1]. Since its
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introduction, a remarkable evolution has undergone in this seg-
ment by proving its capability to produce highly complex cus-
tomized structures with great accuracy in the fields of aero-
space, biomedical engineering, architecture, and automotive
[2-4]. The exponential interest from industry, the research,
and academic communities have elevated the AM parts from
just prototypes to industry commercialization. AM technology
is now broadly recognized as a new paradigm for design, and a
powerful tool in many different fields of science such as archi-
tecture, manufacturing processes, acrospace engines, and bio-
compatible materials. In general, AM fabrication process steps
consist of (i) creating computer-aided design (CAD) model, (ii)
generating stereolithography (STL) format file, (iii) slicing the
design, (iv) creating tool path, (v) printing the design in the 3D
printer, and (vi) finally post-processing. However, for lattice-
designed porosity, an additional step in between slicing and
tool path is being introduced to integrate the lattice structure
design to the STL CAD model [5]. Schematic diagram of the
process is shown in Fig. 1.

In AM, during the designing of 3D objects, it is very im-
portant to define upper limit/lower limit tolerances for each
characteristic to ensure the part harmonizes with the applica-
tion intended for. In this view, the amount of porosity
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Fig. 1 General view of fabrication of objects by AM technologies

generated within the 3D-printed part is of a great area of in-
terest. Both biomedical and high-strength applications need a
different set of porosity requirements. Regardless of the fact
that AM machineries allow the construction of intricate po-
rous parts with a controlled architecture, changes in the part
geometry can still happen between as-designed and as-
fabricated morphological properties [6, 7]. As we know, the
properties of the porous material hinge critically on its struc-
ture, which can significantly affect the mechanical response of
the porous material, thereby defining the field of applications.
In some cases, defects originating from the initial raw mate-
rials, process control parameters, and insufficient post-
processing procedures can intensely influence structural integ-
rity and robustness [8, 9]. In other cases, the porosity has a
negative effect for structural load-bearing applications. For
high-stress applications, to avoid mechanical failures, parts
should be fully dense (< 1% porosity), whereas in biomedical
applications, the amount of porosity within 3D parts has be-
come an area of interest and is being considered a prerequisite
in implant materials for better integration with biological tis-
sues. A higher degree of porosity, especially for tissue regen-
eration and osseointegration, is sometimes necessary (> 25%
porosity), and also, the kind of porosity is intentionally
engineered into definite biomedical implantations [10-12].
The porosity in the 3D-printed part should be at a controlled
level to withstand various amounts of mechanical and envi-
ronmental stresses during its use. The on-growing demand for
synthetic biomaterials for medical implants is mounting swift-
ly due to aging population globally.

To limit the scope, this paper aims to discuss only the
development of porous structures in AM technologies and
its connected sciences to it. To better understand the state
of the art and its associated challenges, this paper will also
summarize a large number of reported ways to generate
3D-printed porous materials processed by various AM
techniques. Various characterization procedures for measur-
ing the sample density and porosity in AM-printed parts
are applied, compared, and critically discussed to develop
and obtain accurate and precise measurements on porosity
for future generations.
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2 Additive manufacturing of porous parts

The importance of porosity assortment and structural gradi-
ents in biomedical engineering, filtration, purification, and
energy applications has been increased exponentially in recent
years. Current AM processes are now capable of inducing
porosity at a very specific location in AM parts to alter the
overall performance of the scaffolds and engineering applica-
tions. Stoffregen et al. classified the AM techniques for porous
parts as (i) geometrically defined lattice structure porosity
(GDLSP) and (ii) geometrically undefined porosity (GUP).
Porosity and pore size of GDLSP are determined by different
lattice structures and strut thickness respectively, whereas in
GUP process, the desired porosity and pore size are achieved
by optimizing the process parameters of AM technologies.
Generally, GUP pore size ranges from 1 to 100 pm and
GDLSP pore size lies between 100 um and 1 mm. Figure 2
a shows the GUP type of porosity made by selective laser
sintering (SLM) process of laser power optimization. The pore
size achieved in this process is in the 10- to 30-um range, and
the porosity is achieved to its maximum level [13]. Figure 2 b
describes the impact of SLM-fabricated GUP type of porosity
by “layer thickness optimization.” Porous materials of differ-
ent layer thickness (0.1, 0.15, and 0.2 mm) were fabricated to
compare and analyze the outcome of layer thickness on the
porosity. It is found that the layer with maximum thickness
(0.2 mm) achieved a maximum pore size of 43 um. It is also
understood that a larger layer thickness provides a higher po-
rosity and superior mean pore size and has an effective influ-
ence on permeability [14]. Figure 2 ¢ explains the GDLSP
type of porosity, where SLM processed honeycomb lattice
structures with a wall thickness of 100 um of different pore
sizes. It is observed that blue curve peaks at around 15 pm
area and 200 um. Fifteen micrometers is not the intended
porosity, but generated due to insufficient laser energy [13].
Another GDLSP-type porosity of 1-mm targeted pore size in
three different lattice designs (triangle, hexagonal, and rectan-
gular) was processed through SLM technology, as shown in
Fig. 2 d. Based on the information, it can be easily concluded
that GUP delivers a lower pore size and porosity compared
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Fig. 2 a, ¢ SLM process parameter (laser power)—optimized pore size [13]. b SLS process parameter (different layer thickness) pore [14]. d SLM-
processed triangle, hexagonal, and rectangular lattice designs, with pore size around 1 mm [15]

with GDLSP; however, selecting the type of porosity depends
on the intended application [15].

2.1 Geometrically defined lattice structure porosity

Even though AM is capable of building structures in any
shape, the underlying quality of the 3D object may directly
depend on the design and fabrication parameters.
Conventional manufactured porous parts typically consist of
a huge number of randomly shaped pores in various sizes/
shapes. However, biomedical application and some categories
of filtration applications require a defined pore shape and size.
So, particularly, this kind of applications uses GDLSP type of
porosity for the desired pore size, shape, porosity, and perme-
ability in AM parts [2]. In GDLSP design, structural elements,
either point lattice units or polyhedral lattice, are arranged
recurrently to obtain a porous structure. The required structur-
al unit cells are designed by computer-aided design, ISP (im-
plicit surface modeling), IBD (image-based design), and to-
pology optimization technique [6].

Depending on manufacturability considerations of definite
AM technologies and 3D geometry properties, Chua et al.
have attempted to design a standard library digital model con-
taining 11 types (cube, cuboctahedron, truncated octahedron,
truncated cube, rhombicuboctahedron, truncated
cuboctahedron, triangular prism, rectangular prism, hexago-
nal prism, octagonal prism, and rhombic dodecahedron) of
unit cells. In this design model, every kind of polyhedrons was
arranged recurrently in 3D space by connecting vertices or
edges and linked at faces [16, 17]. Xiang et al. summarized
the range of porous structures based on different kinds of unit
cells such as periodic uniform unit cells, anisotropic unit cells,
liner porosity gradient unit cells, and hybrid unit cells [6].
Alternatively, Jia et al. implemented a bottom-up method for
building the 3D porous scaffold and developed a standard
library known as “Computer-Aided System for Tissue
Scaffolding (CASTS).” CASTS library system allows the user
to choose from nearly 20 polyhedral shape unit cells and pro-
vide optimized limits to attain the desired pore size and shape

[18]. The optimized polyhedral units are repeated continuous-
ly in the 3D arrangement and form a shape that suits the
intended application. Figure 3 a shows different polyhedral
units as an example and their resulting chunks or blocks pro-
duced by using the CASTS scaffold library.

