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As a non-beam-based additive manufacturing (AM) method, binder jet 3D printing (BJ3DP) is a
process where a liquid binder is jetted on layers of powdered materials, selectively joined and
then followed by densification process. Among AM technologies, binder jetting holds distinctive
promise due to possibility of rapid production of complex structures to achieve isotropic prop-
erties in the 3D printed samples. By taking advantage of traditional powder metallurgy, BJ3DP
machines can produce prototypes in which material properties and surface finish are similar to
those attained with traditional powder metallurgy. Various powdered materials have been 3D
printed, however, a typical challenge during BJ3DP is developing printing and post-processing
methods that maximize part performance. Therefore, a detailed review of the physical processes
during 3D printing and the fundamental science of densification after sintering and post heat
treatment steps are provided to understand the microstructural evolution and properties of
binder jetted parts. Further, to determine the effects of the binder jetting process on metallurgical
properties, the role of powder characteristics (e.g. morphology, mean size, and distribution),
printing process parameters (e.g. layer thickness, print orientation, binder saturation, print
speed, and drying time), sintering (e.g. temperature and holding time) and post-processing are
discussed. With the development of AM technologies and need for post-processing in 3D printed
parts, it is necessary to understand the microstructural evolution during densification process and
here, processing steps are explained. Finally, opportunities for future advancement are addressed.
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1. Introduction
1.1. Need for the additive manufacturing

Additive manufacturing (AM), also known as 3D printing, is a fabrication method that works by adding material together layer by
layer to create an object. This “adding” of material can be accomplished by various means, including extrusion, welding, curing,
inkjet deposition and others. The process starts with a digital 3D design made with computer aided design (CAD) that gets digitally
sliced into layers. The AM machine then determines a toolpath for creating each of those layers and once the print is started, the
printer follows that toolpath for each layer until the part is completed. The advantages of producing parts layer-by-layer via AM
include a high level of design freedom, uniform lead time, reduction of material waste through feedstock recycling, and the ability to
create a variety of geometries in a single print, among other benefits [1,2]. Further, the freeform nature of AM permits one-time
production of complex parts with desirable properties in many applications such as medical applications [3] and aerospace com-
ponents [4].

In recent decades, significant attention has been given to producing parts with complex geometries via traditional manufacturing
from different types of materials such as high-temperature alloys, high entropy alloys, biomaterials, shape memory alloys, structural
materials, and ceramics. These traditional manufacturing methods for shaping metallic material components range from metal
forming (e.g. rolling, extrusion, forging, drawing), metal joining (e.g. welding, brazing and soldering), machining, casting, and
powder metallurgy. The drawback of these established processing methods is that they require extensive efforts in terms of process
planning or post-processing to achieve the final product with the desired geometry. On the contrary, AM has promised the ability to
manufacture components in various, desirable metal alloys in complex geometries unachievable with traditional methods while also
reducing steps in the manufacturing process.

Compared to the traditional manufacturing that utilizes material subtraction to create a net shape, AM utilizes wire, powder,
sheet, and other feedstocks which are selectively fused or added together to fabricate a part from a designed 3D model data [5]. With
certain AM technologies, one can design and directly manufacture a complex part with excellent dimensional accuracy from various
materials such as polymer, ceramic, and metal [6-10]. A further advantage to AM is that there is no specific tooling required to make
the AM part, while forging, casting, and even highly complex machining components all require some form of tooling to produce
parts. In addition, studies [11-13] have been carried out around life cycle assessment comparisons of additive manufacturing
(particularly binder jetting) and conventional manufacturing. All studies concluded that the energy consumption of additive man-
ufacturing dominates the environmental impacts. Overall, it is being proven that AM reduces manufacturing time and cost by re-
ducing process steps and eliminating the need to design, produce, and deliver part-specific tooling, molds, and patterns [14,15].

Generally, AM techniques are divided into two categories including (1) fusion-based methods such as direct energy deposition
(DED), laser powder bed fusion (LPBF), electron beam melting (EBM); and (2) non-fusion-based methods such as extrusion, binder
jet, material jet, and sheet lamination, and each process has its own nuances with regard to materials processable and material
properties achievable [16-19]. Post-processing of AM parts may include machining to reach desired tolerances, remove the support
structure, improve surface finishing, or sintering or infiltration depending on the AM method [20]. Similar to parts produced by
powder metallurgy and conventional casting, post heat treatment (annealing, aging) may alter microstructure and properties as
desired. In competing with traditional manufacturing methods, various factors influence the implementation of AM in industry such
as technological factors, organizational factors, strategic factors, operational factors, and supply chain [21].

Despite the challenges to adoption of AM by industry, much research has been conducting on the technology, primarily on
process-property mapping. As illustrated in Fig. 1a, by the end of 2019, around 31,000 papers had been published on AM, most of
them since 2014. Each study presents its own set of parameters (e.g. processing parameters, optimization, microstructural evolution,
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Fig. 1. A comparison between numbers of (a) 3D printing papers published in peer-reviewed journals per year from 1988 to 2018 and (b) binder jet
3D printing and/or inkjet printing per year from 1988 to 2019.
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mechanical behavior, heat-treatment, and post-processing effects on properties). Recently, DebRoy et al. [20] performed a detailed
review on additive manufacturing of metallic components in which process, structure, and properties were discussed for different
alloying systems such as stainless steels, nickel-based superalloys, titanium, aluminum, magnesium alloys, and so on. Although the
broad range of studies are useful to AM as a whole, there is a lack of detailed information on the process parameters, structure,
properties, and challenges of binder jetting, one of the non-fusion metal AM technologies. As shown in Fig. 1b, only about 610 papers
had been published on the binder jet 3D printing and/or inkjet printing by the end of 2019, most of them since 2015. Although there
is a basic understanding of the underlying principles that govern the printing process, there are few items affecting not only the
process but also the microstructure formation during/after sintering steps. Since binder jetting holds much promise in lowering the
cost of metal AM, the purpose of this work is to provide an overview on what has been done on the binder jetting of various materials
as well as detailed information on how printing might be affected by different variables. First, however, the advantages and dis-
advantages of AM and the differences between binder jet and fusion-based methods must be discussed.

Advantages of AM - Designers and fabricators alike are beginning to see the power of AM in aerospace, manufacturing, and many
other sectors. Looking from the broad view of digital design to digital production, AM makes the digital fabrication workflow a reality
[22-25]. From a narrower view, AM’s layer-wise fabrication affords freedom of design that makes traditional manufacturing obsolete
[26]. Specifically, however, the benefits of AM are summarized best by Hod Lipson’s “The 10 Principles of 3D Printing” [1]. A few of
the relevant advantages of AM other than design include:

® Variety is “free”

® Zero lead time

® No assembly required
® Less waste

First, “Variety is free” means that AM is not limited to producing the same artifact repeatedly as is required in traditional
manufacturing. “Object A” can be fabricated alongside “Object B” alongside many other objects. Similarly, “Zero lead time” means
that the machine does not require special fixture or setup to start, ever. As for assemblies, mechanical assemblies can often be
manufactured as a single part with AM, thereby saving significant resources in production, inventory, and assembly cost. Finally, in
many cases, AM produces much less material waste, which is especially important for industries where high-value materials are used,
such as aerospace. Gebler et al. [27] suggested that based on the model calculations, 3D printing contains the potential to reduce costs
by $170-593 billion, the total primary energy supply by 2.54-9.30 EJ and CO, emissions by 130.5-525.5 Mt by 2025.

Nuances exist with each principle, but the overall vision for AM can be traced back to the 10 principles. For binder jetting, the
opportunity to fabricate complex objects with less waste, less lead time, and more variety is already a reality as ExOne continues to
fabricate custom metal geometries at high volume for Shapeways and other customers [28,29]. Further, as the material selection with
binder jetting improves, the number of end-use parts being fabricated with binder will continue to grow.

Disadvantages of AM — Even with the promises of AM, mass adoption of the technology is currently hindered by significant
challenges in the technology space. First, AM lacks material selection in terms of metals and ceramics, meaning that limited ap-
plications can benefit from AM. Next, the relationships between the printing processes and the resulting material properties have just
begun to be characterized, so confidence in these parts for structural applications is low. In addition, variation in the machines and
processes themselves due to the newness of the technology further reduces confidence. Finally, although the cost of AM technology is
reducing, the current cost combined with the lack of material selection mean that mostly a few high-value markets can make an
economic case for AM, such as aerospace and medical [30].

1.2. Metal AM processes that use a powder bed

A common method for producing parts via AM is by using a powder bed, where a powdered feedstock is spread into a thin layer
and either welded or glued together in the 2D shape of that layer of the part. The layer is then slightly lowered into the build volume,
more powder is spread over top, and then a new layer of powder is shaped by welding or gluing on top of the previous layer until the
whole print is completed. Just as the whole of AM process can be divided by fusion or non-fusion, powder bed processes can be
divided into two main categories: (1) powder bed fusing techniques such as laser and electron beam-based methods and (2) tech-
niques where the powder is lightly bonded like binder jet 3D printing.

1.2.1. Powder bed fusion

Powder bed fusion (PBF) works by selectively melting the powder in each layer with either an electron beam, laser, or other heat
source, and is a significant focus of research in metal AM. There are numerous publications and reviews on laser powder bed fusion
(LPBF) and selective electron beam melting (EBM) [20]. The key differences between LPBF and EBM arise from the heat source and
the different conditions under which they are operated. LPBF usually operates under an argon or nitrogen atmosphere at ambient
pressure and temperature and then build rates are limited by the mechanical movement of the mirrors manipulating the laser beam as
well as the intensity of the laser beam itself [31]. Owing to operation at ambient temperatures, the thermal gradients are usually
higher in LPBF compared to EBM and components fabricated using laser powder bed fusion are required to undergo a stress-relieving
treatment before being used for the required applications. EBM, on the other hand, relies on an electron beam to first heat and
subsequently melt the powder bed. In EBM, since the entire layer of powder is partially sintered by the beam before the part geometry
is melted, the temperature of the build is near melting temperature of the material and results in in-situ stress relieving during the
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build itself. The powder bed is usually heated to 0.8T,, with T, being the melting point of the material. Also, the rapid rates at which
the electron beam can be manipulated lends itself to higher deposition rates compared to LPBF [32]. Furthermore, the thermal
gradients in the EBM system can be manipulated to influence the texture of the material [33]. However, owing to the use of electrons
and unlike LPBF, EBM is limited to deposition of conductive materials only and even then, if appropriate parameters are not used, the
build can fail via electrostatic charge buildup, a phenomenon known as smoking [34].

Common to both LPBF and EBM is the formation of columnar grains in most material systems due to the layer wise solidification
of each part as it is built, which result in anisotropic properties such as tensile and fatigue strength based on the build direction.
Sintering via binder jet AM, on the other hand, induces a relatively uniform thermal profile throughout the part which lends itself to
producing materials with equiaxed grains and subsequently more isotropic material properties compared to fusion-based techniques.
This ability to produce microstructures similar if not identical to current industrial processes is one of the major motivations to
advance and investigate binder jetting as a candidate for mass adoption in mainstream manufacturing.

1.2.2. Binder jetting additive manufacturing

Binder jetting is an AM method in which powdered material is spread into a layer and selectively joined into the desired layer
shape with binder, which is typically a polymeric liquid [35]. As the build progresses, the layers of the print are bonded together,
resulting in a box of powder with binder arranged in the 3D shape of the desired part geometry. The box may then be heated to cure
or “set” the binder if needed, and then the printed part(s) may be removed from the powder bed in a process called “depowdering.”
The printed parts are at this point considered “green” or otherwise not suitable for end-use and are then subjected to a post-process
such as sintering or infiltration to achieve desirable mechanical properties.

Binder jetting technology was initially developed at the Massachusetts Institute of Technology (MIT) and patented in 1993 by
Emanuel Sachs, who developed the process using a gypsum-type powder and a glycerin/water binder deposited via thermo bubble
inkjet print heads [36]. The technology was commercialized by the company Z Corporation, which added full-color capability to its
platform and dubbed the technology “3D Printing” [37]. Industries that used the Z Corporation technology for prototyping included
architecture and machine design; however, research in metal powder printing was also being conducted [38]. Because the Z-Corp
parts had limited structural integrity, methods for increasing strength included dipping the parts in a wood hardener or other low-
viscosity resins which would then infiltrate the parts with capillary forces. In 1996, the company Extrude Hone licensed the patents
from MIT to start producing metal parts with binder jetting technology. In 2005, the ExOne Company spun off from Extrude Hone,
focusing on binder jetting of stainless steel infiltrated with bronze as well as sands printed for metal casting molds [39]. The bronze-
steel metal matrix composite is produced by printing a stainless steel powder into the net shape and then heating that part in a
furnace to around 1100 °C in the presence of bronze [40]. The bronze becomes molten at this temperature and infiltrates the SS
preform using capillary forces to form a fully dense, stainless steel-bronze metal matrix composite. Fig. 2 summarizes the entire
binder jetting process for the original bronze-steel material system which includes curing after printing and then post-processing to
attain near fully dense parts. The bronze-steel material system is still offered today by ExOne, however recent developments by ExOne
and others have resulted in single alloys rapidly replacing bronze-steel for end-use components [41].
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Fig. 2. Illustration of binder jet 3D printed parts followed by curing, depowdering, and densification (infiltration) steps.
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Over the decades, there have been many studies on fusion-based AM (e.g. melting and solidification) on structural materials [20],
ceramics [42], polymers [43,44], biomaterials [45-48], functional materials [49], and microfabrication [50]; however, in com-
parison there has been limited research on the use of binder jetting in shaping similar materials. Since binder jetting of metallic
components has its origins in metal powder technology, sintering, and prototyping [51], published works have mainly presented
microstructure and density studies rather than characterization of properties such as mechanical, thermal, and magnetic behavior.
Further, compared to other AM methods, binder jetting is developing quickly; thus, it seems vital to have a periodic assessment of our
understanding of binder jetting.

Despite the lack of research in properties of binder jet parts, the utility of the technology is becoming clear. A study has shown the
advantage of binder jetting over its PBF counterparts in terms of throughput and operator burden [52]. Overall, the study illustrated
that the batch-wise processing strategy made binder jet superior to laser or electron beam melting technologies in the scenario in
which batches of multiple parts were being printed at once. Some other advantages of the binder jetting include:

1. Unlike PBF technologies, binder jetting is compatible with virtually any powdered material, and since numerous powdered metals
and ceramics are sintered to full density in many current industries, binder jetting has the real potential to surpass powder bed
fusion and have the widest selection of materials of all AM processes [53].

2. Another merit of binder jetting compared to other AM methods is that the shaping process occurs at room temperature and
atmosphere, avoiding issues related to oxidation, residual stress, elemental segregation, and phase changes, making the powder
around the parts in the build box highly recyclable. Further, by avoiding the use of expensive sealed chambers for vacuum or
inerting, the build volume of binder jetting machines is amongst the largest compared to all AM technologies (up to
2200 x 1200 x 600 mm) while still maintaining the high resolution afforded by inkjet. Important features of AM processes are
maximum size and complexity of the produced parts, production times, and part qualities such as dimensional accuracy and
defects of the final product.

3. In fusion-based AM, support material must be produced alongside the part and attached to a build plate for stability during
printing and, therefore, requires more time and material than in binder jetting, where the part is supported by loose powder in the
job box. Additionally, no support structure is required for any part geometry produced by BJ3DP during printing while other AM
methods ultimately need support structure if there are overhanging features.

4. Fusion AM processes utilize a heat source for melting the layers of powder, which leads to residual stresses in the final product. In
binder jet, some heat is used in the build process for lightly curing the binder, however, this heating is minimal. This, since there is
no significant heating or melting occurring during the binder jet printing, binder jetted parts do not experience thermally-induced
stresses and distortions, so it can be more practical to fabricate overhanging features vs. powder bed fusion techniques [54].

5. Compared with powder bed fusion AM processes where the rate of part production is low due to the limitations of scanning speed,
binder jetting has high production rates and can produce large volumes of parts more cost-effectively than other additive man-
ufacturing methods. Further, some geometries and fine features are better suited for binder jetting than powder bed fusion or
other AM technologies.

6. Compared to fusion-based AM, various densities with controlled porosity in terms of shape and size are achievable using binder
jetting based on the sintering temperature and time.

The main drawbacks of binder jetting include:

1. Binder jetting is a multi-step process where post-processing steps (curing and densification) are required.

2. As-printed parts show lower relative density (~50%) compared with the powder bed fusion AM processes, and densification from
this state usually results in significant distortion of the geometry.

3. Higher surface roughness and lower resolution are attained using binder jetting (0.5-50 um) compared with some powder bed
fusion AM processes.