Figure 3 b explains the development methodology of 3D-
printed object in three phases, namely, selecting unit cell to-
pology, specifying porosity, and obtaining desired pore size
through generating lattices by patterning identical unit cells.
Using this system, Egan et al. initially selected the unit cell
(lattice cell) topology from the standard unit cell library to
shorten the multifaceted design space. As mentioned, topolo-
gy selection is the initial point for changing the scaffold prop-
erties by optimizing the diameter of the beam and lattice cell
length. Once selecting the unit cell topology, desired porosity
is specified by defining the diameter of the beam to lattice cell
length. This is the most crucial step in the entire process be-
cause the mechanical properties are remained fixed for a spec-
ified porosity irrespective of premeditated pore size. In design
point of view, for a given porosity, the diameters of the beam
and lattice cell length are tunable parameters to attain any pore
size for a unit cell [19]. Lattice structure design was further
divided into uniform porosity and gradient porosity lattice
designs based on their specific application. Figure 4 shows
porosity and different porous structures of SLM-fabricated
Ti6Al4V (T64) material based on different types of unit cells.
The reasons behind studying different unit structures in each
type of unit structure have its own advantages. For instance,
cubic-type unit cells in Fig. 4 a show a more fatigue life when
compared with diamond [Fig. 4b] and truncated
cuboctahedron [Fig. 4c] structures [20]. In the current article,
establishing territories and discussing between two types of
porosities have been placed in. But, discussing advantages and
disadvantages of different lattice structure designs is beyond
the scope of this paper.

Lijun et al. designed and fabricated functionally graded
T64 alloy lattice structures [Fig. 5 a and b] by SLM technol-
ogy and investigated the mechanical properties under a very
low and high strain rate. It has been reported that the specific
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Fig. 3 a Examples for different types of polyhedral units [18]. b Lattice design for 3D printing of scaffold [19]

strength, specific energy, and collapse strength of SLM-
classified lattice structures are much advanced than those of
uniform structures [23]. Figure 5 ¢ shows functionally gradi-
ent T64 alloy mesh structures made by electron beam melting
(EBM) process. This mesh structure consists of three different
pore sizes of ~ 600, ~ 400, and ~ 200 um. Experiment results
indicate substantial changes in the spreading of cell nuclei on
different pore sizes [24]. Khoda et al. proposed a novel micro-
nozzle extrusion—based AM technique to generate an inter-
connected and controllable heterogeneous architecture for tis-
sue engineering applications. The proposed methodology
tends to use a bi-layer pattern of radial and spiral layers to
generate porous architecture with a functionally gradient po-
rosity. With this reproducible technique, the 3D porous scaf-
fold structure with controllable pore size and porosity can be
achieved by stacking the designed layers consecutively layer
by layer vertically. It is proposed that various critical proper-
ties for tissue engineering application such as continuous/
interconnected variable porosity, pore size, structural integrity,
oxygen diffusion during cell regeneration, cell differentiation,
and guided tissue regeneration can be obtained with reproduc-
ible results [25]. Contuzzi et al. proposed a method of design
for additive manufacturing (DfAM) to build metal random
foam structures for lightweight metal structure fields. With

SR et

. e T
.-r-F* SR Ow
o0 T T T e

the desired fractional density and several other technical re-
quirements of the foam, the geometry was optimized and an
interconnected porous structure was generated using the pro-
posed algorithm. The algorithm was further validated with a
test print using laser powder bed fusion system [26].

A model and an overview of the material design selection
procedure for each type of material (metals, ceramics, and
polymers) depending on the porosity are depicted in Fig. 6.

2.2 Geometrically undefined porosity

In 3D printing, porous parts are achieved by different meth-
odologies. Geometrically undefined porosity was achieved by
controlling the process parameters of AM process. The fol-
lowing sections briefly discuss on process parameters of each
type of AM process. In each process, technology has its own
rewards and difficulties and the choice of which the user can
have had been discussed in detail.

2.2.1 Inkjet 3D printing
Inkjet 3D printing is a solid freeform powder bed—based fab-

rication process developed by Massachusetts Institute of
Technology in the early 1990s [27]. The key principle is that

Fig. 4 Schematic drawings and images of different porous structures based on different types of unit cells used for manufacturing: a cubic [20]; b
diamond [20]; ¢ truncated cuboctahedron [20]; d G7 shape; e dodecahedron [21]; f stochastic structure [22]
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Fig. 5 Gradient porosity made by different processes and materials: a Ti alloy continuous gradient [23]; b Ti alloy stepwise gradient [23]; ¢ Ti alloy

gradient mesh structure [24]

a pre-designed 3D model is broken down into a series of 2D
slices of a certain thickness. The 2D slices are created by
selectively depositing the liquid droplets (binder or solvent)
on powder bed by the ink print head to connect the powders
layer by layer. After each printed layer, powder bed is lowered
into pre-defined layer thickness and a new powder is deposit-
ed and leveled with rotating rollers for next layer printing. The
finished object is a removed powder bed followed up by post-
printing steps including de-binding and sintering processes.
The complete layout of the inkjet 3D printing system is
illustrated in Fig. 7. The lack of high-power/energy input
is one of the main advantages of 3D printing/ink jet pro-
cesses [28]. Feedstock material (mixing with binders, filler
material, pore formers), printing with solvent jetting or
binder jetting into desired shapes, curing the printed parts,
de-powdering, de-binding, sintering, infiltration, annealing,
and finishing were considered the crucial steps in inkjet
3D printing [29, 30] (Fig. 7).

Based on the binder location, the process can be classified
as either (i) solvent jetting process or (ii) binder jetting pro-
cess. In solvent jet process, binder materials are homoge-
neously mixed with feedstock material and the solvent is
printed by print heads; subsequently, reaction occurs and
was synthesized into other compounds. In binder jetting pro-
cess, the binder material was selectively deposited in a liquid
state by print heads on metal powders [29].

In 3D printing (3DP), porous parts were achieved by dif-
ferent methodologies such as:

1. Solvent jetting on feedstock material (a mixture of binder
material and metal powder). The binder material acts as
the porous or space holder after sintering [32, 33].

2. Binder jetting on powder feedstock. Powder size, shape,
sintering time, and temperature (sintering profile) regulate
the pore features and final porosity [34, 35].

3. By adding space fillers in liquid binder during binder
jetting on powder bed method [29].

4. Mixing the fugitive material with metal powder in feed-
stock material and in binder jetting process. This fugitive
material acts as the space holder during the build cycle
and makes the porosity during sintering process by evap-
orating [34]

Porosity in inkjet-based 3D printing can be classified into
macropores (pores by design) and micropores (pores by the
process). These micropores were again classified into larger
micropores generated by burning of the binders in the de-
binding process and smaller micropores arising from leftovers
of packing gaps between metal particles after sintering process
[29]. Various process parameters can contribute to making the
porous parts with binder jetting process. Powder shape, layer
thickness during binding, part direction in bed, power output,
roller speed and feed-to-powder ratio, and ink saturation level
are the important parameters to be considered during part
printing. It is important to note that interconnected porosity
decreases with increasing printing saturation level (the per-
centage of the powder void space that is filled with printed
binder) [34, 36] and minimization of layer thickness reduces
porosity.

Zhang et al. explained the effect of the build orientation on
porosity in 3D-printed alumina/glass composite parts and
proved in his study that Y-axis build samples show a lower
porosity compared with X-axis- and Z-axis-oriented build sam-
ples. There has also been some evidence reporting about X-axis-
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Fig. 6 Model for selecting AM process for metals, ceramics, and polymers based on the type of porosity needed

oriented print parts which are more porous than Y-axis- and Z-
axis-oriented printed parts [37]. Eydivand and his team reported
that X-axis-oriented print parts have more porosity than Y-axis-
and Z-axis-oriented calcium sulfate—based scaffold prototypes.
This trend is clarified by the development of constant strips
along the Y-axis, whereas layers throughout the length of X-axis
are crowded by these strips and finally being joined to each
other. Down the Z-axis, single layers are laminated and exhibit
interfaces and discontinuous porosity [38]. Sometimes, delay
times/drying times between the ink deposition into a layer and
the start of spreading the next layer of powder also induce po-
rosity into the sample. Farzadi et al. reported the drying time or
delay time effect on porosity when there is a longer delay/drying
time; binder effectively penetrates and wets both horizontal and

@ Springer

vertical directions over the powder surface. It results in fewer
empty spaces among the powder particles and makes fewer
voids and micropores [38, 39]. Miguel et al. studied the rela-
tionship between the interconnected porosity and printing satu-
ration level of calcium phosphate 3D-printed samples. It has
been reported that interconnected porosity decreases with in-
creasing printing saturation level (the percentage of the powder
void space that is filled with printed binder) [36]. Power control/
heater power corresponds to the heating rate and temperature of
the part being made, and these parameters directly control the
drying time. De-binding and sintering processes (curing temper-
ature/time, sintering time/temperature/atmosphere) are some of
the important parameters for controlling and obtaining appro-
priate porosity in the 3D part [40]. In a nutshell, a higher
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sintering temperature is crucial to obtain open porosity and
higher density. Lower particle size and spherical shape powders
give a higher final density and lower porosity [30, 40].

Figure 8 shows SEM images of GUP type of porosity of
different materials made by 3D printing (binder jetting) pro-
cess. The images show a porosity range between 5 and 200
pm, i.e., polyethylene with a pore size of 100 to 200 um (Fig.
8a) [41], 316L with 33% Nylon-printed sample with an unde-
fined porosity (Fig. 8b) [34], metal composite (Fe-Mn-Ca)
with a pore size of 5 to 30 um (Fig. 8c) [42], and finally
hydroxyapatite ceramic material with a pore size of 10 to
30 pm [43].

L____Build Platform
Levelling Blade

Elevator

2.2.2 Selective laser sintering/melting

Depending on the nature of the powder fusion process, selec-
tive laser sintering (SLS), SLM, and EBM are three kinds of
process capable of processing a wide range of materials to
generate porosity. SLS and SLM processes are carried out in
the inert gas atmosphere (argon or nitrogen) with a pre-defined
laser power beam. This laser beam scans at a controlled speed
on powder bed in selected locations as depicted in Fig. 9. Due
to this laser, powder in the powder bed fuses into the solid
material by either partial melting in SLS or full melting in
SLM [44, 45]. In each process, the powder bed is pre-heated

(d)

Fig. 8 SEM images of 3D-printed GUP of different materials: a polyethylene [41]; b 316L with 33% Nylon [34]; ¢ metal composite (Fe-Mn-Ca) [42]; d

Ceramic (hydroxyapatite) [43]
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close to the melting point of the material to reduce the thermal
distortions and enable fusion in the preceding layer. After each
printed layer, powder bed is lowered into pre-defined layer
thickness and a new powder is deposited and leveled with
rotating rollers, a wiper or doctor blade for next layer printing.
The process is repeated until a printed part or object is com-
pleted and the printed object is removed from the supporting
body [46]. SLS process is further classified into (i) direct laser
sintering process (DSLS) and (ii) indirect laser sintering pro-
cess (IDSLS). In IDSLS, metallic powder is initially coated
with a polymer binder followed by sintering of polymer layer
with laser beam. The metal powder grains are unaffected in
IDSLS but require further thermal treatment for improving the
density and reducing the porosity. In DSLS, there is no bonder
or polymer mixed with metal powder and the process uses
high-power laser beam applied for sintering [44, 47].

In the SLS method, hatch distance, part bed temperature,
layer thickness, and laser energy density are considered some
of the main contributors for obtaining part density or porosity.
Faster laser scan speed in SLS process transfers lower energy
to the materials that lead to more porosity in the sample due to
less sintering. On the other hand, the higher layer thickness
can lead to open porosity [48]. Savalani et al. have studied the
effect of layer thickness on porosity by using hydroxyapatite
(HA)-polyamide composites with HA content 58 wt%. The
increase of pore size is attributed to the reduced specific heat
capacity. Thicker layer thickness leads to weaker bonding be-
tween layers and increases the porosity of parts and vice versa
[49]. In addition to specific heat and layer thickness, hatch
distance is another important factor that controls part density
or porosity. It can be explained that higher hatch distance can
lead to the porous structure. As an example, if the laser beam
spot size is 2 to 4 times larger than hatch distance, in other
words, parts processed by hatch distance less than the spot size
(25% or 50% less than spot size), a major part of the laser spot

@ Springer

may scan again previously scanned line, which leads to inter-
line bonding and reduction in porosity. The case of hatch
distance is the same as the laser spot size; overlapping does
not take place, resulting in more porous part [48]. Tontowi
et al. have studied the effect of powder bed temperature on
density of SLS-printed parts of commercially supplied pow-
ders, Nylon 12 and glass-filled Nylon 11. The authors men-
tioned that the sintered part density is directly proportional to
the temperature at a contestant laser power density. Increasing
the powder bed temperature from 714 to 182 °C increases the
SLS-printed part density [50]

Geometrically complex filters with customized shapes were
3D-printed by SLM to improve filtration performance by de-
creasing airflow resistance (back pressure) [51]. Spierings et al.
studied the significance of process parameters (laser power,
scan speed, and layer thickness) on porosity and reported a
maximum porosity of 26% is achieved for stainless steel 17-4
PH/AISI 630 material [52]. Eberhard et al. analyzed the effect
of hatch distance along with laser power/scan speed to achieve
a maximum porosity of 17.35% for stainless steel 17-4H ma-
terial. Based on the design of experiments (DoE), the authors
have analyzed the influence of SLM parameters such as layer
thickness, laser power, laser scanning speed, scanning path
strategy, hatching space, laser spot size, and particle shape
and size on porosity aspects of thin walls [53, 54].
Interestingly, the authors have calculated the impact of area
energy density on porosity. Based on these parameters included
in energy calculations, the energy density is expressed in terms
of volume energy density, area energy density, and linear ener-
gy density. In linear energy calculations, the scan speed and the
laser power are included, whereas in area energy calculations,
an additional parameter (hatch distance) is included and in vol-
ume energy calculations apart from hatch distance, layer thick-
ness, laser power, and scan speed were also added. This volume
energy density is defined as
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where Ey is volume energy density, V; is scan speed, P is laser
power, S is layer thickness, and /4 is hatch distance [13]. Lower
laser power, high scan speed, high hatching distance, and layer
thickness decrease the amount of energy transmitted, leading to a
lower heat and partial melting of the metal powder and subse-
quently leading to the building of a porous structure. According
to Eberhard et al., a study in the SLM process proved that in-
creasing hatch distance and scan speed increases the porosity,
followed by the interaction of both hatch distance and scan
speed. According to studies, the areal energy density is a com-
bined value that predicts the porosity for the SLM process [53].