4. Development of post-processing strategies is still needed for the majority of materials.

Unfortunately, the most significant aspect of the binder jet process that currently limits this potential is the inability to predict the
large amount of distortion that occurs when sintering single alloys to full density, which lowers overall accuracy of the process in
creating single-alloy parts much bigger than MIM size [37]. However, computational tools are currently being developed to address
this issue. Despite the drawbacks of the process, the enthusiasm of using binder jetting has already begun for academic research,
particularly on structural materials, biocompatible materials, composites, and functional materials. A reason for this interest is the
vast history of research and process knowledge which has been performed and developed in traditional manufacturing via powder
metallurgy and sintering process which can be directly leveraged in consolidating powdered materials shaped with binder jet.
However, much more work is needed. Firstly, powder characteristics such as powder morphology, mean size and particle size
distribution, powder chemistry, and surface features and their effects on the binder jetting process should be studied. Further,
powder-binder interaction during 3D printing, binder jetting parameters such layer thickness, binder saturation, drying time, print
orientation, and print speed are other influential parameters affecting density and strength of the binder jetted parts which ultimately
affects final part qualities. Finally, post-processing for reaching desirable material densities and surface finishes plays an important
role on the resulting properties and overall utility of the final products.

In summary, the existing knowledge base in powder metallurgy (PM), casting, and other AM processing methods (laser/electron
beam based methods) is useful; however, further studies are needed to comprehend the important features of binder jetting including
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(1) powder characteristics control and qualification; (2) binder selection, its deposition method and compatibility with printing,
powder-binder interaction, stability, and burnout characteristics; (3) specifications of printing process parameters (e.g. printing
speed, layer thickness, drying time, roller speed, etc.); and (4) specifications and correlation of densification kinetics to complex
geometry and required post-processing procedures (e.g. sintering, infiltration, post heat treatment, surface finish, etc.).

Due to the recent recognition of binder jetting as a powerful manufacturing tool, the authors seek to present an overview of
scientific and industrial work accomplished with this technology. This review emphasizes the understanding of binder jet additive
manufacturing and its future capability in the production of complex parts as well as a roadmap for future development in the area.
This work will cover a range of topics relating to binder jet technology from its beginnings in the early 1990s in printing gypsum to
current work in nickel superalloys. Further, a detailed review on the binder jetting of different materials is conducted, particularly on
the printing process, structure, and post-printing processes followed by characterization of the final products. Binder jetting is ex-
plained in detail and design psychology for 3D printing is addressed. Finally, the mature knowledge base of powder characteristics,
powder/binder interaction during printing, and sintering is presented to assist better understanding of binder jetting of powdered
materials.

Current Applications of binder jetting — Originally, binder jetting was known as “3D Printing” or the “ProMetal” technology
[53,55,56]; however, in 2013, the ASTM committee established terminology for AM technologies and renamed the technology
“binder jetting” [57]. Compared to direct metal processing such as fusion-based AM methods, binder jetting has received less at-
tention in the research community and industry. Since the 1990s, ExOne has worked with various companies and institutions in
binder jetting research for the development of process settings to print and densify common ceramics and metals. Much of the
research is materials focused and currently being conducted in the areas of ceramics, metal matrix composites, and high-utility single
alloys like Inconel, stainless steel, and tool steel.

As the technology improves for sintering small features, overhang structures, struts and microchannels with high accuracy, there
will be growing interest in binder jet by different industries. Recently, binder jetting is utilized for different applications such as
electrochemical energy storage [58-60], electronic device [61,62], food technology [63-65], solid oxide fuel cell [66], molds for
sand casting [67-76], waveguide circuits and antennas [77-79], concrete construction [80-85], renewable bio-based materials [86],
ceramic scaffolds [87-91], bio-polymers [92-97], sand stone production [98-100], and biomedical applications and drug delivery
[101-109]. In Fig. 3(a—-d), parts that are binder jetted with different materials and then sintered or infiltrated to attain near-full
density are shown. Next, application of binder jetting in the food industry to create complex shape structures is illustrated in
Fig. 3(e,g). a parabolic antenna was 3D printed from stainless steel and then infiltrated with copper (Fig. 3(f)) [77]. In addition, a
shell structure was fabricated from sand by binder jetting and used to cast (Fig. 3(h)) [68].

Equipment manufacturers — The main companies that produce commercial binder jetted 3DP machines are: (1) ExOne Company
(Irwin, PA), which has a variety of printers for shaping coarse and fine powders ranging from foundry sand to MIM-size powders for
metals like nickel-based alloys, stainless steels, bronze, and high noble gold, (2) Voxeljet Technology (Augsburg, Germany) has a
sand-based system for metal casting and a PMMA-based system for plastic parts, (3) Z Corporation (Burlington, MA, known as 3D

Fig. 3. Parts produced by binder jet 3D printing: (a) turbine component, SS 420 infiltrated with bronze (design: Airbus Deutschland GmbH); (b)
mold insert from X190CrVMo20 tool steel, green part (left) and sintered to full density (right); (c) earring, SS 316L; and (d) wrench, SS 420 [110].
(e,g) 3D printed parts showing the capability of binder jetting in the food industry [63]. (f) Binder jetted reflector antenna from stainless steel 316
and infiltrated with copper [77], (h) a shell structure sand mold [68].
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Systems since 2012) also has a sand-based system for metal casting as well as systems for composite or elastomeric parts, and (4)
Digital Metal (Bruksgatan, Sweden) which produces machines to print MIM-size powders. Further systems have been proposed by
Desktop Metal, General Electric (GE), 3DEO and HP Companies. ExOne offers the widest range of materials of all equipment man-
ufacturers, which include stainless steel 316, 420 and 17-4PH, nickel-based superalloy 625 and 718, iron, iron-chrome-aluminum,
chromite, cobalt-chrome, zircon, bonded tungsten, tungsten carbide, ceramic beads, and silica sand. The ExOne Company also
manufactures a wide range of binder jet 3D printers for different applications with build volume and speed from 160 x 65 X 65 mm>
and 120 layers per hour (Innovent printer) to 1800 x 1000 x 700 mm® and 60-85 layers per hour (S-Max printer) [111], demon-
strating that binder jetting is a scalable technology as it does not require an enclosed chamber and features high throughput enabled
by inkjet printing technology [112]. Specifications for some of these machines can be found in [113].

Overall, although the material selection of binder jetting is currently limited in terms of what is commercially available, there is
still a wide use of binder jet parts in the consumer products market. The lack of readily available material systems as well as size of
the products can be two main challenges and motivating factors for the creation of new material systems and 3DP machines. The
remainder of this work will focus on the specifics and nuances of the binder jet process, the types of materials and processing
strategies that have been investigated, and how these details are vital to creating a roadmap for future research and development in
binder jet AM.

2. Binder jet 3D printing
2.1. Process overview

Printing — The current process of binder jetting is still fundamentally the same as it was at the time of its first invention, regardless
of the new materials that are being shaped. ASTM F2792 defines Binder Jetting as, “An additive manufacturing process in which a
liquid bonding agent is selectively deposited to join powder materials.” The following steps need to be followed to fabricate the
binder jetted green part [114]:

® A 3D model is required using a designed, modeled, or scanned 3D model attained from an actual specimen. A digital CAD model is

obtained and sliced into thin layers and saved as an STL file that can be used for printing (Fig. 4(A)).

In binder jetting, a thin layer of powder is spread on the build box (the area where the powder bed is ready for printing) and a

traversing counter-rotating roller spreads and loosely compacts the new layer of powder.

A liquid binder (such as polymer in solvent or aqueous solution) is jetted from the print head onto the powder layer where the

object is to be formed [115]. Binder saturation is calculated based on the estimated powder bed density and used as an input by

the user.

After the binder is deposited, an electrical heater passes over the powder bed to partially dry/cure the layer and prepare it for

spreading the subsequent layer, which also helps to maintain a uniform temperature. Curing time after printing of each layer is an

important factor in which enough drying time is required to let binder fully bind with powder to avoid cracking of the powder bed
or agglomeration and sticking of powder on the roller’s surface during printing.

o After the binder is deposited and dried, a piston that supports the powder bed lowers the build by the height of one layer, which
typically ranges from 50 to 200 um. The roller spreads powder onto the powder bed from the powder supply. The powder supply
can be a gravity fed hopper style bin and in some cases, feed is induced by exciting the powder through the bin for powders with
undesirably flow characteristics [116]. Once deposited onto the surface, a re-coater, which typically is in the form of an oscillating
or rotating bar, spreads the powder over the surface and/or smooths and lightly compacts the powder in the case of a roller [117].
Schematics of two types of binder jet 3D printers are shown in Fig. 4(B).

As in Powder Bed Fusion, a powder layer is spread by mechanisms such as a blade, comb or roller, however with binder jetting a
counter-rotating roller is almost exclusively used to the roller’s ability to encourage powder flowability. With powder bed fusion, the
welding of the metal powder bed can create solid raised features in the bed, which would collide with a roller and cause damage to
either the roller or print or both. Thus, by using a counter-rotating roller, binder jetting can spread a wider variety of powder shapes
and sizes than most powder bed fusion technologies.

Curing and Depowdering — Once the printing step is complete, some binder jet technologies require a post-cure to dry the binder
and give the printed powder its “green” strength. To do this curing, the bed is removed from the printer and heated until the binder is
adequately dried, and resulting “green” shapes, can be manually removed from the powder bed (although the curing step requires
little operator involvement, it is still an extra step in the process that manufacturers are working to avoid in the future). Commonly,
the “build box” that contains the powder bed and printed parts are moved to an oven for curing by heating to 180-200 °C for a
prescribed number of hours based on the build box volume and binder characteristics [118]. Watters et al. proposed a curing protocol
including vacuum, heat, visible light, and pressure for improved strength of binder jet 3D printed parts [119].

After curing, the green parts have enough strength to be handled and moved to the densification furnace. At this step, the loose
powder in the build box is removed via a vacuum and careful, manual brushing by an operator. The individual parts are further
cleaned, typically by hand, using a brush from the surface of the parts or gently vacuumed/air-blasted, for parts with internal details.
For printed parts with small features and overhanging structures, significant attention is required to prevent breaking the parts. The
loosely-bound, “green” metal powder parts that result from the binder jet print process are then densified either by sintering to full
density or infiltration with another material to achieve full density and desirable mechanical properties.
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Fig. 4. (A) CAD model, STL file, and binder jetted parts [80]. (B) Schematic showing different parts in binder jet printers with two types of powder
feeding techniques, (left) powders are supplied using a hopper and with oscillation, powders are spread on the powder bed, and powder compaction
is achieved using a roller (e.g. in the Innovent or M-Flex ExOne printer) and (right) there is a powder supply as a feeder in which a roller swipe
powder on the powder bed on the top layer of the built area (e.g. in the X1-Lab printer).

In one derivation of the binder jetting process, this step is skipped as the entire bed is cured and light machining of the green part
is done in concert with initial drying/curing. In this instance the green parts are moved directly to the densification stage.

Sintering and/or Infiltration — After curing and de-powdering, the relative density of the green part is typically in the range of
50-60%. If viewed with a microscope, the individual powder particles could be observed and simply bound together with polymer at
the contact points of the particles. To achieve desired density and perhaps target mechanical properties, further densification can be
achieved with various methods such as infiltration (see Fig. 5 path #1 after curing step (d)) [120] or sintering (see Fig. 5 path #2
after curing step (d)) [115,121], (see Fig. 5). Regardless of the densification method chosen, a burnout step is needed at ~600-700 °C
to fully pyrolyze the binder before sintering or infiltration can occur.

In determining the proper post-processing cycle, factors to consider include material composition, powder size, sintering atmo-
sphere, temperature, and holding time [122]. Since every material has specific sintering characteristics, it is sometimes practical to
control sintering using sintering aids, mixed powder with various powder sizes, and coated particles [123,124]. Densification stra-
tegies are different for ceramics, metals, and polymers [125,126]. Since ceramics have significantly higher sintering temperatures and
lower potential for densification compared to metal powders, infiltrating ceramics with metals is a common strategy for densification
of binder jetted ceramics. In contrast, polymers have low melting temperatures and densification occurs using polymerization after
printing each layer.

There are design factors to be mindful of at this stage of consolidating the printed part. A part being able to meet certain
tolerances and dimensions after undergoing densification is not an insignificant challenge for some materials and processes.
Infiltration, for instance, usually produces highly accurate features, while sintering of single alloys to full density results in highly
warped geometries. Design considerations such as section size are important to consider as well as this will determine whether bind
can be effectively removed and not left in the part. Similarly, gravity tends to affect slumping in the sintering step, so orientation of
the part requires thought.

A summary of the binder jet 3D printing steps followed by post-processing is shown in Fig. 5.

Finishing — The average roughness of binder jetted parts has traditionally been around 6 um (R,) after sintering, and post-
processing to improve surface finish is a common practice [17]. The most common techniques for improving surface finish are bead
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Fig. 5. Schematic of binder jet 3D printing process followed by post processing [127]. (a) preparing foundation and the first layer for binder jetting,
(b,c) jetting binder on the bed of powder and then spreading a new layer of powder (repeat spreading and then printing until complete the entire
process), (d) curing binder in oven. (e) depowdering and removing loose powder and (f) infiltration; (g) depowdering followed by (h) sintering in
controlled atmosphere.

blasting and tumble polishing; however, plating, machining [128], extrude-honing [129], surface infiltration [130], and hand-pol-
ishing are used as well. Bead blasting can reduce the surface roughness to a max of 7.4 um, while tumble polishing can result in the
average roughness of 1.25um [17,40].

For all powder bed processes, the particle size and layer thickness used in printing directly affects the surface finish of the final
part — e.g. coarser powders and thicker layers produce rougher surfaces than finer powders and thinner layers. However, the
drawback of finer powders is that they are less flowable in powder hopper systems and can be more difficult to spread during the
creation of the layer. Thicker layers take less time to print, which directly influence economics of the process. Challenges in
spreadability can result in inconsistent deposition in the powder bed and, therefore, non-uniform density throughout. Industries that
are familiar with Metal Injection Molding are familiar with fine powders, i.e. < 30 mm but increasingly, other industries are ex-
amining larger powders and thicker layers to meet business objectives [131].

2.2. Influential factors in binder jet 3D printed parts

Similar to any AM technique for part production, there are several parameters and variables affecting the printing process, green
strength, green strength, final microstructure and resulting properties of the binder jetted parts. These factors can be classified in four
groups including (1) powder characteristics (e.g. shape and morphology, mean size and distribution, flowability, packing, and
wettability), (2) binder (e.g. jettability and wetting behavior, viscosity and volatility of binder), (3) print processing parameters (e.g.
layer thickness, binder saturation, frequency of cleaning, time and temperature of curing) and (4) feature designing (e.g. small pore,
thickness of support, and print resolution).

2.2.1. Powder characteristics

Powder characteristics strongly influence many aspects of the binder jetting process operations, parts requirements and eco-
nomics. Insufficient understanding of the requirements on the binder jetting system and powder mechanics can result in undesirable
part characteristics and cost. The major characteristics of powder typically studied in AM include:

(1) shape/morphology as measured by circularity or sphericity,
(2) mean size (dsp) and powder size distribution,

(3) flow (Hall Flow), spreadability,

(4) packing density (skeletal and/or apparent) and

(5) Bulk and surface chemistry/composition.

Compared with traditional powder manufacturing processes such as press and sinter, AM is a new field with much to learn about
what the requirements for feedstocks are for each AM process technology. Additionally, the process used to manufacture powders has
been matched to the downstream processes such as Metal Injection Molding and press and sinter, however AM is diverse and some
AM technologies will re-melt the powder and others will not, such as binder jetting. Understanding the process requirements and
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Table 1
A summary of available powdered materials being used in AM machines, presented from [132].
Base Common alloy name Alloy designation (ASME)
Iron Maraging steel 18 MAR 300
Stainless steels 316, 316L, 304, 410, 420
Hardenable tool steel 15-5
Hardenable stainless steel 17-4PH, 13-8
Tool steels H13, S7
Nickel Superalloys IN-718, IN-625, Waspalloy, Rene 41
Cobalt Superalloys Co-Cr-Mo, Stellite 6 & 21
Titanium Ti-rich Ti-6Al-4V, Ti-6Al-2Sn-4Zr-2Mo, Ti-6Al-7Nb
Commercial purity CP
Aluminum Cast alloys Al4047, Al-Si-10 Mg, Al-12Si, Al-Si-7 Mg-Cu
Copper Bronze Cu-Sn

matching materials science will open doors for higher performance. Specifically, binder jetting being a solid-state process gives rise to
the ability to retain phases in particles that would otherwise be eliminated during subsequent melting. Therefore, the effect of powder
characteristics on repeatability, reliability, and consistency of the 3D printed specimens should be studied. Further, new powdered
alloys developed specifically for AM and binder jetting would be highly beneficial [132]. In Table 1, a summary of the available pre-
alloyed powders for AM machines is presented.

Powder chemistry indicates how the thermodynamics of solidus and liquidus curves may change and the knowledge of powder
feedstock chemistry, particularly trace elements such as sulfur, boron, and carbon in iron and nickel alloys known to lower the solidus
temperature is vital in choosing the suitable sintering process [133-135]. Recently, ASTM F3049-14 entitled ‘Standard Guide for
Characterizing Properties of Metal Powders Used for Additive Manufacturing’ was introduced to standardized powder character-
ization criteria for metal AM. However, additional tips are needed for AM machines, powder with different morphology, size and
distributions and re-used powders.