2.2.3 Electron beam melting
Electron beam melting (EBM) is a powder bed fusion AM

technique where the electron beam is used to selectively fuse
powder layer in a vacuum chamber. This process is very

similar to the SLM process except for energy source and vac-
uum build chamber [55]. In EBM, each layer is scanned in two
stages, the first stage involves preheating the powder around
0.4 to 0.6 T, followed by melting and fusing the metal pow-
der. Dehoff et al. studied the influence of EBM processing
parameters on engineering porosity in Inconel 718. It has been
found that increasing the beam current and decreasing the
beam pulse rate increase the porosity. Also, it has been report-
ed that interconnected porosity is not obtained on EBM by
controlling the abovementioned parameters [38]. After care-
fully reviewing the available literature, it is understood that
porosity of EBM-made parts is mainly controlled by lattice
design (GDLSP type of porosity) rather than process parame-
ters. To our knowledge, a very limited work has been reported
on GUP type of porosity using EBM technology.

2.3 Laser Engineered Net Shaping

Laser Engineered Net Shaping (LENS) [Fig. 10] is another
well-known AM technique to construct near net-shaped

Fig. 10 Schematic illustration of the LENS process
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Fig. 11 Process parameters that control the porosity in AM process

metallic parts with multipart geometries without using any
powder bed [56].

Mitun et al. studied the relative density/porosity of Ti sam-
ples controlling the LENS process parameters and observed
hatch distance, laser power, scan speed, and feed rate are the
foremost significant factors to control the porosity. The au-
thors reported that increasing the powder feed rate or decreas-
ing the laser power creates the partial porosity than the molten
powder. Also, increasing the hatch distance induced a higher
porosity into the sample mainly due to least overlapping of
deposited metals. When laser power and powder feed rate are
kept constant, melting of the metal powder depends on laser
scan speed. With an increasing laser scan speed, interaction
between powder and laser is reduced which leads to incom-
plete melting of powder, so that porosity increases [57].
Similar results were also observed by Felix et al. for their
studies on CoCrMo alloy. The authors reported porosity in-
creases with decreasing laser power, increasing powder feed
rate, and increasing scan speed [58]. Figure 11 provided in-
formation about all the AM process parameters that control
the porosity in AM process.

3 Additive-manufactured porous material
applications

Conventional manufacturing processes for porous applica-
tions have limitations on design flexibility, cost of tooling,
lead time delivery, manufacturability, etc. AM has now al-
most considered a better alternative for porous applications
and been adapted by many industries progressively [59].
Considerable research is being carried out in many disci-
plines such as engineering (filtration and purification,
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plastic injection molds, heat exchangers/heat pipes), energy
(batteries and electrodes), medicine (dental, orthopedic,
pharmaceutical), health care (medical devices), and food
and chemical industries to exploit the advantages of AM
[14, 51, 60-68]. A summary of applications of 3D printing
is contained in Figs. 12 and 13.

3.1 Engineering applications
3.1.1 Filtration, purification, and membrane applications

Manufacturing of complex filters using traditional
manufacturing techniques is highly difficult but can be easily
manufactured by using AM technologies to high precision.
Applying AM technologies to filtration and membrane fields
is relatively new, and a very little progress has been made in
this arena. For the first time, Yadroitsev et al. and his co-
workers studied the filter flow resistance/back pressure and
filtration performance of filters made by the SLM process
for chemical and biomedical applications. Thin fine-walled
3D filters made from stainless steel (grades 316L and 904L)
were evaluated to optimize SLM process parameters to pro-
duce a material with open pore structure. Also, functionally
graded porous filters were synthesized with nickel alloy with
polycarbonate. It has been observed that permeability and
pressure drop strongly depends on synthesis parameters [51].

Croft Additive Manufacturing (CAM) is a UK leading
company actively working on applying AM in filtration
field. CAM mainly focuses on using SLM to make stain-
less steel 316L metal filters to remove contaminants in
compressed air [73]. Burns et al. suggested the SLM
printed wedge wire metal filter components have offered
a higher flow rate at a very low pressure drop [74]. The
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same research group reported designing of 316L 3D filters
with a powder particle size ranging from 10 to 45 um and
achieved a layer thickness of 50 pm. These filter meshes,
such as filter holes in-line with filters, decrease the end
users’ energy requirements by at least 15% in fluid
pumping sectors [75]. Mengxue and his team proposed
and studied a novel method by combining the SLS and
particulate leaching for making hierarchical 3D-printed
porous Nylon filters for high permeable water purifica-
tion. The authors studied the effect of different laser en-
ergy densities and layer thickness to control the graded
porosity by using NaCl as pore-forming agent. The poros-
ity decreased with increasing laser energy density, and
samples made with larger layer thickness show a higher
pore size and high porosity. Filtration test results show
filtration efficiency was increased by 95% for the suspen-
sion containing particles with size distribution in the
range of 15 um—120 um, and the filtering precision was
about 17.6 um filtering precision for 15 to 120 um sized
particles suspended in filtration medium [14]. In another
study, Ryan et al. and his co-workers worked on additive-
ly manufactured Inconel 718 metal porous discs for sep-
aration of helium gas from liquid natural gas. Two differ-
ent approaches were adapted to manufacture porous
Inconel 718 metal membranes. One method is to optimize
the EBM process parameters (beam current and pulse
time), and another one is by using four different mesh

Engineering
applications

structures by varying the strut thickness to control the
porosity. The authors have used three different methods
to measure the porosity, and particularly, image process
technique porosity measurement method showed a maxi-
mum porosity (~ 30%) in membranes in those parts made
by varying EBM process parameters [76, 77]. Low et al.
reviewed the applications of 3D printing for membrane
fabrication. The article provided a brief illustration and
screening methodology for selecting AM technique for
membrane fabrication based on printing resolution, accu-
racy, build size, speed, printed materials, and mechanical
properties. While it is mentioned that current AM technol-
ogies are not progressed for nanofiltration, however, they
can able to print dense membranes with pore size more
than ~ 100 nm [78].

3.1.2 Plastic injection molding molds

Kojima et al. proposed the construction of gas permeable
molds for reducing process-related defects such as short
shots and gas burning. Gas permeable molds were created
with metal laser sintering and high-speed milling and con-
trolled the porous structure by optimizing the laser
sintering process parameters. The experimental details
demonstrated that the AM-manufactured porous molds
were able to reduce the mold defects and help to lower
the injection mold pressure [60]. In another study,
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Narahara et al. studied the similar application (permeable  the assembly of pneumatic ejector system (porous mold
molds) with lattice pore structure created by laser  inserts) by laser AM which uses the air to eject the
sintering combined with high-speed milling and reported  molded part from mold cavity instead of metal pin ejec-
the reduction in mold defects [61]. Klahn et al. reported  tors [79].
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3.1.3 Heat pipes

Porous structures have a capacity to retain low surface
tension liquids against an involuntary pressure difference.
Porosity is considered a crucial parameter especially in 2-
phase equipment such as heat pipes by offering the cap-
illary pressure for driving the 2-phase circulation. The
porosity is also capable of providing the flow path by
acting as bridges from one end to another and helps work-
ing liquid to flow easily inside the heat pipes. 3D-printed
porous materials are now extensively used in thermal
management systems. Jafari et al. investigated the thermal
conductivity of different liquids from SLM-made stainless
steel 316L porous structure and concluded the possibility
of using AM for heat pipe technologies [62]. Ameli et al.
developed and studied porosity and the permeability of
SLM 3D-printed aluminum/ammonia porous wick heat
pipes with different pore diameters ranging from 300,
500, and 700 um cubic units. The authors observed the
negligible change in permeability from 107'° m? for
500-pum unit cell samples to 107"* m? for 300 um. A
maximum porosity of 58% has been achieved for
500-um regular lattice pore structure [63]. Only limited
literature is made available on using AM for heat pipes.