2.2.1.1. Powder morphology. Powder morphology governs processability in binder jetting. Atomization is a common method of
powder production [136-138] where the particle shape and morphology, surface features, mean particle size, and powder size
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Fig. 6. (A) Micrographs of individual powder materials with various shape and surface features, produced using gas atomization, (B) effect of
powder morphology on apparent density (this assertion is only true when held to a fixed particle size), (C) variations of powder size distribution and
(D) differential (left) and cumulative (right) size distribution [149].
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distribution will be affected based on the used atomization technique (see Fig. 6A). Atomization refers to the melting and
disintegration into droplets that freeze into particles [136]. This technique is usually used for pure metals, alloys, and intermetallic
compounds. Two common powder atomization techniques are (1) gas and plasma atomization (GA & PA); powder with spherical
morphology, and (2) water atomization (WA); powder production with irregular morphology [139,140].

Water atomization is by far the most common way or producing metal powders, however GA and PA powders are most commonly
used in AM. GA and PA both produce a Gaussian distribution of powder sizes based on the alloy chemistry. GA and PA both produce a
spherical powder, with GA producing a wider range of sphericity or circularity than PA, but both methods can generate range of
sphericity. It is important to understand the characteristics of the atomization process as within a type such as GA, the supplier of the
system, gas used to atomize, thermochemistry of the alloy etc. can significantly impact the range of sizes and sphericities produced
which then dictate the economical yield usable for AM. A summary of the comparison between gas and water atomization processes is
presented in [132,141]. Compared to the powder metallurgy where water atomized powder with irregular shape was usually used,
particles with spherical morphology are preferred in powder bed AM processes since higher powder bed density is achievable
(Fig. 6B). This is commonly held as a belief when particle size is fixed to 15-45 um.

Particle characteristics including surface morphology and powder mean size and distribution directly affect processing parameters
in traditional manufacturing techniques including powder metallurgy and metal injection molding [142-144] or in various AM
technologies including selective laser melting [145,146] and binder jet printing [147]. Atomization results in variation of particle
shapes, sphericities, sizes, and morphologies, it has strong influence on processes and ultimately, part properties and utilization.
Atomization can also leave porosity inside of the powder particles; thus, it seems necessary to be aware of the potential porosity and
defect formation in the final AM parts and utilizing powders with similar characteristics between different batches is crucial [148].

2.2.1.2. Particle mean size and powder size distribution. While powder shape and morphology display the visual structure of powdered
materials, powder size distribution (PSD) is usually used to quantify powder size in terms of volume or count percentile. PSD is an
important parameter in AM, affecting flowability and deposition of the part to post-processing via sintering. It also determines the
packing fraction of the powders and, consequently, binder saturation levels and surface finish of the green and final part, and it
influences layer thickness. Common methods to measure PSD are laser [150] or optically based, however, there are various methods
that can be used such as optical or electron microscopies [133], sieving, and micro-computed x-ray tomography [151] (even the later
one can be used for the green part density and porosity distribution measurements after post-heat treatment [71,152-159]).
Typically, PSD influences packing behaviors and therefore, the non-gravity influenced shrinkage induced during sintering processes.
The aforementioned measurements provide qualitative information on the powder behavior. Thus, different methods such as laser
diffraction, sieving, optical/electron microscopy, and dynamic image analysis are necessary to characterize the volume of the
powdered materials through shape detection and size screening procedures. In a study by Mostafaei et al. [150], WA and GA powders
were characterized with different techniques using optical microscopy, scanning electron microscopy, laser particle size analyzer,
sieving, and pCT with different resolution and sample setup.

It is important to note that PSD is a characteristic of the production process and not a requirement of the powder. The physics of
atomization favor a Gaussian distribution. This does not mean AM processes prefer a Gaussian distribution or even a range of powder
sizes, it simply is a fact of life when atomizing. New powder production methods or sieving can accommodate specific PSDs or to
remove specific range of powder size could considerably influence the distribution curve, which should be considered in AM pro-
cessing (see Fig. 6C). In Gaussian distributions (also known as normal distribution), the mean, mode, and median coincide at a single
central tendency of the curve; however, with the variation in fraction of coarse and fine powder particles, it is possible to have
asymmetrical distribution as the negatively and positively skewed distributions. Besides, multimodal distributions may exhibit two or
more distinct peaks at discrete particle sizes. As shown in Fig. 6D, it is common to present the powder size distribution results in a
differential curve to better interpret particle size and a cumulative graph to identify the volume or count percentile of size gauges,
namely D;o, Dsg and Dy values [149,160,161].

Based on the binder jetting machine features and its capabilities, print head resolution and mean size of the used powdered
materials, the average of a PSD may differ from sub-micron particles to 150 pm. Nonetheless, if the PSD ranges from 16 to 63 um with
the mean powder size of ~ 35 um, green part density typically will be ~50% for spherical powders. Because of their higher amount of
surface area and therefore higher energy state, finer powder particles (less than 20 um) initiate sintering quicker than larger particles
and lead to faster densification. As a cautionary note, particular care should be exercised when using powder of any chemistry that is
smaller than 15um. Clouds of particles can ignite, not to mention PPE such as respiratory and skin protections are strongly en-
couraged as should be considered in facility set ups. Linear shrinkage relies on the powder bed density and a lower shrinkage is
expected for the fabricated parts with higher green density.

Powder morphology and changing the PSD may affect pore size distribution and uniformity of the powder bed density, thus
altering the drop penetration of the aqueous binder. Typically, as the powder bed is heterogeneously distributed (e.g. it may happen
for water atomized powder or ball-milled powder with irregular powder morphology, see Fig. 7), more time is needed for the liquid
binder to completely penetrate. In addition, small powder particles may create many macro-voids within the powder bed due to
agglomeration of fine particles and, consequently, the drop penetration time increases. As the macro-void’s radius increases, a
decrease in the surface curvature of the flow front occurs and fluid stops the liquid advancing into that macro-void. Therefore, liquid
binder needs to flow through neighboring micro-voids around the macro-void and ultimately prolongs drop penetration time as well
as a void formation [162,163]. In contrast, a more homogeneously distributed powder bed can provide more paths for the liquid
binder to penetrate through (see Fig. 7). Therefore, optimizing the powder size distribution as well as the binder selection can help to
reduce numerous issues related to printing.
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Fig. 7. Schematic illustrating binder penetration within (left) homogeneously and (right) heterogeneously distributed powder beds. For close
packing powders such as GA powder with spherical powder morphology, the fluid drainage is relatively uninhibited. However, as liquid penetrates
powders containing large macro-voids the liquid front will tend to cease when the pore radius increases suddenly. This happens whenever a
capillary pore reaches a macro-void (the macro-void space does not contribute to the effective capillary volume or surface area) [162,163].

Miyanaji et al. [164] studied two types of powder: (1) mono-modal SS 420 powder with spherical particles and diameter of 35 pm
with packing density of ~55% and (2) bimodal Ti-6Al-4V powder PSD of 6 um and 32 um mean powder sizes with packing density of
~66% (morphology and size distribution results are illustrated in Fig. 8A). The surface area and contact angle measurement results
are given in Fig. 8B and it was seen that the surface area in the SS 420 powder was higher due to the presence of porosity in powder
particles. The low contact angle values for both powder types corresponded to the increase of capillary pressure levels under the
equilibrium condition. Fig. 8C illustrates the variation of saturation level versus capillary pressure. It was reported that smaller pore
size corresponds to higher powder packing density, indicating higher capillary pressure of powder material [165]. Therefore, Ti-6Al-
4V powders showing higher packing density had higher capillary pressure compared to that of SS 420 powder.

Along with effects on powder flowability, particle size also affects properties of produced parts. Lu et al. [166] used TiNiHf
powder particles with four different PSDs as shown in Fig. 9a. They observed that large powder is preferred during the printing
portion of the binder jetting process due to its better flowability and low surface area while fine powder may show a higher tendency
for agglomeration and less flowability due to high surface area and its nature to easily absorb moisture. However, they found that the
binder jetting parts prepared using fine powder (< 20 um) had high mechanical strength (shown in Fig. 9b), which can be explained
by various factors including (1) contact points between powder particles, (2) higher tendency of the smaller powder particles (small
radii) to attract binder flow showing higher bonding strength at the contact points, and (3) the binder spreading process is different
for different sizes (see Fig. 9¢) in which smaller particles cause slower binder flow in the powder bed. In fact, different factors may
result in differences in the binder spreading time and rate using small powder particles including (1) higher capillary force for the
binder to flow and spread and (2) tendency toward lower powder packing rate (~35%) and, therefore, lower powder bed density and
higher porosity for the binder to spread. As the powder size decreases, an increase in the powder surface area occurs, causing higher
frictional force between the powdered materials and jetted binder, which may increase binder spreading time. In other words, the
presence of small pores and higher surface area in the used fine particles result in lower binder spreading rate. Powder size, powder
packing rate, and binder drop volume affect accuracy and tolerance of the binder jetted part. Even though large powder particle has
better flowability and packing rate compared to fine powder particles, the shape retention ability, surface finishing, and roughness
are undesirable (see Fig. 9d—g). From a production standpoint, a rough powder bed negatively affects the surface roughness and
dimensional accuracy of the 3D printed part.
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Fig. 8. (A) Morphology and PSD analysis results of (a) SS 420 and (b) Ti-6Al-4V powders. (B) Contact angle and specific surface area measurement
results. (C) Capillary characteristic curves for SS 420 and Ti-6A1-4V [164].
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Fig. 9. (a) Powder size distributions results from different TiNiHf powders, (b) green strength of 3D parts, (c) a comparison between binder
spreading time and binder spreading rate. Mesh structure micrographs fabricated from powder size (d) less than 20 pm, (e) 20-45 um, (f) 45-75 pm,
and (g) 75-150 pm. The left side images are the 3D structure, the middle images are the 2D mesh wire structure, and the right side images are the
surface 3D profiles for different powder sizes [166]. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

2.2.1.3. Powder packing density. Powder packing density is an essential parameter to determine how well a network of particles are
arranged and their maximum contact. In other words, packing density in binder jetting is the relative density of each deposited layer
of powder being spread using a roller and determines many outcomes of the process. As explained earlier, various parameters
influence particle packing behavior including powder morphology, powder mean size, particle size distribution (PSD), inter-particle
forces, powder surface chemistry, and powder flowability [167,168] Powder packing density can be tested using mock devices
mimicking the actual spreading situations in binder jet system. In one way, the bulk and tap densities (ASTM B527) of the feedstock
can be quantified and then considered as the lowest and highest values for packing densities, respectively.

The PSD strongly affects the achievable packing density of a powder bed. A broad PSD provides higher packing densities com-
pared with a narrow PSD [167,169]. It was shown for large particles (> 70 um in diameter) that the powder packing density is only
function of PSD and particle shape and independent of particle size [170]. In contrast, higher interparticle forces in fine powders
negatively impact powder packing density.

In reality, the packing density of a powder is a function of its PSD but the actual layer density (print density) is also a factor of the
roller/rake, the layer thickness used, in addition to the powder size and shape. In other words, the powder PSD and morphology are
not the only variable affecting powder packing density in an AM powder bed. For example, a higher packing density can be created by
spreading two thin layers, rather than one large one, which then reduces requirements on the powder characteristics (e.g. PSD, mean
size, morphology) and increases the binding influence. It was found that the lower packing density lowers the green strength of the
as-printed part [162]. Most importantly, powder packing density is a critical parameter affecting sintering, shrinkage and mechanical
strength of the final product. It was shown that the higher the packing density, the higher the mechanical strength [171]. When
higher packing density is attained in the bed of powder, the number of interparticle voids inside the powder bed is lower, therefore,
the final part porosity is also lower.

Generally, adjusting powder packing density can be achieved by adding fine powder particles where the Gaussian distribution
might be skewed or a multimodal particle size distribution could be generated (see Fig. 6C). Mostafaei et al. [169] showed that a
higher packing density could be attained using a broader width of particle size distribution rather than a narrow one (regardless of
fine or coarse mean powder size). Bai et al. [112,172] showed that multimodal powder size distribution enhanced packing density
from copper powder. Zhu et al. [173] showed that increasing fine particles by 10% could enhance the apparent density of the powder
bed from ~77% to ~88%.

Using multimodal powder is an effective way to increase powder bed density where coarse particles guarantee flowability while
fine powders fill voids between large particles to enhance the powder bed density. A PSD known as a “bimodal” PSD is created by
mixing two different sizes or “modes” of powder particles at a certain size and volume ratio, and making these bimodal powders
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produces much higher packing factors than mono-dispersed feedstocks [174,175]. The bimodal approach may be more desirable to
increase powder packing behavior than a broad PSD due to the fact that the void sizes are characteristically predetermined by the
larger particles in a bimodal PSD compared to a random distribution of voids in a broad PSD [149]. Since the powder flowability may
change due to the addition of new powder, it is required to optimize the fine to coarse powder ratio in a bimodal PSD powder. Some
theoretical and experimental investigations concluded that with a higher size ratio of the two modes in the mixture, higher packing
density can be attained [176,177]. An effective packing density enhancement was reported at a ratio of 7:1 (coarse to fine) [149,178].
Although theoretically a bimodal distribution with at least a 7:1 particle size ration yields a packing factor of 0.868, actual packing
density can be much lower due to inhomogeneity and other factors [179]. Karapatis et al. [180] adopted the bimodal approach with
the ratio of 10:1 to enhance the packing density of direct metal laser sintered nickel powders. McGeary [178] suggested that a
mixture of fine and coarse powder with a ratio of 10:1 can lead to a maximum packing fraction of ~82%. In addition, it was assumed
that powder had spherical shape to simplify simulation of powder packing density which might have some uncertainty compared to
real powders. Recent computational optimization developments for particle packing simulation may provide a practical tool to
enhance powder packing density based on powder morphology as well as PSD [176,181-186].

The allure of bimodal powders in binder jetting come from the fact that their higher packing factors can theoretically enhance
sintered density (~4%) while reducing shrinkage during sintering (~7%) [112,187]. A study by Lanzetta and co-authors showed
that bimodal powders can improve surface finish of binder jet prints because the fine powders tended to inhabit the surface of the
parts much more than the larger particles [188]. On the other hand, varying the size of powders can affect the powder’s ability to
consolidate. Bai and co-authors studied the loose, tapped, spread, and green part density of bimodal mixtures of copper powders for
binder jetting. The powder sizes in the study ranged from 5 to 75 pm and some of the mixtures increased packing up to 16.2%.
However, it was found that sintering density was not improved since the larger particles in each mixture formed a rigid structure and
prevented densification [172]. Further, a study conducted by Zhou et al. [162] on the effects of particle size on binder jetting of
calcium sulfate/calcium phosphate scaffolds demonstrated that adding fine calcium phosphate powder to a powder bed did not
increase the bed packing density but rather lowered the flowability.

Fig. 10 shows how the packing density may reach a maximum as the PSD includes both fine and coarse particles. In this figure, f;
and f; denote the packing density of the small and large powder particles. The theoretical packing factor of a bimodal powder mixture
can be predicted with this equation from [179]:

fr=h+ A=k (€8]

where f*is the maximum packing density, f; is the smaller powder fractional packing density, and f; is the large powder fractional
packing density.

Double-smoothing (DS) mechanism during binder jetting of ultra-thin layer of powders can be a solution to improve powder
packing density and green part properties. Generally, it is known that a thinner layer thickness during 3D printing can lead to high
accuracy, surface quality, and densification [159,189-193]. In the case of counter-rolling (CR) layering as a conventional layering
method, many different defects such as the cavity and part-shifting defects may form. For the first time, Lee [194] used a DS layering
method to spread each layer as shown in Fig. 11A and Cao et al. [195] developed a printer for this purpose with details shown in
Fig. 11B. It was illustrated that with the roller vibrating, the powder bed density increased from 45% to 50% after using 120 rounds of
CR layering and layer thickness of 100 um (please see detailed information in [195]). Two observing windows including window I
(dry area) and window II (wet area) were defined to study the part shifting. Analysis for the cavity-type layering defects revealed that

Maximum

Packing Density

x )
Small X, Fraction of Large ————> Large

Fig. 10. A schematic illustrating the influence of powder size and PSD on packing density for a bimodal mixture, showing different possible
structures. The maximum density for a homogeneous mixture f* occurs at a certain mixture, which is far above the rule of mixtures density [42,179].
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Fig. 11. (A) Double smooth layering steps, (B) schematic of the powder-layering setup, (C) the cavity measurement results based on the powder-
layering tests, and (D) specimens’ height [195].

the possibility of defect formation was higher in the wet areas due to the residual moisture in the previously printed layers (Fig. 11C).
This issue may cause the formation of capillary bridge forces between the powdered materials and, consequently, lower particle
spreadability/flowability and increased shear stresses applied to the powder particles due to the internal frictions. It was also found
that CR layering was appropriate for layer thickness of > 55 pm; however, the DS method could assist spreading of powder with layer
thickness of < 55 um. Analysis for densification proved that DS layering was capable of producing parts with higher green density
than the CR method in which the maximum green and relative densities of 69.9 + 1.7% and 70.2 = 1.5%, respectively, using DS
layering, and 31.9 + 6.1% and 43.7 = 5.3%, respectively, using CR layering were achieved. Fig. 11D revealed how localized green
densities varied where the green density decreased from the bottom to the top. It was shown if the DS layering method was applied,
green density of ~70% was achieved where the localized density variation between the top and bottom was ~ 2%. In contrast, the CR
layering methods led to the bulk density of ~42% with the density variations between top and bottom of ~10%. Based on the
theoretical framework on layering issues supported by experimental results [195], it is expected that future machines consider it for
research and development aspects. Recently, a new printer with double smoothing capability became available [196-199].

2.2.1.4. Powder flow and spreadability. Powder flow is the ability of a powder to move over itself when being transferred through a
process and is typically measured via Hall Flow as defined by ASTM B213. For AM, powder flow predominantly describes how
powders move from the hoppers on to the bed and then over the layer for spreading. Powder flowability is an important factor in
binder jetting because it dictates overall ability of the powder being used to be deposited onto the powder bed consistently. If the
flowability of powder is sufficient, it enables the roller and/or blade to spread a thin and homogenous layer of powder on the bed.
Thus, high flowability may lead to and enhancement in printing resolution, dimensional accuracy, and density of a 3D printed part
(also known as green density). In contrast, poor powder flowability results in non-uniform powder spread in addition to the formation
of an uneven surface of the powder bed. Powder flowability can be tested using:

(1) Angle of repose (AoR) in which a pile of powdered materials is formed onto a flat surface by means of pouring them through a
funnel as deposited and then measuring the angle between the horizontal axis and a tangent to the surface of a cone-shaped pile.
Generally, a lower value of AoR indicates lower interparticle friction and forces and therefore higher powder flowability [200].

(2) Revolution Powder Analyzer is a dynamic testing method of powdered materials in which a rotating drum is partially filled with
powder and then rotates. A digital camera and an image acquisition system collect images as the drum rotates for further analysis.
Some powder characteristics such as avalanche angle, avalanche energy, surface fractal, sample density, volume expansion ratio,
fluidized volume slope, fluidized height slope, and final settling time can be analyzed. Using this method provides an opportunity
to adjust the translational speeds of the roller to mimic the real powder flow characteristics [201,202].

(3) A mock powder spreader system presented in [200].
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(4) Powder Rheometer and rotational cell [203].

Powder flowability is dependent of different parameters including powder morphology, particle mean size, powder size dis-
tribution, surface morphology of powder, powder composition, temperature and environmental conditions [171,204-207]. The
morphology of powder is described in terms of “regularity,” with a highly regular powder being highly spherical and an irregular
powder being jagged or splattered, such as with water atomized powders. The more spherical the powder, the higher the packing
density in a powder bed system due to the ability of the powder particles to better flow and settle, so regular/spherical powders are
typically preferred for AM processes[208]. Irregular shaped particles show poor flowability due to higher interparticle adhesion
caused by mechanical interlocking of angular particles [203,209]. Computationally, new tools are being developed to characterize
powders more thoroughly than current standards. Decost et al. developed computer vision methods to analyze AM powder shape
autonomously [210,211]. It was proposed that the algorithm can detect powder features and then create an image representation
with detailed information to compare and analyze particle micrographs.

In addition to powder shape or morphology, many other powder qualities affect the spreading and packing of AM powder beds,
such as surface roughness and composition; powder size distribution; and density of the bulk material [212]. Generally, the powdered
materials used in AM machines are fine enough to accommodate individual layer thicknesses around tens of microns thick. Un-
fortunately, fine powders can be problematic in terms of flowability. Chen et al. [213] reported that when the particle radius
increased over the range of 21.8 um, the powder flowability improved, which resulted in a higher powder bed quality. As the particle
radius became less than 21.8 um, the impact of the Van der Waals' force rose and, therefore, dominated because of decreasing particle
radius, which worsened powder flowability and, thus, reduce the quality of the layered powder bed. Thus, as the particle size
decreases, the forces of attraction between particles increase and, therefore, finer powders are usually less free-flowing than coarser
analogues. In a study by Schade et al. [214], it was displayed that the powder flow and particle size have an inverse relationship as
illustrated in Fig. 12. As the mean powder size decreases, particle flowability becomes more problematic and limited due to a higher
tendency for powder agglomeration. Therefore, fine powders can stick to each other, agglomerate, and form clusters of irregular
powder morphology instead of filling up the present voids in the powder bed consisted of coarse particles. Finally, environmental
condition such as humidity can affect powder flowability in two ways including the absorbed moisture may create bridges between
powder particles and reduce flowability or act as lubricant to reduce interparticle forces and cohesion and therefore improves powder
flow [215-217].

2.2.1.5. Powder segregation. In order to reproduce 3D printed samples from new or recycled powders, part homogeneity such as
density and green strength is crucial. When a new powder is used for 3D printing, it is necessary to make a random mixture of
powder, otherwise, spread powder along each layer will have different powder size. Even if the used powder is well-mixed prior 3D
printing process, it is probable that the powder properties along with influences of different forces result in powder segregation.
Among various segregation mechanisms, the most common ones in powder bed additive manufacturing are as follows [218-222]:

Trajectory segregation occurs when a mixture of fine and coarse particles are in motion leading to the difference in body forces
(which is proportional or mass of particle) and the air drag force (which correlates to powder’s diameter). Typically, the air drag is
the dominating force for small particles, while the body forces are dominated for large particles. Therefore, as the powders are in
motion, particles follow various paths based on their size leading to segregation. Impact segregation occurs in moving powders due to
interparticle impact or impacts between particles and various surfaces of apparatus. Sieving segregation occurs in the presence of a
mixture of fine and coarse where the fine particles move downwards through the void spaces between larger particles during a sliding
process such as a shear motion; thus, finer powders are collected at the bottom part of the flowing layer. Besides, Percolation
segregation may take place such that the larger particles are stationary while fine particles percolate downward by gravity. sieving
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Fig. 12. Apparent density and Hall flow of GA iron particles as a function of the powder size [214].
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mechanism mostly happens during 3D printing process where powders are in movement while the percolation mechanism is pro-
blematic for stored powders. Push-away segregation occurs when powders with different densities are mixed where the heavier
particle at the top tends to push the lighter underneath aside. This segregation mechanism is challenging during 3D printing of mixed
powder from two or more compositions to fabricate composite parts. Agglomeration is the main concern when fine powders are used
for printing. Small particles show higher interparticle cohesion leading to the formation of agglomerates. In addition, they can easily
absorb moisture which assist in the formation of agglomerates. Rolling segregation takes place when a mixture of coarse and fine
powders is used such that the coarse particles have lower friction against roller compared with the fine particles. It seems necessary to
be aware of the fact segregation occurs in various steps of the powder based 3D printing process namely but not limited to (1)
materials related and feedstock preparation, (2) handling and feeding feedstock into the 3D printer system, and (3) operational
related and spreading feedstock to the build platform via the roller or blade.

2.2.1.6. Other powder qualities. Powder Safety — Powdered materials have high surface area to volume ratios requiring extra
attention when being handled. Flammability and explosivity are two key events to be aware of when working around powders of any
kind. Even food grains are combustible when in a cloud, which is why many explosivity safety standards exist in food grain processing
facilities [223]. Powder material safety is an important topic for additive manufacturing because much can be learned from the
Powder Metallurgy industry. AM introduces some new challenges in how machines are emptied of powder and re-use the powder but
storage, handling and personnel safety are well documented [224].

Binder jetting has traditionally used non-reactive metals and the equipment design reflects that. Changing to reactive metals
should prompt a safety assessment of the equipment to be used safely. Facility and personal protective equipment however should be
borrowed from prior experience. The move to smaller particles demands attention for prevention of dust clouds, inhalation and
absorption via the skin as well as facility protections to maintain a clean environment.

Reactivity of Powders — Metal powder has a high hazard potential due to the high burning temperatures and energy output upon
combustion (solid rocket fuel, for instance, is made from aluminum powder). Each metal has a level of reactivity related to its
composition and powdered metal has a reactivity associated with the size distribution of the particles. Further, whether the powder is
settled in a pile, being moved, or in cloud form, the reactivity potential will change. The U.S. Bureau of Mines issued a report ranking
the reactivity of a variety of powders with ignition temperatures, energies, and pressures for powders in cloud or settled form [225].
Testing can be conducted to determine these values using the following National Fire Protection Agency (NFPA) standards [223]:

o NFPA 484, Chapter 4, Part 4.3 Determination of Combustibility
o NFPA 484, Chapter 4, Part 4.4 Determination of Explosivity

2.2.2. Binder

Binder plays an important role during binder jetting as the liquid binder fills out the interstitial spaces between powdered
materials in each layer and creates the desired shape(s). Thus, a critical component of the binder jetting process is the binder itself,
which must meet many demands from having the proper rheology and stability to be deposited with an inkjet print head, wetting the
powder bed sufficiently for proper penetration, having enough binding strength to provide sufficient structural integrity of the
printed green part, and then finally to burn off in a way that leaves minimal harmful chemical trace that interferes with the me-
tallurgy, part shape or printed material chemistry [53]. Further, print resolution is mainly dependent on the binder droplet size,
which is dictated by the binder formulation [199]. Thus, designing binders for binder jetting requires satisfying competing demands.

Among many criteria in developing binders for binder jet, since the binder is deposited through inkjet nozzles, the viscosity and
surface tension must be tailored to fit within specific ranges. Further, the binder must be stable enough so that it does not solidify in
the print head or the fluid lines leading to it. In other words, solvents used in binder solutions must have boiling temperatures much
higher than room temperature (and shipping temperature) and monomer binders should not be able to cross-link in storage,
transport, or other conditions. Finally, the binder components must wet well enough to the powder material to diffuse the powder
bed, but not so well that the binder seeps or migrates far beyond the impact site. Thus, many constraints are present on the binder
system before it solidifies.

To add to the list of criteria, binder jet binders must have adequate strength, chemical stability, and leave the appropriate amount
of residue per the application. The binder must be strong enough to hold the powdered material together in the desired geometry.
“Strong enough” does depend on the desired geometry, as smaller parts and larger features see lower stresses than larger parts and
finer features. De-powdering or removing the part from the powder bed is generally the most stressful step for the part since it will be
lifted from a bed of potentially heavy powder, brushed somewhat aggressively, and inspected thoroughly. In addition to its me-
chanical stability, the binder must also be chemically stable up to several hundred degrees, or whatever temperature the powder that
it is holding together can begin to sinter, before it starts to burn away during pyrolysis. Finally, for metals, the binder must not leave
significant amounts of residue behind after pyrolysis, as that would change or react with the composition of the printed material.
Most polymer binders leave carbon behind, which can exceed the alloy’s specification for carbon content. Residual carbon is desirable
for some materials, especially carbides.

This section will discuss various binder compositions used for binder jetting and the process-related requirements for exploring
new binders. Two types of binder (water and solvent based) are currently used in binder jetting of metals where a curing step at
temperature of 180-200 °C is required after accomplishing the 3D printing.

Generally, binders can be ordered as (1) acid-based binder where the powder bonding is governed by acid-based reaction, (2)
metal salts binder where the bonding between powder particles can form by salt recrystallization or salt displacement reaction, and
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(3) aqueous-based binder (solvent- or water-based) that is specialized for polymeric powders and creates designed structures after
solvent evaporation (see [48] for more information). Regardless of the type, the liquid binder used during printing should not be
corrosive toward the print nozzles. Depending on the binding mechanisms, binders can be classified as (1) in-bed binders, which mix
with the powdered materials in the bed and bind with particle through the jetting liquid from the nozzle (e.g. plasters and cement
[226,227]), (2) phase-changing binders that work by solidifying binder to hold the particle together (e.g. 2-Methylpropane-2-OL
[228]), and (3) sintering inhibition binders that control the sintering area via selectively jetting heat-isolating materials, chemical
oxidizers, sintering inhibitors, and heat-reflective materials [229].

2.2.2.1. Polymers versus monomers. In terms of composition, binder is typically comprised of either a polymer in a solvent or a low-
viscosity, liquid monomer; however, many other binder options exist as outlined in [53]. With the polymer approach, the solvent is
dried away from the polymer using heat, and the polymer chains attach to and from bridges between the powder particles. With the
monomer approach, the monomer molecules are cross-linked during the curing process to form a solid scaffold among the powder
particles. The curing cycle after printing and before de-powdering is only necessary with certain binder systems. The potential exists
to design binders that do not require a post-cure, but the post-cure can occur overnight and does not currently require expensive
equipment or personnel. Photopolymers have been considered for binder jetting; however, these materials typically have a high
molecular weight and do not burn off during the furnace cycle in a desired fashion [230].

Various binders have been used throughout the literature. Eli Sachs et al. used a colloidal latex in their early work printing metal
powders [114]. They used polyethylenimine in their study on printing tungsten [231]. Colloidal silica [232], silver, and other metal
salts have also been added to binders for various purposes [233,234]. In [235,236], Sachs et al. used an aqueous acrylic co-polymer
emulsion. Another common polymer is polyvinyl alcohol (PVA) [237]. In a study by Wei et al. [238], a bioceramic was binder jetted
using three different types of binder and it was shown that the chemical composition of the used binder affected mechanical per-
formance of the final product due to variation in bonding mechanism and interaction between the binder and the surface of powder
particles.

Work has been done to suspend metal nanoparticles in the binder to help with densification via sintering. The nanoparticles
include silver [239] and ceramics [240,241]. Incorporating nanoparticles into the binder is difficult for many reasons: first, metal
nanoparticles have a significantly different density than the polymer and will tend to settle out of solution, second, if the particles
agglomerate, they can exceed the size of the nozzle orifice and cause a clog and finally, the nanoparticle material may react with the
binder to produce undesirable elements. Thus far, the highest particle loading of inkjet fluids achieved in additive manufacturing was
40vol% achieved by Derby et al. [242]. Metal salts have also been demonstrated, which are more compatible with inkjet than
nanoparticle suspensions [233,234].

2.2.2.2. Rheology for inkjetting. As previously mentioned, other demands on a binder system for binder jetting include the rheological
constraints of the inkjet print head. Viscosity of the used binder is important for being used in binder jetting. Two main features
including surface tension (Weber number, We) and viscosity (Reynolds number, Re) define the liquid binder behavior during the
formation of drops in the inkjet printing [243]. Both numbers are defined as follows:

Re = —pdv
n (2)
2
We = —pdv
Y 3)

where p is density of liquid (kg/m?), V is the velocity or flow speed (m/s), d is the droplet diameter of the jetting liquid or the nozzle
head (m), 5 is the dynamic viscosity of liquid (N s/m?3), y is the surface tension (N/m).

Generally, binder jetting utilizes drop-on-demand inkjet deposition, which works by pushing fluid out of a small nozzle with a
burst of pressure. The pressure can be created by the expanding a piezoelectric crystal or creating a thermal bubble through flash
boiling the fluid. Whether a fluid is suitable for jetting depends on a number of things, but mostly on the surface tension and viscosity
of the fluid. Jettability of a fluid through an inkjet nozzle can be determined using the Ohnesorge number [242].

Re \7ed
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The Ohnesorge number (Oh) is a dimensionless number correlating the viscous forces to surface tension forces between the binder
and particle surface. Liquid binders with an Oh value between 0.1 and 1 can be utilized for 3D printing [244]. When 1/0h is less than
1 (viscous forces predominate, which implies high pressure for ejection) or greater than 10 (a continuous column is ejected that can
lead to the formation of satellite drops behind the main drop), the fluid is considered non-jettable (Fig. 13). One limiting factor during
binder drop formation is effect of the fluid/air surface tension at the printhead or the nozzle. Thus, the formed drop needs to have
enough energy for ejection. It was found by Duineveld that minimum Weber number must be higher than 4 to overcome this barrier
[245]. It is important to consider the influence of the jetted binder on the bed of powder. During binder jetting, binder droplets are
jetted from separate nozzles and deposit on the top surface of the powder bed. If splashing happens during binder ejection, it will
impact surface of the powder bed leading to higher surface roughness. Using the following equation, Stow and Hadfield [246] have
proposed a proper splashing threshold of 50 that a flat and smooth surface is achievable.

1/0h =
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Fig. 13. (A) Jettable region for fluids based on the Weber and Reynolds numbers [242], (B) ejection images of suspensions showing the effect of the
ratio of (1/0h) [247].
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It was thought that droplet density, velocity and its volume may affect the splashing upon the impact. It was proven by Miyanaji
et al. [164] that the upper limit for Weber number must be about 50 otherwise it is most like for splashing occurrence. Although the
Ohnesorge number reflects the physical properties concerning the dimensions of droplets, jets and liquids, it is independent of
velocity, which is used to describe the inkjet process through the behavior of the liquid jet exiting from the printhead nozzle.

2.2.2.3. Print head types and drop generation. Typically, two types of print heads are used for generating liquid binder drops: (1) drop-
on-demand (DoD) print heads and (2) continuous-jet (CJ) print heads (see Fig. 14(A)). In the first type, DoD, the print head works by
producing individual drops on demand and there are two common DoD print heads, namely (1) piezoelectric heads and (2) thermal
inkjet heads. In the first case, ink drops are squeezed out as the shape of a small chamber is changed piezoelectrically (see Fig. 14)
[248]. Piezoelectric heads can facilitate ink development since rheological property of the ink is the only requirement to form a
reliable ejected ink. Meanwhile, liquid binder vaporization occurs in the thermal inkjet heads and the subsequent volume expansion
results in ink ejection from the print head [248,249]. For thermal inkjets, the main criteria during printing is that the vaporized liquid
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Fig. 14. (A) Schematic illustration showing the operation principles of Continuous Jet and Drop on Demand print heads [259]. (B) High-speed
synchrotron x-ray imaging technique results from two consecutive binder droplets showing jetted droplet shape [254]. (C) Different modes of a
droplet formation [256].
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dissolves rapidly and the discontinuity of liquid binder may happen in the print head.