3.2 Energy applications
3.2.1 Fuel cells

Fuel cells, the oldest energy conversion technology, are high-
energy efficient devices that work on the principle of
transforming chemical potential energy (electrochemical reac-
tion) directly into electrical energy and heat. Guha et al. ap-
plied the binder jetting process to fabricate solid oxide fuel cell
(SOFC) components such as anode, cathode, and oxygen ion—
conducting electrolyte for high-temperature applications. Ni-
YSZ (nickel oxide-yttria-stabilized zirconia), lanthanum
strontium manganite, and YSZ powder materials were used
to fabricate anode, cathode, and electrolyte respectively. It is
demonstrated that 3D-printed fuel cell withstands at higher
temperature application (750 °C) with consistency voltage
current performance [80]. Inkjet printing is one of the matured
AM processes for the fabrication of electrodes for electro-
chemical reactor, i.e., for solid oxide fuel cells (SOFCs).
Yashiro et al. successfully reported the fabrication of the de-
sired pattern of cathode layers by depositing dots through
inkjet printing. Rheological properties of the ink, amount of
ink ejection, solid loading, platen temperature, number of
passes, and pore formers are critical parameters to achieve
the require thickness, microstructure, and porosity [65].
Recently, AM techniques have been explored to fabricate
devices to host microorganisms for powering home-based de-
vices, famously known as microbial fuel cells (MFCs) [81]. In

MFCs, microorganisms act as a biocatalyst and convert the
energy stored in biodegradable organic/inorganic compounds
into bioelectricity. In these batteries, anodes conduct electrons
as well as host and carry the bacteria. Anodes with porous
structure are crucial for providing a high surface area, high
conductivity, and biocompatibility. Calignano et al. proposed
the use of AM technologies for bioelectrochemical systems
and made the cylindrical-shaped MFC cell anodes with alu-
minum alloy using the SLM process. These anodes are made
with lattice structure and with a mean theoretical diameter of
0.85 mm. The experiments proved that the energy recovery
close to 3 kWh m > per day has been achieved by electrodes
and energy production is greater than metal anodes [64]. Bian
et al. explored power generation enhancement of MFCs using
3D-printed porous carbon anodes. Open porous 3D-printed
carbonaceous (3D-PCP) anodes were fabricated by a combi-
nation of DLP using UV curable resins and precise control of
carbonization process in a tube furnace. The 300-pum porous
carbon anodes, i.e., 3D-PCP anodes, significantly boosted
power density (~238.4%) and generated a maximum voltage
(453.4 £ 6.5 mV) when compared with pure carbon cloth
anodes (188.5 +2.7 mV). The superior performance of MFC
power generation is being attributed to the secondary porous
surface [82]. Tang et al. reported the application and fabrica-
tion of 3D printing anodes in urine-powered MFCs. The 1.5-
mm pore size anodes using X-shaped lattice structure were
designed using 3DP technology for interconnected porosity
and applied polyaniline (PANI) on electrode surface for bio-
compatibility improvement. An electropolymerization pro-
cess is used as a surface modification technique for improving
3D-printed anode performance. 316L stainless steel
(316LSS), Ti6Al4V (Ti64) alloy, and its surface-modified
samples were used for performance evaluation, and results
show that PANI-coated 3DP-SS electrode showed lowest ac-
tivation resistance (less than 15 €2) and highest maximum
power density (0.934 W m>). Due to high porosity, the
surface-coated 3DP-printed macroporous MFC anodes were
not made to clog easily and can be a promising application in
microbial electrochemical systems [83].

3.2.2 Batteries and supercapacitors

Electrochemical energy systems such as batteries and
supercapacitors composed of electrodes and electrolytes have
been studied widely owing to their high energy density effi-
ciency and long cycling performance. Inkjet printing and di-
rect ink writing are two famous AM techniques for creating
3D objects much below room temperature for energy device
system applications [84].

Delannoy et al. applied the AM technology inkjet printing
to make porous LiFePO, (LFP) electrodes for microbattery
applications. The authors successfully formulated ink with
the LiFePOy-positive electrode by combining the carbon
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block as a conductive additive and polyacrylic-co-maleic acid
(PAMA) as a dispersant and binder. The formulated 3D-
printed thin electrode of 85 wt% of LiFePOy,, 10 wt% of car-
bon black and 5 wt% of PMMA achieved 65 to 70% of po-
rosity and demonstrated a very high rate charge/discharge per-
formance of 80 to 70 mAh g~' [66]. In a similar kind of study,
Changyong et al. [67] studied the low-temperature direct writ-
ing (LTDW)-based AM technique to manufacture 3D LFP
porous electrodes for the first time. Using LTDW, high poros-
ity (71.8%) in electrodes is achieved when compared with
room temperature direct-writing process (61.4%). Initially,
LEP ink was printed layer by layer in a very low-
temperature chamber, and printed electrodes were made to
freeze to sustain the mechanical properties and the configura-
tion of the printed topographies. To obtain the 3D porous
electrode, the electrode is further freeze-dried in constrained
chambers. Liu et al. applied a combination of DMLS and co-
electrodeposition method for fabrication of pseudo capacitors.
3D hierarchical porous metallic scaffolds fabricated from
316L stainless steel were printed for hosting higher quantities
of active materials like MnO,, Mn,0O3, and poly[3,4-
ethylenedioxythiophene]. Poly[3,4-ethylenedioxythiophene]
polymer was able to deposit by co-electrodeposition to act
as an adequate binder to enhance the conduciveness and ca-
pacitance of MnO,. Porous scaffold hosting active material
exhibits a higher areal capacitance, lower resistance, and bet-
ter cycling (reduction and oxidation) capacity than the dense
electrode. In addition to this, 3D-printed porous structure
avoided the delamination of active material [85].

A-zhari et al. applied the powder bed binder jetting process
to make thick porous thermally reduced graphene oxide
(TRGO) electrodes for high-performance supercapacitors.
The authors hypothesized that interconnected pore structure
allows rapid ion transportation inside the electrodes of elec-
trochemical devices such as supercapacitors and batteries.
Thick supercapacitor electrodes of 300 wm thickness with
12-mm-diameter electrodes were impregnated with palladium
(Pd) nanoparticles for improving electrode performance and
decreasing the contact resistance between powder agglomer-
ates. This work demonstrated highest gravimetric capacitance
of 260 F/g and areal capacitance of 700 mF/cm? till date

compared with any other graphene-based porous structure
electrodes [86].

3.3 Medical implants/tissue engineering
3.3.1 Medical implants (dental and orthopedic)

In the field of medicine, AM has significantly improved the
ability to prepare structures with precise geometries, permit-
ting the production of patient-specific implants involving
complex surgeries. Human skeletons contain two types of
bones; one is trabecular bone and another one is cortical
(compact) bone. Each type required a different degree of po-
rosity and association. Compact bone porosity is 3 to 5% and
trabecular bone porosity is up to 90% [68]. For an implant to
qualify medically, it needs to have a good biocompatibility
and appropriate pore size, porosity, and mechanical properties.
Microporosity is a crucial element for osteoinduction; open
porosity is important for osteoinduction, osteoconduction,
and osteointegration. Current average pore size for orthopedic
applications is desired up to 400 to 600 pm with volume
porosity of 75-85%. Appropriate open pore size and intercon-
nected pores, and the shape of the pores allow tissue ingrowth,
cell attachment, and proliferation [45]. An appropriate balance
between implant strength and porosity is required to ensure
the scaffold can withstand the applied complex stress during
surgical operation [87]. Most of the AM processes for 3D
printing materials for orthopedic and dental applications are
SLS, SLM, EBM, and LENS. Table 1 briefly summarizes the
processes, materials, and achievable porosity with process pa-
rameters and lattice design structures.