In continuous-jet (CJ) print heads, liquid binder droplets are constantly generated and can reach higher print rates compared to
the DoD print heads. However, the ink must be inductively chargeable, meaning when the print head is not depositing the liquid
binder, the drops can be deflected into a gutter [248]. Compared to DoD print heads, CJ print heads show promising performance due
to the slower traverse speed, option of proportional deflection (no binder leakage from the print head), and more size control of
overlapping primitives for a smoother part surface finish [250]. Therefore, depending on binder type, any of the aforementioned print
heads can be used in binder jet printers. In a study by Martin et al. [251,252], detailed studies were performed on the physics of liquid
jets and drop formation. Hutchings et al. [253] used flash illumination of very short duration (20 ns), to capture high quality, single-
event digital images of jets and drops. Quantitative information such as tail-width fluctuations, lateral deflections, and satellite
velocities could be extracted. To define sharp edges and accurate geometries, the generated droplet should emit an accurate amount
of binder and the jetted binder must be precisely placed in the desired area of the bed of powder. When binder hits the powder bed,
clusters of bound powder form. During binder deposition process, jetted binder impacts the powder bed. Hutchings et al. [253]
showed that at a late stage, the jet ligament was unstable and was inclined to move away from the center of the nozzle. At similar
times the ligament rapidly formed fluctuations causing break off and satellites. This late-stage lateral displacement of the ink jet
ligament occurred in the absence of aerodynamic, acoustic, or other influences from adjacent jets. In addition, Parab et al. [254] used
a high-speed synchrotron x-ray imaging technique to study the behavior of a binder jetting print head. A binder jetting machine with
a DoD inkjet print head generated a droplet binder using piezoelectric actuation. As illustrated in Fig. 14(B), two consecutive binder
droplets showed the jetted binder droplets had spherical head shape due to head pinch with a long, narrow tail. It was seen that the
droplet head was cylindrical, and it changed to spherical as it traveled further from the print head. A few satellite droplets were seen
near the end of each tail and they showed considerable drift with respect to the main droplet. This issue may lead to dimensional
errors in the 3D printed parts. Kurz et al. [255] studied drop formation characteristics (e.g. Newtonian, Thixotropic and paste-like) in
a piezo-plunger jetting technology and different epoxy resins were jetted with/without addition of micro- or nanoscale fillers.
Soltman et al. [256] and Duineveld [257] showed four droplet shapes namely (1) individual drops due to drop spacing is too large for
drop coalescence and, (b) scalloped in which initial coalescence leads to a liquid bead with a periodic irregularity, (c) uniform and
stable print line with sufficient overlap a parallel-sided bead occurs, (d) bulging due to the drop spacing is too small and the line
breaks up into liquid bulges connected by a ridge of liquid. Recently, Shen et al. [258] designed a new ink deposition system that
functions based on the CJ print head. It was shown that a line with width of 300-500 pm could be easily printed.

One main demand of the inkjet process is the reactivity of the fluid as it flows from the supply tank to the print head. First, the
reactivity of the materials in the binder must be considered, as some fluids can react and erode the fluid lines and/or the nozzle
chamber itself. Due to the high velocity of the fluid moving through the nozzle orifice, the nozzle can erode and malfunction because
of over-reactive fluids. Next, the binder must be stable in a normal atmosphere so that it does not evaporate at the nozzle opening and
create a blockage. Finally, the binder should not react with any cleaning fluids or materials used to wipe the nozzle during printing or
maintenance. Because of the small size of the nozzles (sub 100 um), any reaction or solidification of fluids due to a reaction can clog
nozzles [53].

One common issue in developing new liquid binders with binder jetting is the print head clogging. In most binder jetting ma-
chines, thermally-activated binder for rapid printing is utilized. Nevertheless, such a feature could delay the binder ejection process
when unwanted evaporated binder may be cured inside of the fluid channels, causing viscosity variation of the liquid binder with
undesirable fluid flow. Since the print head consists of small dimension nozzles, shear effect is inclined to be more significant in the
print head, which further aggregates clogging. Therefore, temporary clogging of any nozzle during printing will lead to missing
printing lines and part failure, which could readily be identified from the orderly layers on printed parts. Exemplary of the afore-
mentioned issue is illustrated in Fig. 15.

2.2.2.4. Droplet Spacing/Line spacing. Different variables can affect pattern strategies and landing position of the droplets including
(1) deposition rate or print head speed, (2) rate of binder diffusion in the powder bed, (3) drop-to-drop distance (d;), and (4) line
spacing (d,) (d; and d, are shown in Fig. 16) [188]. Migration of droplets into the bed of powder occurs due to capillary pressure or
gravity and it continues until equilibrium condition occurs. An example of saturated area by a single droplet is shown in Fig. 16(c).
Typically, the penetration depth (D) and binder spread (W) may vary depending on particle size distribution, powder morphology,
surface chemistry of particles, powder bed compactions and binder velocity and its chemistry, powder bet temperature etc. To form a
cohesive layers during binder jetting, line spacing needs to be sufficiently low to assure the formed lines stitch to each other [261].
The droplet penetration specifies the minimum part resolution and dimensional accuracy. Additionally, strength of the 3D printed
samples and microstructure of the sintered parts are affected by the binder distribution in the powder bed.

Generally, small line spacing negatively affects binder jetting process in terms of increasing (1) printing time and (2) risk of
oversaturation and bleeding while excessive spacing causes marginal stitching between lines [262]. Lanzetta and Sach [188] showed
that a cleaner line segments can be defined using deposited droplets at closer distance to each other; however small drop spacing
degrades the resolution of the print by forming large diameter lines. It is practical to prevent excessive binder using heating element
after binder printing to attain smooth surface with high geometrical accuracy and part resolution [263].

2.2.2.5. Hybrid binder. Powder segregation can influence densification and final properties. Typically, powder characteristics such as
mean size, distribution, and morphology influence powder mobility. In addition, there is a strong interaction between the binder as it
strikes the bed of powder, which affects powder bed density. Maleksaeedi et al. [264] developed a hybrid binder to reduce powder
segregation in inkjet 3D printing. It was proposed that instead of using bimodal or trimodal powders which might lead to segregation
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Fig. 15. (a) Nozzle clogging-induced printing defects and (b) an example indicating the green part did not have enough strength to retain the
original shape and delamination happened and the green part fell apart [260]. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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Fig. 16. (a) A print head showing binder spaying and (b) a close view at the print head nozzles, and (c) binder droplet penetration in a bed of
powder.

in the powder bed process, one could add fine particles to the binder. Recently, researchers are trying to use nanoparticles
suspensions as a means for binding metal powder bed particles together. In fact, using submicron particles (preferably nanoscale
particles) in the polymeric binder will assist to enhance green part density. Zhao et al. [265] showed that using nanozirconia
suspension during 3D printing of CaO-based ceramic helped to enhance linear shrinkage, which was important for design production.
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Fig. 17. (A) Schematic shows a thermoset polymer is jetted on the powder bed compared with (B) a nanoparticle suspension. It is seen that
nanoparticles can fill out voids between coarse powder particles [233,267].

Huoping et al. [241] compared of CaO/CaZrO3 production using premixed CaO/nano ZrO, powder during binder jetting or spraying
a hybride binder composed of a suspended nano ZrO, particle in polymenr onto a bed of CaO powder. It was found the later one could
increase green density due to uniform distribution of nanoparticles at the surface of CaO powders as well as improved surface finish
and density after sintering. Recently, Bai and Williams [233,266,267] showed the effect of nanoparticle application during binder
jetting. As displayed in Fig. 17(A), a solvent-based binder has been used in commercial binder jetting systems. Typically, binder is
jetted at each layer followed by a short time dying to remove the solvent. After finishing printing, the entire powder bed is moved to
an oven for curing purpose. Jetted particulate suspensions have also been utilized together with binders to increase mechanical
strength of the green part as well as the densified materials. Theoretically, nanoparticles have the capability of increasing the green
part density and improving mechanical strength of the as-printed sample (as shown in Fig. 17(B)). However, it is not feasible to use
nanoparticle suspension as a metal binder due to (1) the difficulty to disperse particles and requirement of capping materials in the
suspension and (2) possible ink sedimentation and print head nozzle clogging during inkjet printing [233]. Bai et al. [266] reported
that compared to the commonly used organic liquid binder such as DEG-based binder, the nanoparticle suspension can produce
equally or superiorly strong green parts. Moreover, Huang et al. [268] showed that addition of 35% zirconium basic carbonate
particles as inclusions in an organic colloidal binder could improve green density of thin wall alumina part by 27% (from 40% to
51%), bending strength by 32% (from 60 MPA to 79 MPa) and reduce side surface roughness from 35.1 + 3.5umto 22 = 2pum. In
another study by Godlinski et al. [269], carbon black nanoparticle suspension were jetted on the 3D printed material from 22 pm 420
steel powder. It was observed that the addition of 0.3% carbon black resulted in a 9% increased relative density.

2.2.2.6. Interaction between binder and powder bed. During binder jetting, the binder-powder bed interaction controls the geometry
accuracy, green part strength, and final surface roughness of the fabricated specimen [270]. After the liquid binder is jetted from the
nozzles, a series of infiltration kinetics occurs such as impact (affected by droplet volume, initial velocity, viscosity, and roughness of
the powder bed) [271], spreading and wetting (affected by different droplet velocities, viscosities, contact angles, and volumes and
spread time is usually < 100 ps) [177,272,273], and penetration time of droplets (usually 0.1-1 s) in the bed of powders [274,275].

Typically, a liquid binder droplet with a few tens of micrometers in size is jetted through a print head onto a bed of powder. As the
binder contacts the top surface of the powdered materials, the liquid binder wets the powder bed surface and the binder droplet
typically has an initial impact speed that dissipates quickly. At this step, binder spreading over the powder bed can be assisted by the
kinetic energy of the binder droplets, leading to the formation of networks of liquid bridges connecting adjacent particles. This
process may happen on the order of microseconds. Then after, liquid binder permeates further into the powder bed and the powder-
binder interaction behavior is mainly controlled by the intrinsic features of both the powder bed and liquid binder such as liquid
viscosity, liquid-powder material contacts angle, and surface tension. As the initial networking forms, the binder starts penetrating to
the loose powder beneath with zero saturation and imbibes more binder from the powder bed surface using the capillary force effect
(See Fig. 18(A—C)). The liquid binder gravity has negligible effects on the liquid droplet penetration since it has low volume/mass of
about pico-liter [260]. As the equilibrium condition is succeeded, the printed area is homogeneously saturated. It is crucial that a
sufficient amount of binder be used during printing in which enough permeation of the binder in the powder is achieved to ensure the
quality of the green part. It is quite important since liquid binder droplet continuity during printing will basically govern the integrity
and green part strength.

Generally, the binder drop interaction with powder bed surface is hard to measure due to the existence of internal microscopic
surface along the powder particle, which is not wetted by the binder, therefore, it may overestimate the optimal binder saturation
level of the theoretical model. Moreover, the real binder penetration depth/area may not fit with the drawing area of jetted binder
drop on the bed of powder leading to another possible disparity in the desired binder saturation level and printing resolution [279].
As shown in Fig. 18(D), three different granule formation mechanisms can occur when single drops impact powder beds. Tunneling
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Fig. 18. (A) A schematic illustrating the interaction between binder and powder bed and primitive formation process in binder jetting process [270].
(B) Exemplary of binder-powder bed interaction indicating binder permeation into the powder bed [260]. (C) Small-scale explanation of binder-
powder interaction during binder jetting process: (1) Binder is sprayed on the top surface of the powder bed and selectively joins powdered
materials, (2) networking between adjacent powder particles occurs due to the powder-binder interaction and wetting of the particles surface
leading to the formation of capillary bridges and neck formation, (3) a roller spreads a new layer of powder and binder is jetted on the surface, (4)
formation of new capillary bridges among neighboring particles from the new layer as well as the previous layer, evolving interparticle necks in both
inter- and intra-layers, and (5) repeated binder jetting process to finish up the 3D printing step and the as-printed part is ready for the post-
processing steps, which can be curing and densification [276]. Left image is showing how binder droplet permeate into the powder bed, middle
micrograph illustrates the powder bed surface after binder penetration and right micrograph depicts a higher magnification image where metal
powder and binder are labeled. (D) Schematics of the three granule formation mechanisms: (a) tunneling, (b) spreading, and (c) crater formation
[277,278]. (E) Ejected behavior of powder particles and formation of pores beneath the powder bed surface and (F) normalized interaction depth as
a function of powder size [254].

mechanism occurs for fine, cohesive powders, in which the binder drop pulls in loose aggregates from all sides as it penetrates the
powder bed, forming spherical granules with some protrusions due to the incomplete penetration of some of the aggregates.
Spreading and crater mechanisms take place for coarse, free-flowing powders. If the powder bed is dense and a low velocity binder
impacts the powder bed, spreading occurs as the drop spreads across the powder surface to form granules that are flat disks. In
contracts, a high velocity drop can result in crater formation as the drop forms a crater in the powder bed, spreading up the walls of
the crater and picking up particles before retracting and then penetrating into the powder bed, forming rounder granules than those
formed by Spreading [277,278]. Dditionally, high droplet velocy would affect binder saturation. Colton et al. [262] indicated when
the droplet velocity increased from 3 m/s to 9 m/s, binder saturation decreased from 73% to 48%.

Recently, real time observation of binder jetting was studied by using high-speed x-ray imaging to better understand the powder-
binder interaction during 3D printing [254]. Two critical aspects are addressed here including (1) interaction depth, which is de-
pendent on the size, shape, and material of the powder particles; and (2) powder ejection from the powder bed surface. First,
interaction depth occurs when a high-velocity binder droplet hits the powder bed and causes ejection of powder particles from the top
surface. Moreover, the transferred momentum from binder to powder particles can cause changes in the powder bed. The resulting
powder-binder interaction leads to the formation of sub-surface pores in printed parts; therefore, a continuous gap between printed
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layers might be seen (Fig. 18(E)). This issue may cause an increase in the binder penetration time. In addition, further shrinkage
happens in z-direction to remove interlayer gaps. Second, ejected powder may differently influence defect formation. If the number of
ejected powders is large and the formed gap is not refilled by the subsequent layer, large pores will appear in the final 3D printed
part. Powders with higher flowability were easily ejected from surface of the powder bed. As the ejected powder may settle randomly
in various positions, it would negatively influence the surface of the most recent layer and lead to dimensional inaccuracy or surface
roughness. It was seen that for fine particles (< 10 um), consecutive binder droplets coalesce forming large agglomerates that in-
terfere with current layer. Fig. 18(F) shows that interaction depth increases as the powder particle size decreases. Additionally, it was
shown that the interaction depth was higher in irregular-shaped powders compared to spherical powders which could be related to
higher mechanical interlocking effect between angular particles. Detailed information on wetting of a powdery medium, droplet
rebound, droplet spread thickness, droplet spread diameter, droplet penetration time and potential agglomeration are reported in
[277-287]. A study by Miyanaji et al. [288] showed the real-time images of the interaction between a binder droplet and powder bed
(printed from fine and coarse SS 316L powder) at the end of impact-driven spreading phase. It was illustrated that the powder bed
forming with smaller particles would result in larger spreading diameter at the end of the impact-driven spreading phase. In contrast,
the spreading diameter of the droplets in the powder bed decreases with increasing mean particle size, while the final depth of the
droplet penetration increases. Such characteristics of interaction between bed of powder and binder can be related to the change of
the macroscopic surface roughness and pore morphologies. Besides, higher dimensional accuracy and smoother surface was attained
by printing fine powders.

Print strategy affect binder-powder integration during printing, and it can impact final part resolution. There are three scanning
methods including:

e vector scanning in which a stream of droplets generates the outline contour of the part geometry and moves inward to pro-
gressively trace smaller contours until the entire layer is completed. This method is most accurate scanning strategy however, the
printing time increases as it is limited to a single printing nozzle per part [263].

e Raster scanning in which the print head traverses in the x-direction to spray binder and when the scan ends in x-direction, the
print head moves in the y-direction and the process starts over for the new line path [289]. Resultant printing pattern is a stair-
stepping appearance from line to line similar to that in the z-direction leading to defect formation. Faster print speed can be
attained using raster scanning more than one nozzle is available during printing and a simplified mechanical motion is required.
Part resolution and raster surface can be improved by reducing print speed [289].

® Vector trace with raster fill in which the same footprint as the vector approach is used and the print speed would be increased
using all nozzles of print head during the raster phase of printing. Therefore, time of printing is shortened as well as the surface
finish with cleaner edges can be attained [263].

2.2.3. Print parameters
2.2.3.1. Layer thickness. The layer thickness is height of the powder bed along the Z-axis during printing, and for binder jetting it
ranges from between 15 and 300 pm. The layer thickness is usually governed by the desired resolution and ultimately the size of the
powder. There are several references listing various layer thicknesses of 3 x powder size [290-292], 2 X powder size [293], and
higher than the largest powder size [115,294,295] has been suggested to attain powder flow and spreadability. Simply, the layer
thickness should be greater than the maximum particle size [135,296]. Increasing the layer thickness may lead to a reduction in the
powder bed density. Fig. 19(left) illustrates the effect of layer thickness on powder bed density prior to the application of the binder.
Similar results were reported by Zhang et al. [297] on the effect of layer thickness on the packing bed density and resulting
mechanical properties of the binder jetted alumina/glass composites. Historically, a 100 um layer thickness has been used with [298]
a PSD of 16-53 pm with mean of 35 um [299]. Powder size is a factor when defining the part features and dimensional capability as it
needs to be chosen based on the desired layer thickness to meet the part requirements. Powder size distribution should be also be
considered as a variable affecting powders to be able to flow and spread in order to create a prescribed layer thickness. Although
smaller powder particles in a distribution can contribute to particle packing and reduce surface roughness of the AM part,
agglomeration tendency might be a constraint in using fine powder particles [300-302].

Generally, a higher powder bed density yields a higher green part density where a lower shrinkage is expected during sintering for
a high green part density. For instance, a part with green density of 40% shrinks by ~0% to remove voids and pores during full

Roller/wiper direction

Roller/wiper direction

New layer of deposited powder d,

Previously binder jetted layer d,

Fig. 19. (left) Comparison between powder particle size and two layer thicknesses affecting powder bed density and (right) schematic illustration of
variation in the dimensional resolution of a sphere sliced with different layer thicknesses.
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densification [187]. With the same powder size distribution, gas atomized powder with spherical powder shape has higher green
density compared to water atomized powder with irregular powder shape [299]. Fig. 19(right) displays examples of the effect of layer
thickness on dimensional resolution where a thicker layer leads to a poorer dimensional resolution and tolerance. A sphere sliced
with a different layer thickness is shown in Fig. 19(right) and none of these layer thicknesses make the exact curvature of the outside
surface. However, the smaller layer thickness results in closer accord with the curvature.

2.2.3.2. Powder spread and print speed. Like layer thickness, the speed of powder spreading should be considered in order to meet part
requirements and cost targets. Powder spreading speed is comprised of recoat speed (the speed at which the hopper traverses while
dispensing powder onto the bed), oscillator speed (the frequency at which the dispensing mechanism oscillates), roller speed (the
rotational speed of the roller, if used) and roller traverse speed (the speed the roller moves across the bed as it rotates), and is the
major factor in determining overall print speed. Based on the printer type and spreading powder system, parameters such as recoat
speed (mm/s), oscillator speed (rpm), roller speed (rpm), and roller traverse speed (mm/s) can be different inputs that users need to
consider prior to printing [147,303]. Coordination of these factors is necessary to produce consistent parts while maintaining
adequate productivity. Early powder deposition methods (proposed by Heywood [304]) utilized a feed axis that raised with each
layer to dose the powder, however, this design was replaced with the currently-used hopper feeding system because of the ability to
refill the hopper without pausing the print, among other reasons [305].

Roller traverse speed is an input parameter determining the roller speed to spread powder on the bed (e.g. ranging from 0.1 to
16 mm/s). It has been found that roller traverse speeds of > 4 mm/s may lead to an inhomogeneous powder bed, thereby resulting in
layer delamination after printing multiple layers. In a study by Shrestha [298], experimental design was conducted on spread speeds
between 6 mm/s and 14 mm/s and it was found that 6 mm/s resulted in higher accuracy. If authors tested lower than 6 mm/s, it could
have resulted in higher accuracy than that of 6 mm/s, however the disadvantage of this approach is the resulting increase in print
time.

To develop reliable strategies for part production with optimized processing parameters, it is vital to quantitatively understand
the powder interaction during printing and the resulting green density and mechanical strength of the produced parts. In a study by
Parteli and Poschel [306], a particle-based simulation of particulate materials was proposed where the powder-roller interactions
were investigated. One main parameter was complexity of powder morphology in which non-spherical powders were considered as
an important parameter during simulation (Fig. 20A). In binder jetting, a roller rotates in the counter-clockwise direction (illustrated
in Fig. 20B). It was shown that increasing the roller traverse speed (with translational velocity of Vg between 20 mm/s and 180 mm/
s) led to an increase in the surface roughness of the powder bed, affecting part quality (Fig. 20E). It is worth noting that the powder
spreading method (e.g. mechanical vibration and rolling), powder geometry, powder surface texture, and the roller’s surface texture
affect the surface features of the dispensed powder. Additionally, the spreading system may influence compaction and potential
particle segregation. Besides, it was found that powders with broader size distribution may increase surface roughness while small
powder particles are prone to agglomerate, resulting in a lower powder bed density. More importantly, the applied load may vary
over an order of magnitude and, therefore, cause an inhomogeneity of interparticle forces in the granular packing (Fig. 20C). As the
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Fig. 20. (A) a: Irregular shaped powder particles, b: light microscope micrographs of powder particles (first row) and corresponding particle models
using the multisphere method (second row), c: cumulative and volume density distribution dada, (B) schematic overview of the main element for the
simulation, (C) schematic of the powder roller interaction during printing in which the magnitude evolution of the total force on the part in the
horizontal and vertical directions (F, and F,, respectively) as a function of time, (D) powder layer applied onto the part to be built with various roller
speed of 20 mm/s (left) and 180 mm/s (right), and (E) dependence of the surface roughness ‘6’ on the coating velocity, ‘Vg’. Detailed information can
be found in [306].
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Fig. 21. (A) Powder size distribution and morphology. (B, C) schematic showing print direction and designed geometry for printing single and
multiple tracks experiments. (D) Printed parts with various printing speeds (a) 20 mm/s (b) 100 mm/sec (¢) 300 mm/s (d) 700 mm/s (e) 1000 mm/s.
Printing speed effects and part orientation on the dimensional accuracy of (E) slots and (F) cubic specimens [289].

roller passes the print area (green part in Fig. 20C), an inhomogeneous force appears due to the interaction among neighboring
powder particles. Hence, it is essential to perceive how process dynamics influence the packing behavior of the powder bed during
binder jet printing. The main benefit of the proposed numerical method in [306] is to predict the powder flowability and packing
density based on the powder characteristics and binder jetting parameters. Recently, Myers et al. [199] showed that increasing spread
speed from 3 mm/s to 125 mm/s could increase surface roughness ~4 pm to 10 pum. Thus, the powder characteristics (morphology
and mean size) can be altered by varying the printing process as well as the PSD. Shanjani et al. [307] showed how the rolling
frictional conditions, roller geometry, and loose powder properties affect the compacted powder conditions, and therefore density
and mechanical strength of the green and sintered parts.

The influence of printing speed (namely roller traverse speed) on part integrity was assessed on SS 420 powder (Fig. 21A) while
varying printing direction and track size (Fig. 21B-C). Miyanaji et al. [289] reported that increasing printing speed led to a reduction
in dimensional accuracy regardless of printing orientation, which can be attributed to the enhanced inertia forces. Generally, the
dimensional tolerance of parts printed in the x-direction was different from the y-oriented samples because the nonuniform dis-
pensing of the powder and binder droplets favored toward the printing direction (see Fig. 21D). As the printing speed increases
(forward travel rate of the printhead in Y direction as shown in Fig. 21E), the high-velocity binder hits the powder bed and ejects fine
powder, thus, splashing might occur during binder deposition through the print head. Consequently, the fine features cannot be
produced with high accuracy (see Fig. 21F). It was shown that the dimensional accuracy in the y-direction (printing direction) was
more dependent to the print speed compared to the x-direction, following a linear correlation, which means that accuracy prediction
is possible. It is vital to note that the powder and binder characteristics can significantly control physics of the binder-powder
interaction. Another aspect of printing speed is its influence on the alteration of equilibrium saturation (details are explained in
Section 2.2.3.3) where a higher printing speed results in an increased volume of the printed samples and affects mechanical strength
of the final product [289,308].
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Fig. 22. (A) Possible surface defect formation due to improper saturation level; (a) low saturation resulted in particle loss and (b) high saturation
causing excessive particle stick to the surfaces and reducing dimensional accuracy [310,311]. (B) Influence of excessive binder on dimensional
control where the space between the arms and legs are lost on the model [312].

2.2.3.3. Binder saturation. The binder saturation level 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 binder
saturation level and the droplet overlapping or overlaying mechanisms for reaching higher binder saturation levels [125]. Improper
binder saturation can cause an inhomogeneous powder bed as well as dimensional inaccuracy of the printed parts [10,309]. Like the
spread speed, binder saturation needs to be experimentally determined by users. Theoretical binder saturation (binder saturation %)
is estimated using the following equation:

1000 X V/
PR
(1—(5))><X><Y><Z ©)

where V is volume of binder per drop [pL], PR is packing rate [%], X and Y are spacing between binder droplets (um), and Z is layer
thickness (um). In order to attain a green part with sufficient mechanical strength and surface quality, optimizing the saturation level
is crucial. Fig. 22(A) shows surface defects due to improper binder saturation level. In addition, Fig. 22(B) illustrates the effect of
excessive binder on dimensional control. It is seen that low binder saturation can cause layer delamination and high level of voids and
pores that may appeared after burnout and sintering steps. In contrast, over-saturation can cause extra powder particles to stick and
bond to the surfaces of the 3D printed part leading to higher surface roughness and dimensional inaccuracies (Fig. 22b). Another
possible issue related to over-saturation is wetting of the powder bed which may result in particles sticking to the roller and
subsequently resulting in inhomogeneous powder beds with cracks, roughness and even shifts within the powder bed. If a higher
saturation level is needed, increasing drying time may mitigate this effect. Angular particles may show low powder flowability with
potential agglomeration in the powder bed and leave some void defects during powder spread. To solve this problem, extra binder is
an alternative leading to the saturation level over 100%. However, higher saturation levels also increase the printing time and may
adversely affect post-printing. Thus, fine-tuning the saturation level is vital not only for the build cycle time but also for minimizing
the cost of binder jetting.

A number of efforts have been carried out to apply optimum binder saturation levels [154,164,190,192,308,313]. Miyanaji et al.
[164,308] showed that the internal microscopic surface areas that do not contribute to the wetting of the powder could lead to
overestimation of the optimal saturation levels. Wang et al. [314] studied binder droplet infiltration in 3D printing. Two influential
material properties on binder infiltration are (1) powder bed porosity, in which the higher the porosity, the interstitial voids increase
and then infiltration decreases, and (2) contact angle, in which the infiltration area of the liquid binder decreases as the contact angle
increases. In the case of using a print head with a certain droplet size, the single droplet size determines the resolution of the
minimum saturation as illustrated in Fig. 23a. There are two potential ways of altering the saturation including (1) overlapping
droplets where the saturation can be attained with fine “step size” (Fig. 23b) and (2) overlaying droplets, which is favorable for
printing a thick layer of powder where a narrow and deep area can be saturated (Fig. 23c).

Part and production requirements, such as surface roughness and speed respectively, will dictate the layer thickness and then the
powder characteristics which will drive binder saturation. As seen in Fig. 24, if the layer thickness is less than the used powder
dimensions, too much binder can be supplied and the extra binder spreads from the sides. This issue may cause excessive lateral flow
of the binder, also called bleeding, and, thus, a larger and uneven printed part (examples shown Fig. 25). If the layer is too thick, there
is more room to accommodate the binder and consequently less uneven lateral spreading. If there is not sufficient time for the binder
to saturate the layer, surface roughness may increase. When optimized, binder spreading/permeation proceeds into vertical and
lateral directions in which there is enough binder to fill out interstitial sites. Therefore, the actual binder spreading process would
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Fig. 23. A comparison among three droplet sizes including single, overlapping, and overlaying droplets and their effects on saturation area [260].

Binder Powder particles

[ ]
Thin printing layer with Optimum printing layer with  Thick printing layer with incomplete
excessive binder spreading minimal binder spreading vertical binder spreading

Fig. 24. Different printing layer thicknesses and binder spreading and bleeding.
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Fig. 25. Optical images of binder jetted TiNiHf powder (particle size distribution < 20 uym and average size of ~5.50 um square wires from with.
Effects of saturation lever and layer thickness are compared [293].

benefit from in-situ observation, and require an ideal powder-binder ratio with a rapid spreading rate, appropriate vertical spreading
distance, and a relatively high wetting ratio.

Powder packing and wettability are two factors affecting the choice of binder type, binder saturation and the required binder
volume. Lu et al. [293] found that powder packing significantly influences the powder-binder wetting ratio (shown in Fig. 25), where
a higher wetting ratio can be attained for a densely packed powder bed. The jetted binder from the print head has a certain drop size.
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Fig. 26. (A) Tensile test results for uninfiltrated ZP102 powder. Stereomicroscope images of specimens with (B) 0.1 mm and (C) 0.087 mm layer
thickness and 90% saturation, (D) 0.1 mm and (E) 0.087 mm layer thickness with 125% saturation [190].

However, the total amount of the jetted binder per layer is proportional to the total volume of the spread powder (in other words,
thickness). As the binder reaches the powder bed, it spreads into the interstitial sites of the powder particle in both vertical and lateral
directions. Shrestha et al. [298] found that the saturation level of 70% is optimal when the layer thickness, roller rotation speed, and
feed to powder ratio values are 100 um, 6 mm/s, and 3:1, respectively.

Kafara et al. [315] studied the effect of binder quantity to determine the optimum operating point as a compromise between
accuracy and resilience. When the binder quantity increases, deviation of the cubic specimens increased in comparison to the CAD
file. In other words, with an increase in the binder quantity, the edges of the cubic specimens showed a higher deviation due to binder
bleeding. Patirupanusara et al. [316] showed that binder content affected the formability and properties of polymethyl methacrylate
(PMMA). In order to 3D print parts from PMMA, binder content greater than 10% was needed. However, binder content higher than
40% is inclined to cause shape distortion. Increasing binder content from 20% to 60% slightly increased the density from 600 to 750
kgm ™3 and simultaneously decreased porosity in the sample from 57% to 42%. Based on the dimensional accuracy and shape
distortion as well as mechanical properties, binder contents of 30-40% were found to optimize properties for 3D printing of PMMA.

In another study by Vaezi et al. [190], the effect of binder jetting parameters such as layer thickness (0.1 mm and 0.087 mm) and
saturation level (90% and 125%) were evaluated on the geometry, surface roughness, and mechanical strength of ZP102 powder
parts (results shown in Fig. 26). The green strength of a part results from the binding quality of the particles within each layer as well
as binding between neighboring layers. Inadequate green strength leads to: (1) deterioration in dimensional accuracy, (2) poor
surface finish, (3) distortion, and (4) cracking, or failure of the binder jetted parts. Keeping the same layer thickness, increasing the
binder saturation level from 90% to 125% resulted in enhanced tensile and flexural strengths of the binder jetting specimens while
dimensional accuracy and surface uniformity might have decreased. Generally, increasing layer thickness leads to better powder
spreading while keeping binder saturation levels constant. The consequent reduction in spreading defects is expected to increase the
specimens’ integrity and tensile strength. In general, the horizontal binder spread is higher than the vertical direction. Thus, if the
saturation conditions are a fixed number, increasing layer thickness can result in lower mechanical strength and an increase in
flexural strength with a better surface uniformity.

2.2.3.4. Drying time and heater power ratio. After each instance of spraying binder onto powder, the powder bed’s surface is subjected
to heat generated by a resistive heater for initial curing, known as drying time. The drying time depends on the (1) choice of binder
saturation level, (2) binder composition and chemistry, (3) layer thickness, (4) wettability of powder with binder, and (5) powder bed
characteristics such as thermal conductivity, surface area, permeability, and packing density. For instance, phenolic binders do not
need drying time while DEG binders have a dry time of ~15-45s per layer. During this drying step, the printhead is cleaned from
excessive binder to prevent blockage of nozzles. Therefore, too short drying time may result in printhead nozzle blockage, which has
a significant impact on final part surface quality and part integrity [309].

Another feature related to the drying step is the drying power control setting or heater power ratio that describes the power
consumption and temperature of the heater and, accordingly, the heating rate and the highest temperature of the of the powder beds
surface [11,309]. This parameter plays an important role since it controls the drying time of liquid binder, thus, controls deformation,
shrinkage, dimensional accuracy, and surface finish of the green part during the build cycle [317]. Typically, a low power ratio
results in insufficient drying of the liquid binder, causing the build cycle to disrupt or dimensional accuracy and surface finish to
deteriorate. High heat dries up the layer very quickly and imposes higher deformation and shrinkage within the part, in addition to
increasing the build cycle time. Thus, longer drying times are required for higher binder saturation, larger surface area, and powders
with poor thermal conductivity.