To fix and support the lost teeth, dental implants were used
as artificial tooth roots for more than five decades. But, com-
mercially available implants provide very limited design op-
tions and sometimes can be a matter of question based on pa-
tient’s oral conditions. As we know, dental tissue consists of
enamel, dentine, cementum, and pulp. Open pores in dentin
have the important function to connect the Tomes’ fibers and
exterior of odontoblasts sit within the teeth. Usually exposed/
open porosity of dental tissue is in the range of 1.11 to 3.08% of
its volume [92]. In dentistry, metallic metals such as titanium

Table 1 Details of metallic materials, processes, porous cell structures, and porosity for biomedical applications

Sl. no. Material Process Porous cell structure % of porosity Strut thickness Pore size Ref

1 NiTi SLM Rhombo-dodecahedral unit cell 88 300 - [88]

2 Ta SLM Dodecahedron unit cell 80 150 um 500 um [89]

3 Ti-6Al-4V SLM Cube 63-87 1020-1413 um 451-823 um [6, 90]
4 Ti-6Al-4V SLM Diamond 64-89 641-958 um 240-564 um

5 Ti-6Al-4V 3DF 39-68 160-680 um [91]

6 Ti 3D printing 41-65 50-150 um [33]

7 CoCrMo LENS 10-18 [58]
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(Ti), 316LSS, and cobalt-chromium (CoCr) [SLS, DMLS,
SLM]; ceramics such as alumina (Al,O3) and zirconia
(Zr,03) [SLS, stereolithography, inkjet]; and polymers such
as polylactide, polycaprolactone, polyglycolide, and acrylic
[stereolithography, fused deposition modeling] are extensively
used to make dental implants by various 3D printing technolo-
gies mentioned [93]. One of the major material challenges in
the dental application is the harsh chemical state in the mouth
which leads to a higher corrosion. Ti and its alloys are widely
accepted in dentistry in terms of dental implants because they
are highly resistant to pitting corrosion during dental usage [93].
Traini et al. studied T64 alloy with the SLM process for gradient
porosity from the inner core to the outer surface and reported
that metal surface mean porosity is 28.7% [94]. From the study
of the available literature, we can conclude that the applications
of porous implants for orthopedics and dental are similar, with
the only difference in the amount of porosity and pore size.

3.3.2 Pharmaceutical applications

Even though there is no porous metal AM for drug delivery
devices, it is worthwhile to mentioned porous polymer appli-
cation in pharmaceutical applications. AM in pharmaceutical
drug delivery is a highly anticipated technology and may have
a tremendous impact in the area of personalized medicines in
the coming future. Cheah et al. explored the use of the SLS
process to make polymeric drug delivery devices with a dense
porous core wall for drug storage and release. In their study,
the authors optimized the laser power and scanning speed for
obtaining required density, porosity, and porous morphology
of drug delivery product. Polyamide (PA) is used as the build-
ing material and methylene blue was used as a drug model in
place of an actual drug and it was concluded that drug delivery
devices with different releasing profiles are successfully made

Bulk density measurement X-ray CT scan

*Total porosity can be measured

*No information about closed or
open porosity

*No pore size information

porosity
be identified

*Volume sensitive

SEM

*Pore size & shape above 5nm can
be seen visually

Surface sensitive

*Rarely used for pore analysis

*Total porosity can be measured
*Information about open and close

by the SLS process [95]. Fabrizio et al. studied the impact of
SLM process parameters for oral drug—loaded products. In
this work, it has been demonstrated that immediate and mod-
ified drug release profiles can be achieved by optimizing the
SLS process parameters without degrading the drug. Initially,
3D-printed tablets with two types of pharmaceutical grade
polymers (Kollicoat IR and Eudragit L100-55) were loaded
with paracetamol 5, 30, and 35%. Later 3% of Candurin gold
sheen was added to aid the sintering process of these poly-
mers. Open and closed porosity was achieved to assist imme-
diate and modified drug release by optimizing the internal
chamber temperature and laser scan speed [96].

4 Porosity characterization

As we know, porosity is defined as a measure of the fluid
storage capacity of porous material and permeability is the
ability of porous media to allow the passage of fluid (liquid
and gas). Porous materials have a high internal surface area
that can be used to accomplish specific function or applica-
tion. It should be noted that porosity is a geometrical property
of the sample and consists of open, closed, and interconnected
pores whereas permeability is considered a physical property
of a porous sample [97]. Due to the influence of porosity in
properties, a more in-depth analysis is essential before taking a
prototype into the market. To assess the properties more quan-
titatively, multiple methods are made available to characterize
pore structure, pore size, pore volume, and pore distribution.
In AM, several types of porosity characterization methods
were available for porosity characterization. However, only a
few methods such as optical microscopy, scanning electron
microscope (SEM), X-ray computed tomography (X-ray
CT), Archimedes’ method, and mercury porosimetry are some

Optical microscopy

*Provides prior information
*Pore size & shape above 1um
Surface sensitive

*Pore size & shape above lum can

Mercury porosimetry
*Open porosity

*Pore size can be measured
*Volume sensitive

*Pore size above 1.5nm can be
identified

*Easy measurement

Fig. 14 Advantages and disadvantages of various characterization techniques for porosity measurement
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widely used characterization methods for AM parts. Herein in
Fig. 14, we have summarized all characterization methods
with their advantages and limitations.

Back in 2009, F42, an American Society for Testing
and Material (ASTM) committee, initiated the develop-
ment of a set of standards for AM to cover various aspects
such as terminology, executive, strategic planning, design,
materials, and process and test methods. In particular,
subcommittee F42.01 reports the adaptive test methods
and approved F2971-13 standards for typical practices
for test specimens prepared by AM. Despite having a
large database of standards, a lot of work still needs to
be reported on different test methods and evaluating me-
chanical properties of material made by AM process. In
2011, the International Organization for Standardization
(ISO) committee TC 261 was established for AM, and
ISO/TC 261/WG3 subcommittee was formed to work on
test methods [98].

4.1 Archimedes’ method

Density/porosity of AM parts is generally measured by
Archimedes’ method. Standard ASTM B962-08 for standard
test methods for measuring density of compacted or sintered
powder metallurgy (PM) products using Archimedes’ princi-
ple. Archimedes’ method for finding the porosity or density of
a material is calculated by the following equation:

— Ma

p= (e )

where M, is the mass measured in the air, M, is the mass
measured in the water, and p,, is the density of water.
Spierings et al. compared and studied density/porosity of
SLM process—made 316L stainless steel parts of different den-
sities (90 to 99.5% density) by using three different methods
viz. Archimedes’ method, x-ray analysis, and microscopic
analysis. The authors concluded that Archimedes’ method
has showcased high repeatability, accuracy of measurements,
and ease of usability of any geometry/part size among three
methods for any given part densities. The use of acetone in
Archimedes’ method gives more accurate density measure-
ment by reducing wall adhering air bubbles due to low surface
tension of acetone [99]. Williams et al. used Archimedes’
method for finding the porosity or density of an additive-
manufactured part of maraging steel parts and observed that
partially dissolved solvent in 3DP process shows a higher
density and lower open porosity compared with the binder
jetting process. The authors attributed relatively low density
measurement to a poor powder bed density and insufficient
deformation of spray-dried particles [100]. Similarly,
Slotwinski et al. measured and analyzed porosity of CoCr
samples made by the DMLS process and compared with
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Archimedes’, bulk/mass volume, and XRCT methods. All
three methods generally agree with each other at lower poros-
ity, but the Archimedes’ method shows a lower value than the
bulk/mass volume method for higher porosity samples. In
higher porous samples, Water was infiltrated into the open
pores that are open to the surface of 3D-printed part. It results
in lower porosity values in Archimedes’ method [101].