Fig. 27 illustrates examples of optimum and inappropriate drying times. Generally, when the sprayed liquid binder is sufficiently
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Fig. 27. Exemplary and schematic of binder jetted parts subjected to various in-process drying time: (a) inadequate drying time and (b) optimum
drying time (the dashed lines show the potential binder migration paths inside the powder bed) [164]. (c) An example of excessive binder saturation
with sufficient drying [125], (d) adequate binder saturation with insufficient drying time, and (e) insufficient binder permeation [260]. (f) Det-
rimental effect of increasing binder saturation causing powder layer shifting during powder recoating [266].

dried, previously dried layers underneath the newly printed layer will restrict vertical binder penetration and binder penetration
occurs mostly in the new layer in unsaturated areas between the deposited droplets. This results in enhanced saturation in the printed
areas of the new layer and better dimensional accuracy and green strength (Fig. 27a). When drying times are too short (see Fig. 27b),
the binder penetration in vertical direction is more than the layer thickness resulting in undried binder, dimensional inaccuracies and
decreased strength (see Fig. 27c). Additionally, as the 3D printing proceeds, the combined weight of powder and binder may be
considered as an external source of pressure, reducing the dimensional accuracy of printed features, especially vertically.

Without optimized drying time for each layer increased shear forced during recoating may deform the printed part (Fig. 27d).
Similarly, excessive binder at high binder saturation levels may create part distortion caused by shifting unanchored layers during
powder recoating (Fig. 27f) [266]. On the other hand, excessive in-process drying may result in considerably reduced inter-layer
bonding of the green parts. This is due to a reduced amount of residual liquid binder present on the dried surface on which a new
powder layer is ready to be spread Consequently, the binder could not effectively form a continuous liquid phase across the interface
between the previous and newly added powder layers and would cause the loss of inter-layer strength. In this situation, delamination
may happen in the green part as shown in Fig. 27e. Finally, while increased drying time may facilitate applying uniform heating on
the powder bed, it could drastically extend the process time and reduce productivity.

2.2.3.5. Print orientation. Generally, two terms need to be defined in the 3D printing process related to print orientation including (1)
layer stacking orientation and (2) part build orientation [259]. The layer stacking orientation (see Fig. 28(a)) is the orientation of the
part being printed with respect to the powder stacking direction by the roller (i.e. z-axis). The layer stacking orientation could
contribute to porosity percentage as well as mechanical properties of inkjet 3D printed parts. Porosity measurements for amorphous
calcium polyphosphate powder (irregular shaped powder with PSD of 75-150 um) with various stacking orientations between 0° and
90° indicated that the porosity value varied depending on the stacking orientation [318]. Moreover, samples with various
orientations of the stacked layers had significant differences in mechanical properties and surface topography [318-320]. It was
shown that 45°-oriented sample had compressive strength of 13.4 + 4.6 MPa and porosity of 37 = 2% while the 90°-oriented
samples resulted in the compressive strength of 45.1 = 6.8 MPa and porosity of 30 * 2%. In another study by Shanjani et al. [321],
it was shown that layers stacked parallel to the mechanical compressive load were ~48% stronger than those with the layers stacked
perpendicular to the load. It is worth noting that since finer particles with spherical morphology are used for binder jetting, it may be
less likely to assume that the layer stacking orientation has a substantial effect on the porosity level or mechanical properties in
binder jetted parts.

The build orientation refers to the alignment of the parts being printed with respect to the x-, y-, and z-axes of the build platform,
shown in Fig. 28(b). It has been propounded that the build orientations have significant impact on the properties of the fabricated
parts [155,191,297,319,322,323]. Print orientation may reveal some inkjet issues in binder jetted parts depending on the print
orientation. Surface roughness variation is one of the problems caused by powder particle disposition among the surface and the
projection of ink droplets on the oriented surfaces of products. Gardan [324] tested texture quality improvement affected by print
orientation using pixel scanning aided by a computer software. It was shown that xy-plane had better quality regarding texture
contrast and quality. Myers et al. [199] found when the print angle increased from 0° to 45° in relationship to the Z-direction, the
surface roughness increased. In addition, the mean green density decreased with increased print angle due to formation of interlayer
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Fig. 28. Schematic of building chamber and corresponding machine directions; (a) layer stacking orientation and (b) part build orientation [259].
(c) 2D image showing bed of powder and printed parts, (d) green parts and (e) three-point bending strength results [326]. Typical failure me-
chanisms in binder jetted scaffolds (f) catastrophic failure of x-oriented part, and (g) plastic failure of y-oriented part [325]. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

defects during printing. Zhang et al. [297] demonstrated that the y-orientated samples had considerably greater properties and lower
porosity percentages due to the printing of a more uniform layer of powder along the y-axis. z-orientated samples indicated the lowest
properties because a higher number of layers needs to be stacked up in comparison to either x- or y-orientated samples. In addition,
xy-plane shows better surface topography compared to other surfaces [320]. Thus, it is more likely defects form inside the samples
from micropores and voids formation throughout inter-layer and poorly bonded layers along intra-layer [259]. Cox et al. 3D printed
porous hydroxyapatite scaffolds using x- and y-oriented print directions and it was shown that compressive strength was higher for
the y-oriented parts (0.88 MPa with plastic failure) compared to the x-oriented parts (0.76 MPa with catastrophic failure) [325]. In
fact, the lower compressive strength of x-oriented scaffolds, as well as the catastrophic failure implied that the interlayer bonding was
weaker parallel to the loading direction (Fig. 28(f,g)). Recently, Oh et al. [326] binder jetted stainless steel powder to study the effect
of print direction on bending strength (Fig. 28(c—e)). It was found that the bend strength for the y-oriented samples was two times
higher than the x-oriented parts. It was thought that the asymmetrical spreading and discontinuities in binder distribution in the x-
oriented samples were the main reasons for the orientation-dependent bending strength. Binder jetted ceramic-fiber composite
material showed that the y-oriented printed samples has 60% higher strength compared to the x-oriented sample [61].

2.2.4. Post-Processing

After successful 3D printing, the binder jetted part needs follow the following steps to achieve required properties.

Curing Cycle - It is common to cure the whole powder bed and printed parts together to remove excess binder in the printed
specimen in binder jetting where the build box is used. Alternatively, some binder jetting methods only need to cure the green part
having removed to excess powder already. The curing temperature and time depend on the used binder system, printed part geo-
metry, part wall thicknesses and the volume of the powder bed or height of the printed job-box [165,227,327]. For cement-based
materials, this may be the only post processing step [80,83,91].

Typically, a curing step is carried out to increase the binding strength between the binder and powders by cross-linking and
further polymerization [53]. In binder jetting, drying occurs during printing after spraying binder, while, curing occurs at the end of
the printing process to enhance mechanical strength of the printed parts by placing the whole build box in an oven and reaching
~185-200 °C for ~8h. It is important to consider that during the curing step, powders do not fuse. Although the binder curing might
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be integrated into a drying step as part of the printing process using longer time and higher temperature, a separate curing step is
more common after binder jetting for economic reasons.

De-powdering — After curing, now “green” parts have enough strength to be handled and excess or unbound powder need to be
removed. Depending on the part complexity and internal features, it is required to carefully remove loose powder using brushing,
compressed air, vibration, and/or vacuuming [325,328]. Additionally, when the used binder is not soluble in the fluid, wet de-
powdering such as ultrasonic, microwave-induced boiling, CO, bubble generation in soda water, and boiling fluid inside the internal
channels are used as well [53,233,267,329].

Measuring Green Strength — A green part is one that has been printed and cured but has not undergone densification through
infiltration or sintering. The strength of the green part is important because the types of features and geometries printed with binder
jet depend on green part strength in order to survive de-powdering. A green part that has too low of strength will break during de-
powdering while a green part that is too strong probably contains more binder than needed. Thus, when developing process settings
such as saturation for a new powdered material or a new binder, the green part strength is used as a main metric for optimization.
While there are no standards for measuring green part strength specifically for binder jetting, standards from powdered materials
industries for powdered materials in green form are commonly used in binder jet [267,330]. These two industries are the American
Society for Testing and Materials (ASTM) and the Metal Powder Industries Federation (MPIF) and the standards for green part
strength testing are ASTM B312-14 and MPIF standard number 41, respectively [331,332]. Both standards specify the use of a 3-
point bend test on a 1.25” X 0.5” x 0.25” rectangular bar. For traditional powder processes, the test geometry is pressed or molded,
but with binder jet, test bars can be printed directly.

Pyrolysis or Burnout step — When the cured green parts are ready for densification, the post-processing step subjects binder jetted
components to a binder burnout process. Typically, burnout happens prior to sintering or infiltration in the same furnace. To reach
the sintering or infiltration stage, the polymer needs to be pyrolyzed because it takes up space in the green part and will hinder
sintering or infiltration. Binder burnout temperature can be determined by differential thermal analysis of the binder. In binder
jetting, carbon content may vary due to the carbon residue after burnout and, therefore, the microstructure and phase formation
would be affected. To achieve binder burnout step, the part is heated up to temperatures above the decomposition temperature of the
polymer to encourage the polymeric species to evaporate or decompose and leave the green part in gaseous phase or newly reacted
gaseous constituents by reacting with adsorbed powder species or flowing gas with hydrogen. Because ceramics have been processed
with binder in slip and tape casting for many years, the monitoring and analysis of organic binder pyrolysis has been studied
[333,334]. Also, studies have been done to understand binder burnout with metals processing [335,336]. Extensive work with
titanium in metal injection molding with binder burnout has been done [337] and the same procedure is replicated for use in binder
jetting.

Residual Matter and Material Chemistry Effects — After the binder has become gaseous or decomposes and has mostly vacated
the green part, there is sometimes some residual oxygen and carbon residue [338,339]. The oxygen will usually make oxide on the
materials while the carbon could make carbide if burnout is done at high enough temperatures or it can exist as a residue by itself as
char. The residue left from binders has been known to greatly affect the processing of materials sensitive to small amounts of carbon
such as steels, so it is important to know the amount of residue and test parts for carbon and oxygen content [340,341]. Knowledge of
the binder system, limiting residue, or even designing for carbon and oxygen that will be incorporated during the binder burnout can
help with processing metals, especially steels, in binder jetting. Interestingly, Miyanji et al. [125] proposed if a proper burnout step is
applied prior to sintering, there is minimal residual binder in the sample and it should have negligible influence on the densification
step; thus, a linear shrinkage is expected to happen in the same directions.

Infiltration is a route of densification using an alloy with a lower melting temperature compared to the 3D printing matrix (such
as bronze with steel) to eliminate residual porosity and achieve full density with negligible dimensional changes. In fact, capillary
force between infiltrant material and pores on the powder particle surface is the main driving force of the infiltration process. Since
infiltration can remove pores for the binder jetted part to increase density, it may enhance mechanical properties of the final product
including hardness, elastic modulus, yield strength, etc. [342]. To attain the final product with desired properties, it is important to
optimize the saturation of infiltrant liquid. In the case that the liquid infiltrant exceeds the saturation level, the migration of excess
infiltrant can affect dimensional accuracy. In contrast, insufficient infiltrant can lead to the formation of weak bonding between
powdered materials, thereby affecting mechanical properties [311]. Various studies [164,343,344] proposed vacuum-assisted in-
filtration to remove further porosity from the microstructure resulting in higher mechanical strength.

Sintering — The other densification method for binder jetted parts is sintering. Sintering kinetics and densification depend on (1)
powder particle chemistry and surface activity, (2) powder morphology, (3) particle size distribution, and (4) sintering atmosphere.
During sintering, binder jetted parts experience shrinkage to remove part porosity caused during printing. The densification kinetics
and linear shrinkage during densification are two other aspects affected by PSD. Therefore, powder properties as well as sintering are
critical aspects in binder jetting of metallic material in which powder size distribution, powder morphology, and chemistry; heating
and cooling rates; sintering temperature; and holding time may affect shrinkage, microstructure, porosity, and phase formation in the
final product.

In the following, sintering and infiltration as two main densification methods will be elaborated in more details.

2.2.4.1. Sintering

2.2.4.1.1. Sintering theory. Sintering is an important step in binder jet 3D printing technology since the diffusion at high
temperature assist to increase density of the green part. Since the green part has low mechanical strength and densification can
change porosity level, various mechanical strengths (static and dynamic mechanical properties) can be achieved after applying
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Fig. 29. Schematic illustrating the densification process enhancement with sintering experiment for a powder system. Different sintering stages may
be seen including initial stage sintering where sinter necks form due to surface diffusion, intermediate sintering stage where the density increases
due to volumetric diffusion leading to the shrinkage and pores closure, and final stage where the grain coarsening may happen [349].

sintering to attain different density and microstructure. As the green part has a density of ~50%, the main driving force of sintering is
reducing surface energy of the binder jetted specimen. Different stages occur during sintering, which affect the microstructure and
shrinkage behavior of the green part. Fig. 29 illustrates the general sintering process for a powder system and in the following, main
steps are explained in detail.

Fig. 29(a) shows the prior of sintering in which the green part density of the binder jetting specimen is ~50% with no sinter neck.
The initial stage of sintering happens at lower temperatures where the main mass-transport mechanism is surface diffusion and initial
necking among neighboring powder forms [345,346]. Primarily, particles are connected together as the liquid binder cross-linked
and as the sintering temperature increases, the surface diffusion at the grain boundaries occurs where contact points among powders
grow without any dimensional change or porosity reduction (see Fig. 29(b)). In other words, diffusion of atoms happens with material
shifting from the particle surface to the neck area at the contact points, causing a linear shrinkage (dimensional changes) of ~3%
[345-347]. The intermediate stage begins when the ratio of particle diameter (D) to sinter necks (X) is ~ 3, where the relative density
of the sintered part reaches up to ~70%.

The intermediate stage happens at higher temperatures where diffusion happens at the lattice and grain boundary and the part
experiences a substantial densification up to ~92% as displayed in Fig. 29(c). Besides, microstructural evolution occurs where
interconnected pores may form. During the intermediate stage, sinter necks grow from about 30% to 50% of the powder diameter and
as the densification progresses, pore evolution happens where the tubular, interconnected pores become closed [345-347]. Thus, the
pore channel closure takes place in which the interconnected pores are closed off, isolating porosity due to sinter neck growth and/or
the creation of new contact points as pore shrinkage happens. Consequently, outward diffusion may happen from the center to the
surface of the powder, leading to powder surface flattening and densification.

As the density increases to ~92% with closed pores and sintered necks of half the powder particle diameter, the part has entered
the final stage of sintering (see Fig. 29(d)). The final sinter stage happens at the same or slightly higher temperatures than the
intermediate stage. During this stage, closed pores are eliminated to achieve maximum density. Throughout the final sintering stage,
grain coarsening happens in which pore coarsening may occur if the maximum density over 99% cannot be achieved [347,348].

2.2.4.1.2. Sintering thermodynamics. The fundamental driving force for sintering is the reduction of internal interface and/or
surface energy. Mass transport is the mechanism in sintering and it is driven through a desire to reach a lower energy state,
specifically between the particles. In powder metallurgy and binder jetted parts, the energy of the system is based on the incomplete
bonds of weak joints among powder particles. Thus, reduction in energy can be achieved by sintering to minimize the number of
atoms in a higher energy state and densification stops once that is no longer possible.

Neck formation happens due to the surface curvature between adjacent particles in the initial stage sintering [345,350]. The
distribution of forces on the atoms surface is usually uneven and, thus, the surface is inclined to be in tension if the surface curvature
is concave and compression if it is convex [351,352]. Neck formation helps to decrease the total surface curvature, resulting in the
reduction of the total system energy where material moves from the convex surfaces (particles) to the concave surfaces (necks). Based
on the surface stress values, the powder surface can have a higher vacancy (under tension stress) or lower vacancy (under com-
pression stress) concentration, causing a source-sink relationship in which diffusion occurs from the surface of powders to the neck
areas [96-98]. The following equations can be used to describe sintering thermodynamics:

1 1
FEre=rG ) @
where o is the capillary stress, v is the surface energy of the particles, and r is the particle radii. Thus, the capillary stress in a sinter
neck is proportional to the surface energy of the particles and has an inverse relationship with the particle radii. In other words,
smaller particles have higher surface curvature and higher driving force of sintering is expected. German [352] showed that fine
powder particle (with smaller radii) will have a higher driving force for sintering since the surface is higher where densification may
happen at lower sintering temperatures compared to coarse powder particles. In addition to the surface curvature reduction as a
consequence of sintering, sinter neck formation can also reduce the ratio of surface area (SA) to volume of the powder system (V). As
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shown in the following equation, the ratio of surface area to volume is proportional to the inverse of the particle radii which is similar
to the capillary stress relation.

Surface Area (SA) _ 4mr? 3

Volume (V) T 43 r ®

Kang et al. showed [353] that the main driving force for sintering is the reduction of total grain boundary interfaces that can be
fulfilled by either of these densification process or grain coarsening. The other driving force in sintering is the grain boundary
interfaces where the particles will undergo a stress relief and subsequently, recrystallization happens. Although the new boundaries
have a lower energy than a surface-pore interface, they increase the total energy of the system and, as sintering progresses, the grains
will coarsen to reduce system energy.

2.2.4.1.3. Sintering kinetics. Generally, there are two main groups of sintering mechanisms include (1) solid state sintering and (2)
liquid phase sintering, and it is possible to have a combination of them based on the materials chemistry and sintering condition. To
attain full density with controlled shrinkage and shape retainment, sintering atmosphere, temperature, holding time, heating rates,
and cooling rates are necessary to be properly chosen. In solid state sintering, densification happens in the solid form of material
where the diffusion-controlled mechanisms govern the sintering process. This situation usually occurs when materials are heated up
below the solidus temperature where no liquid is formed. Above the solidus temperature, liquid has a chance to form and liquid phase
sintering is active to facilitate sintering.