The main concern with “Archimedes’ porosity measure-
ment” is that occasionally, the results are flawed when the
sample has an open porosity or cracks on the surface.
Various successful attempts were adopted by sealing the open
pores or cracks using a lacquer with a known density [66]. The
main limitations of Archimedes’ method are that it is not suit-
able for the materials which have closed porosity and it does
not provide any information about the pore size and shape.

4.2 Bulk density measurement

Bulk density measurement is a direct measurement method for
total porosity where basic mass and volume of the sample are
measured to calculate the density of sample from the mass-
volume relationship. This method gives average porosity of
sample and not sensitive to localized porosity. Mass and vol-
ume measurements are very critical for accurate porosity mea-
surement [101].

Total porosity equation is € = 100% <1—M>
Pstandard

where € is total porosity, psampe is density of test sample, and
Pstandard 18 Standard sample density [13].

Stoffregen et al. used bulk density measurement to calcu-
late the total porosity for GDLSP and GUP structures by mak-
ing specific modification in SLM process. The maximum total
porosity achieved by GUP is 36.02% and by GDLSP is 60%
[13]. Manfredi and his team also used the same method to find
the total porosity of DMLS-made Al alloy parts at different
stages of part making and reported porosity values at different
stages, i.e., 3.3% after DMLS process, 2.0% after shot
peening, and finally 1.1% after polishing [102], whereas
Paul et al. have used a similar method to study the Inconel
625 porous structures [103].

4.3 Mercury intrusion porosimetry

Identifying pore size distribution is critical for many aspects in
a wide range of material applications and industries. Mercury
intrusion porosimetry (MIP) is a nondestructive technique
used in the calculation of porosity, pore size distribution, and
pore volume for a wide range of powder particles. In this
method, samples are impregnated with mercury at a gradually
increasing pressure so that the mercury infiltrates into pores
due to applied pressure. Pore sizes and pore volumes are
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calculated by pressure-pore size correlation by tracking the
amount of mercury infiltrated at each pressure [104]. MIP uses
the Washburn equation to calculate pore size by assuming the
shape of the pores is cylindrical.

1 1 ) _ 27y cost

Wash burn equation is AP =~y (— +—

ry. n Vpore

where - is surface tension of mercury, r; and r; are the curva-
tures of the interface, 7,0 is pore size, and 6 is contact angle
between the mercury and solid

Jande and his co-workers characterized the uniform and
graded porous polyamide structures made by SLS process.
The authors have used the MIP method for measuring pore
size distribution and measured the pore size which ranges
between 5 and 100 wm, and the mean pore size is 20 um by
raising the pressure to a maximum value of 44 MPa [105]. It is
observed and conveyed that pore sizes < 0.1 pm might be due
to the failure of the specimens at higher infiltration pressures
of mercury but do not truly represent the actual pore structure
in the specimens. Abele et al. studied the influence of SLM
process parameters on porosity and mechanical characteristics
of stainless steel parts. MIP characterization technique is used
to find out the average pore size and pore volume distribution
and observed that pore size diameters are between 7 and
16 um for energy densities below 1 J/mm?. It is mentioned
that above this specific energy, density pore diameters are not
able to be determined because of closed pores and absence of
open pores [53]. Using the same MIP method, Liu et al. com-
pared the porosity of LTDW-printed electrodes with room
temperature—printed electrodes and concluded that pore vol-
ume and porosity of LTDW are higher than room
temperature—printed electrodes [67]. Verlee and his team stud-
ied the porosity control and density of SS 316L parts proc-
essed by the 3D printing process using different powder
shapes and sizes and used MIP and bubble point test for pore
size measurement. Based on the series of experiments, the
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authors concluded that average pore size and permeability
decrease with a fraction of open pore and particle size [35].

The major drawback of MIP is that this technique is not
suitable for measuring the closed pore size. It will approxi-
mate the value of the interconnect pore sizes rather than the
actual pore sizes. Quantification of actual inner pore size di-
ameter is not possible by MIP as it measures the largest en-
trance diameter towards the pore. But any size between
500 um and 3.5 nm of pore size can be measured using MIP
[106].

4.4 Microscopy analysis

Microscopic analysis is a simple method of getting insights on
surface topography, microstructure, pore distribution, surface
voids, and cracks with any cross section of the sample. The
low-magnification microscopic analysis is carried out using
an optical microscope (OM), and the higher magnification
(up to few thousand times) is carried out using scanning elec-
tron microscope (SEM). Carrying out optical microscopic and
SEM analysis requires sample preparation such as cutting,
epoxy potting, grinding, and polishing.

Figure 15 a shows SEM images of SLM-made GUP type of
porosity samples made by changing the scanning speed from
1000 to 4000 mm/s and laser power from 100 to 400 W. From
the images, it can be clearly understood that there is a direct
proportional relation between porosity and scanning speed,
i.e., increase in porosity while increasing the scanning speed.
Also, at higher scanning speeds, a decrease in pore size can be
observed with an increase in the interconnected porosity and
total porosity. Figure 15 b shows microscopic, SEM, and pCT
images of GDLSP-type porosity parts. SEM images clearly
show the difference among the different lattice designs as well
as pore diameters. Ramakrishnaiah et al. applied the SEM
analysis for studying T64 dental implant microstructure and
microporosity study. They observed uniform, completely

Triangle design

‘ {
i
4R

Hexagonal design Rectangle design

SEM

HCT

Fig. 15 a SEM images of different laser power and scan speeds of SLM process—made parts [107]. b Microscopic, SEM, and uCT images of Ti6Al4V

parts made by SLM [15]
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sintered, and metallurgical bonded alloy particles and layers
along the build surface. They also observed numerous hemi-
spherical microporosity sizes that range from 6.6 to 8.6 um
[108]. Spierings and his co-authors studied density/porosity of
SLM process—made SS 316L parts of different densities (90 to
99.5% density) using microscopy, Archimedes’ method, and
x-ray analysis. Based on microscopic analysis, the authors
observed that porosity increases with laser scanning speed.
Higher density (low scan speed) parts show very few spherical
pores and moderate scan speed parts show pores through the
scan lines. Lastly, higher scan speed parts show pores which
are distributed homogeneously with irregular shapes. The
higher density (low porosity) samples show no significant
difference in porosity with different magnifications, but high
porosity (low density) samples show significant difference in
different magnifications in microscopic analysis [99]. Valdez
and his team also observed similar results with the SEM anal-
ysis for Inconel 718 parts made by DMLS process. Density of
these parts decreases with decreasing DMLS energy density.
SEM images revealed process-induced porosity resembles an
open cell foam. uCT scan results show induced porosity is
continuous throughout the part [109]. Seo et al. fabricated
(laser deposited) open and closed porous Ti64 structures by
foaming of melts using TiH,. Optical microscopy images of
polished surfaces showed the open-cell and closed-cell pores
formed at different locations within the part. Upon analysis of
processing parameters related to the deposition process on the
open/closed porosity of the parts, the authors concluded that
track spacing parameter during deposition controlled the open
porosity and quantity of TiH, (foaming agent) controlled the
closed porosity [110].

Highly porous 3D-printed LiFePO, electrode micro-
structures were characterized by Liu et al. using the
SEM analysis and observed a large number of pores
having more than the 1 um diameter on electrode sur-
face as well as a cross section. The pores and voids
between LiFePO, particles provide space for an electro-
lyte which plays a crucial role in electrochemical per-
formance [67]. Xiong et al. used the SEM analysis to
study the porous Ti implants made by 3D printing. The
micrographs showed porosity changing from visible
macroporous to coral-like microstructure before and af-
ter sintering with a pore size between 50 and 150 pm.
The study also revealed that porosity decreases with
increasing sintering temperature, and at lower sintering
temperatures, pores are larger and have a high degree of
interconnectivity [33]. The main drawback of micro-
scopic analysis is that the analysis provides only local-
ized porosity values, which may not be representative of
the overall porosity of sample. Generally, image analysis
software is being used for optical microscopic porosity
measurement. In this method, porosity is defined as the
ratio of pore volume (number of pixels belongs to the
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pore space) over the total volume (number of pixels
belongs to total image).

4.5 X-ray computed tomography scanning method

The on-growing demand of irregular complex structures for
safety-critical applications has increasingly led to the adoption
of a nondestructive tool X-ray CT to assess the external and
internal features of a component [111]. X-ray CT refers to
computerized x-ray imaging procedure, in which X-rays are
aimed at sampling and collecting the x-ray images of samples
from 0 to 360°. Reconstruction of the volume model can take
places out of the acquired 2D gray-level images (slices) of the
samples. Then, these slices are computationally piled to pro-
duce a 3D view of the sample. As reported in many works of
literature, XCT gives full 3D information about the shape,
size, and distribution of internal voids and micro- and
macroporous structures [4, 39]. But the accuracy of this po-
rosity measurement is still subjective. Butscher et al. proposed
and analyzed the relation between different scaffold designs
and de-powdering efficiency by using X-ray uCT scanning
analysis. With pCT scan data, quantification of mobile fillers
was significantly improved. In addition to this, uCT analysis
also measures the de-powdering efficiency by calculating the
printed volume density of porous scaffolds [107, 112]. Farzadi
et al. studied the relation between dimensional exactness and
mechanical properties of 3D-printed calcium sulfate—based
powder (ZP150) and printing layer delay time. The X-ray
uCT analysis was utilized to measure the total porosity and
macropore volume of 300-ms delay time printed sample and
reported porosity and pore volume of 49.59% and 169.04
mm® respectively [39].

As reported by James et al., a significant deviation of over-
all porosity in SLM AlSil0Mg parts can be observed when
compared with Archimedes’ micrograph analysis because
some pores are smaller than the minimum detectable size
[113]. Zanini and his team investigated on the deviation of
XCT scan porosity results from other porosity evaluation
methods. XCT scanning analysis was performed on SLM-
made Ti6AI4V tensile samples, and it was concluded that pore
volume errors meaningfully decrease when the pore diameter/
voxel size ratio is above 6 [114], whereas Kim et al. used XCT
for gravimetric analysis to get the accurate porosity and pore
volume to investigate the pore structure and pore defects of
AM parts. Local thresholding algorithms were applied on
DMLS Co-Cr alloys for selecting a threshold for image anal-
ysis. By using this local thresholding technique, quantitative
information of porosity, pore size distribution, and virtual re-
moval of trapped powders inside the pores were observed
[115].

Usually, trapped powders inside the pores mislead the gravi-
metric porosity analysis results. This issue overcomes by X-ray
analysis. X-ray (CT) analysis is effective when there is an
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absorption difference between the different parts of the sample
and X-rays able to penetrate completely through the sample
with a minimum amount of (10%) transmission. If there are
differences in absorption among different parts of the sample,
decent images will be formed. Image pixel size (voxels) is one
of the important parameters in X-ray CT. If the voxel size is
larger than the pore size, pores are not visible in reconstructed
images [116]. A balance needs to be taken during the x-ray
scan among the resolution, image data size, and time to scan.
Generally, it is observed that a higher resolution leads to a
longer scan time and bigger size data. In 3D images, air gaps
(pores) and bulk material have their specific gray values de-
pending on the X-ray absorption. After the image collection,
3D image is constructed by using a special software to analyze
the images and calculate the porosity. This method not only
measures the porosity but also analyzes the position, shapes,
and size of the pores. For fine micron-level pores and crack
detection, X-ray micro-CT scanning is required for high reso-
lution. Porosity measurement of metallic samples by XCT
method is not completely understood and sometimes not as
accurate as the established Archimedes’ method. However,
XCT is a more reliable nondestructive test method currently
available for pore distribution evaluation in parts [117].

4.6 Permeability measurement

As we are aware that in porous applications, permeability is
one of the important factors which measures the pressure
drops across the part during fluid/gas flow [118], this perme-
ability is depending not only on the porosity but also on mean
pore size and microstructure. The permeability is calculated
by Darcy’s law where the permeability of porous structure was
measured by injecting the deionized water or gas through the
test samples at various flow rates and measures the corre-
sponding pressure drop across the porous sample. Once the
pressure drop is logged, the permeability is calculated by the
following formula:

o 1
A pl_Pz

Darcy’s equation : = — 7

Vv
v
whereas p is the permeability of the porous sample, V/¢ is the
volume of compressed gas or water per unit of time that is
passed through the samples, 7 is the viscosity of the com-
pressed gas or water, and A is the cross-sectional area of the
porous sample that facing the compressed media (water or
gas). p; and p, are the pressures of chamber 1 and chamber
2 respectively [107, 119]. Darcy’s equation is a theoretically
and experimentally valid for laminar flow of medium for all
porous media [120]. Furumoto et al. measured the permeabil-
ity of metal alloy samples made by laser sintering using
Darcy’s law and reported that permeability of porous structure
depending on porosity and permeability increases with

increasing porosity [107]. In contrast to this study, Mengxue
et al. studied the porosity and permeability of SLS-made sam-
ples and observed a continual increase of permeability with
increasing layer thickness while no increase in actual porosity.
However, there is no increase in actual porosity. Permeability
is strongly influenced by mean pore size and microstructure
[14]. Verlee and his team studied the combination of particle
shape that used in AM process, pore size, and open porosity
on permeability. Nonspherical powders reduce the permeabil-
ity and lower the pore size, and open porosity impairs the
permeability [35].

5 Future challenges and conclusions

The paper provides insight information on AM process for
porous applications and discussed in detail about their classi-
fications. GUP is nonuniform and naturally arises as a conse-
quence of AM process parameter optimization for below
100-pum pore size, whereas GDLSP is a macroscopic void
space between struts in a lattice design with a controlled uni-
form porosity with a pore size above 200 um. Further division
of GDLSP into uniform, gradient porosity, and different lattice
design (topology selection) structures are mentioned briefly.
Different AM process parameter optimizations to get GUP
and different lattice design structures for GDLSP were
discussed in detail. One of the main observations is that when
compared with GDLSP, only a few materials and processes
were attempted for GUP-type porosity. One of the major chal-
lenges is to apply the most convenient GUP type of porosity
for a wide range of materials and to obtain required pore size
and porosity below 100 pum.

In GDLSP type of porosity, no universal rule for selecting
the unit cell type for porous design has been formulated yet. It
is much crucial need to have a universal rule to select “unit
cell” for 3D design. Still, based on designs, it is very difficult
to fabricate a material of a pore size below 100 um with
interconnected porosity. Also, it was observed a very limited
study has been done on a combination of the two types, i.e.,
GUP and GDLSP, of porosity designs.

Finally, no single kind of porosity characterization method
gives full information of pore size, shape, porosity, and per-
meability. A universal porous characterization method is re-
quired for characterizing the AM porous structures to get the
full information of porous parts.
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