Solid state sintering happens when the applied temperature is below the solidus temperature and, consequently, the material is in
a solid state. In solid state sintering, powder diameter is a determining factor. Based on the temperature and holding time, two
discrete types of sintering including (1) non-densifying or coarsening and (2) densifying or volumetric sintering may contribute in
various ways to densification of porous materials.

Non-densifying happens at very low sintering temperatures and includes surface effects where no movement occurs on the powder
particles centers to get closer together [354]. Here, materials are redistributed along the powder surfaces from convex (particle
surface) to concave areas (neck). There is no material transportation from the core of the particle and, therefore, shrinkage is
negligible (maximum 2-3%). Evaporation and condensation are additional mechanisms causing coarsening in the powder particles
where the materials evaporate at the powder surface and condense at the neck areas (mechanism #1 in Fig. 30). The tendency for
material evaporation at the powder surface and condensation at neck areas can be attributed to the slightly higher and lower vapor
pressure at those areas, respectively [350,355]. It is worth noting that the effect of evaporation/condensation is insignificant since the
vapor pressure is low at any realistic sintering temperature [174,354]. Surface diffusion is present at low sintering temperature
condition since the required activation energy on the surface of powder particle is low and atoms can easily get excited and leave the
particle surface [345]. Thus, the structure is smoothed (or coarsened) to decrease surface area (mechanism #2 in Fig. 30). If the
temperature is slightly higher, in which the lattice diffusion from surface can happen, atoms may have a chance to move from the
layer beneath the surface to the neck (mechanism #3 in Fig. 30). Frykholm et al. [356] 3D printed metal powders that were subjected
to solid state sintering and it was shown that almost all microstructures contained pores.

The second type of sintering happens at higher temperatures where parts experience shrinkage to increase the density [354]. In
densifying sintering, shrinkage occurs due to mass transfer from the core to the neck areas; consequently, the centers of the particles
move closer together. Lattice or volumetric diffusion may happen when vacancies start moving in the lattice structure (mechanism
#4 in Fig. 30). This mechanism is active at temperatures close to the solidus temperature where a large number of vacancies are

Densifying mechanism

4. Lattice diffusion (neck & core)
5. Grain boundary diffusion

6. Plastic flow

Non-densifying mechanism
1. Evaporation-condensation
2. Surface diffusion

3. Lattice diffusion (surface)

Fig. 30. Two-particle geometry for possible transport mechanisms during solid state sintering (detailed explanation can be found in [350,354]).
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Fig. 31. Schematic shows stages of particle rearrangement during liquid phase sintering [123].

present to contribute in mass flow [346,347]. Compared to the volumetric diffusion, grain boundary diffusion can happen at lower
temperatures since it depends on the number of grain boundaries as well as temperature and does not depend on the formation of
vacancies. In fact, diffusion of atoms happens from the grain boundaries inside to the surface of the powder to form sinter necks
(mechanism #5 in Fig. 30). Plastic flow (mechanism #6 in Fig. 30) happens when the dislocation movement occurs in the lattice
structure located close to the surface and move inwards to either a grain boundary or isolated pore.

Liquid Phase Sintering and Super Solidus Liquid Phase Sintering — Kingery provided the earliest quantitative description of
liquid phase sintering (LPS) that was followed by a validation of the proposed model by Kingrey and Narsimhan on the iron-copper
system [124]. Super solidus liquid phase sintering (SLPS) is similar to LPS in that it relies on wetting of particles by a low melting
liquid [135-137]. However, in SLPS, instead of adding an external additive, the pre-alloyed powders are sintered above the solidus
temperature to introduce the liquid phase. The presence of the liquid phase accelerates the kinetics by orders of magnitude compared
to solid state sintering. Based on the phenomenological aspects described, the key requirements for complete densification are (1) an
appreciable amount of liquid, (2) an appreciable solubility of the solid in liquid, and (3) complete wetting of the solid. During
heating, the liquid can form at particle surfaces, grain boundaries, or inside the grains, depending on the material. Only the liquid
formed at particle surfaces and grain boundaries contributes to densification, whereas the liquid formed in grain interiors has no
contribution [357]. Fig. 31 illustrates stages of particle rearrangement during liquid phase sintering.

The process can be divided into three stages with the first stage involving the formation of liquid between particles, which results
in the rearrangement of particles such that the maximum packing density is attained. This process is commonly known as the
rearrangement process. The second stage involves increasing density via reprecipitation of the solid and is called the solution-
precipitation process. The second stage is responsible for attaining maximum densification. In some cases, a third stage known as
coalescence occurs, which involves formation of a solid skeleton network and it slows down densification [124].

In his model, Kingrey suggested two mechanisms for densification involving the second stage. The first mechanism assumes
diffusion across the particles to be the material transport mechanism. In this case, the rate of sintering is given by [123]:

AL ’  §8.Qy,, DstC
L, RTG* ©

where & is the liquid layer thickness between the grains, y;,, is the liquid-vapor surface energy, Q is the atomic volume of the solid, Dg
is the diffusivity of the solid in the liquid, C is the solid concentration in the liquid, t is time, R is the gas constant, T is the absolute
temperature, G is the solid grain size which changes with sintering time (typically G> ~ t), and g; is a geometric constant.

The second mechanism involves mass transport via phase boundary reaction and the sintering rate is then described as:

ALY _ &KQy,tC
L, RTG? (10)

where K is the reaction rate constant and g, being a geometric constant.
Again, these equations describe ideal case scenarios. In real systems, multiple mechanisms are usually active simultaneously and,
thus, the dependence of particle size on shrinkage should be determined experimentally.
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Liu et al. modified Kingrey’s model to quantitatively describe the sintering kinetics in SLPS wherein they have accounted for the
volume fraction of the liquid [357]. For an isothermal hold time, the authors determined that shrinkage has the following time
dependence:

AL
— = mt"
L, (11
where n is the time exponent and m is given as:
n
7 12)
The viscosity decreases with temperature as:
— 1 ex (i)
7= P\ Ry (13)

where 7, and E are material constants, and R is the gas constant. A, on the other hand, depends on the volume fraction of the liquid
phase and the grain contiguity as follows:

_22-0 ciPo1 5
1-0)" G N a-fe (14)

where C is the grain contiguity as described by Liu et al., Ciand C,are geometric constants, and fis the liquid volume fraction. For
particles with similar chemistry, 1 and 7 can be assumed to be constant and Eqgs. (10) and (11) can be used to determine the change in
n based on the observed shrinkage values for different particle sizes. Assuming the number of grains per unit volume to be the same
for all powders considered in the present study, Egs. (9)-(14) can be used to write proportionality in the following manner:

AL o pmgnp
L, (15)

where F = f;/(1 — f;)*? with f; being the liquid volume fraction. For constant sintering time, the following relation can be defined:

AL = c,a"FP
L, (16)
Generally, Eq. (16) can be used for qualitatively explaining the role of particle size and liquid volume fraction during SLPS.
In conclusion, LPS and SLPS can effectively densify materials fabricated using BJ3DP depending on the final application. SLPS is a
successful technique to densify monolithic alloys with slow diffusing elements that are difficult to sinter in the solid state sintering
regime.

2.2.4.2. Infiltration. Typically, parts fabricated by binder jet additive manufacturing are porous based on powder packing in the bed.
To fill the pores in the parts with material, the parts must be either sintered or infiltrated. Sintering results in shrinkage of the initial
part geometry due to material diffusion from bulk particles or grain boundaries into pores with subsequent center of mass shifting
between particles, whereas infiltration allows for less shrinkage because the pores are filled with an additional molten material,
thereby resulting in less distortion compared to sintering. However, the part is comprised of two materials, making it a composite.

Infiltration of porous printed parts with a metal results in a metal matrix composite. The printed material is the reinforcement or
skeleton and the melting metal is the matrix or surrounding material. Composites made via binder jet additive manufacturing and
subsequent melt infiltration are processed by means of capillary forces in which the melted material wicks into the other solid
material. Metal matrix composites can be metal/metal combinations or ceramic/metal composites (cermets). There are several
material phenomena to consider when processing these types of composites including wettability of the two materials, reactions
between the skeleton and matrix, and dissolution of the system. The material phenomena are discussed next, followed by approaches
to fabricate these materials with the best material pairs for the best shape retention when using this method.

2.2.4.2.1. Wetting theory. Wetting is based on one molten material having the correct dispersion intermolecular forces to
maintain contact with another solid material. There are several models such as the Gibb’s model to determine the behavior of wetting
pairs and interfacial mixing [361]. In terms of wetting and mixing of one liquid material with another solid material, there are three
main regimes to consider: steady state wetting, reactive wetting, and dissolution.

Steady-State Wetting — When processing two materials with infiltration to make a composite with a binder jetted preform, the
infiltrant must sufficiently wet the printed material to ensure that the matrix material will fully surround the other material during
infiltration. To wet a material, the solid material must have a contact angle of less than 25° [362]. The wetting of droplets can be seen
in Fig. 32 [363], where Fig. 32a shows good wetting and Fig. 32b shows poor wetting. To measure the contact angle, the Sessile drop
method is used where the melting material is dropped onto a fully dense solid material and the geometry of the droplet is measured
with a high-speed camera [364]. Considering the wetting angle based on the surface interaction of the two materials, the equilibrium
contact angle (0) is dependent on the solid-liquid interfacial tension (y,) of a liquid droplet on a solid surface and is shown in Eq. (17),
where y,, is the solid-vapor surface tension and y,, is the liquid-vapor surface tension [365]. When the contact angle is low, the molten
material will spread across the solid material and the molten material will bead up if the contact angle is greater than 90°. This is
based on the dispersion intermolecular forces between the two materials, but the following equation quantifies this interaction.
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Liquid Vst
| Solid

Fig. 32. Geometry of liquid droplet on solid to find contact angle. (a) shows a case when the wetting is poor while (b) shows a case when the wetting
is good [363]. Optical images of the cross-sections of Co droplets on WC after melting and spreading over the WC substrates for 35 s indicating the
wetting angle for (c) carbon rich Co and no eta phase and (d) Co and excess free carbon [366].

Yoo = Yo + V05 (6) a7

Some composite pairs display good wetting for infiltration with small contact angles. One example of this is the wetting of WC
with Co (see Fig. 32a) [366]. Another example is the wetting of W metal with Cu (see Fig. 32b) [367]. Other composite pairs, such as
TiC and Al alloys, do not wet as well. In these cases, reactive or activated wetting as well as atmosphere control can improve wetting.

Reactive Wetting — Sometimes, two materials do not create a perfectly wetting system and there is a reaction at the interface.
Once this occurs, there is an intermediate material between the solid and the liquid, so the molten material then wets the inter-
mediate material. This can change the wetting behavior and infiltration time. When some reaction is required to induce wetting of
two materials at this interface, the system is time- and temperature-dependent. In this case, reactive infiltration does not proceed
until the interface of the liquid and solid have reacted to form a new phase at the interface, which would become a phase that can be
wetted by the liquid or vice versa. Because of the temperature and time dependence, this type of infiltration is not understood as well
and is difficult to process. The governing equation is shown below in Eq. (18)

AV;[ ® = }'Sl(t)_(ysl)e a8

where the driving force for wetting is the change in the solid-liquid interfacial tension, Ay, and is a function of time because of the
reaction kinetics of the interface [368,369]. More information about the kinetics of the reaction and the wetting is necessary to
understand the system.

An example of reactive wetting is the melting of Al alloys on TiC [370]. Fig. 33 shows how the contact angle decreases over time.
That is because Al reacts with TiC to form Al,Cs at the interface and Al wets Al,C3 better than it wets TiC. The aluminum can wet and
cover the TiC, but there is an intermediate phase of Al4Cs. Like other ternary phases, Al4Cs is more brittle and reacts with moisture in
the air to degrade quickly. Even though Al can wet and cover TiC, the intermediate phase that is made renders this composite difficult
to use in applications. Nonetheless, this study shows how time, atmosphere, and alloying affect reactive wetting. For more pure
alloys, wetting is poor but can be improved with vacuum. Alloys with Mg, Si, and Zn tend to have less wetting than Al with Cu or pure
Al In almost every case, excess time improved wetting [371,372]. In a study by Rambo et al. [373], carbon preforms were binder
jetted followed by pressureless reactive infiltration of Ti-Cu alloy to fabricate TiC/Ti-Cu composites.

To improve wetting by lowering the surface energy and scavenging surface impurities like oxides, an activator metal is sometimes
used. The activator metal is usually incorporated in the molten material as an alloy in small amounts of 5-10 wt%. As with Al wetting
TiC, the correct activator material must be used to improve wetting through dispersion or lowering of the surface tension of the
molten material to provide adequate surface energy for wetting. One system of interest where the surface energy can be lowered to
improve wetting is in the SiC/Al system [374]. When the surface of SiC particles are oxidized, Al does not wet well as shown by the
porosity in Fig. 34c. By using unoxidized SiC, wetting improves and the porosity decreases as shown in Fig. 34a. Near full infiltration
from good wetting occurs when the SiC particles are unoxidized and Si is added to the Al. The surface oxide on SiC disturbs the
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Fig. 33. Wettability of TiC by different aluminum alloys under (a) argon and (b) vacuum conditions at 900 °C [370].
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Fig. 34. Optical microstructures taken from the composites prepared by infiltrating the 55 vol% SiCp preform with different aluminum alloys with
(a) unoxidized preform and Al-8 wt% Mg, (b) unoxidized preform and Al-12 wt% Si-8 wt% Mg, (c) oxidized preform and Al-8 wt% Mg, and (d) XRD
patterns taken from samples [374].

wetting of the molten Al because it wets SiO, differently and the added Si to the Al lowers the surface energy of the molten Al to
improve wetting and infiltration.

Dissolution of Solid into Molten Material — In systems where the skeleton material is soluble in the molten material, dissolution
can occur during or directly after infiltration [375]. The phase diagram of the constituents will determine if there are reactions, phase
separation, or dissolution. Dissolution is followed by precipitation upon cooling. For a dissolving system, the wetting is ideal, but
there is subsequent rearranging of material when the reinforcement is dissolved and reprecipitated, which can cause distortion and
misshaping of preforms during infiltration. To further understand the timeframe, models have been made for the kinetics of dis-
solution. The Noyes-Whitney relationship helps to quantify the time to dissolve a certain amount of mass [376]. This relationship is
shown in Eq. (19):

dm

D
M _ 42, - ¢
d( b)

dt (19)

where the amount of mass dissolved is dependent on the diffusion coefficient, D, the surface area of the interaction, A, the thickness of
the dissolving layer, d, the saturation limit of the solution, C;, and the concentration of the bulk solution, Cp. Vast dissolution can
affect the integrity of a printed material because the structure can be dissolved away, causing slumping.

2.2.4.2.2. Infiltration kinetics. Typically, porous media infiltration is modeled by liquid material flowing through a continuous
capillary or channel as shown in Fig. 35, where V is the volume, P is the pressure, A is the area, and 6 is the previously defined contact
angle. Also, there are two terms to define when referring to wetting and infiltrating: adhesion and cohesion. For adhesion, the work of
adhesion, W,, is the measure of the binding strength of the molten material to the solid material and is shown in Eq. (20).

Wa= Yy + 7%~ (20)

It is dependent on the interaction of the two materials in contact. For cohesion, it is a measure of the liquid’s ability to resist
separation and this can be affected by the solid material as well as the atmosphere or vapor in which the infiltration is processed
[377]. To melt infiltrate one molten material into another solid material, there are two main types of infiltration: pressure-assisted
and pressureless.

Pressure-assisted melt infiltration of molten material into another is done when the wetting between two composite materials is
poor. Methods such as squeeze casting and centrifugal infiltration forcefully press molten material into a porous preform to produce
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Fig. 35. Schematic of molten material infiltration into solid capillary [377].

parts. This method costs more due to extra energy in processing and tooling. Also, the interface of the two materials is not as intimate
as to when the wetting is sufficient [378,379].

Pressureless melt infiltration, or capillary driven infiltration, of molten metal into porous media of higher melting temperature is
much more cost-effective and produces more uniform composites because of adhesion [380]. This method is dependent on many
factors relating to the material properties, interaction of the two materials, and wetting. To help explain the physics of infiltration, the
Washburn equation [381] in Eq. (21) assesses the flow of a liquid through a capillary and is analogous to liquid metal flowing through
porous media [369,382]:

o yLVcos(G)r
t 2u 2n

where h is the distance of the infiltrating liquid, ¢ is the time of the infiltration, y;, is the surface tension between the infiltrating
material and solid preform, 6 is the contact angle, r is the pore radius, and y is the dynamic viscosity.
The Washburn equation is rearranged for time while adding gravitational effects and density in Eq. (22) [383]:

hZ
= ‘er(zywcosﬂ _ gh)

w\ pr (22)

where p is the density of the infiltrating material and g is the gravitational constant. This relationship helps quantify the infiltration
kinetics based on wetting and material properties of larger sizes where gravitational effects might be a factor.

2.2.4.2.3. Selecting infiltration pairs. Selecting composite pairs for printing and subsequent melt infiltration requires many
materials properties, interactions, and chemistry. First, the materials must have a difference in melting temperature so that one
material remains solid during infiltration. The thermal expansion difference between the two materials should be minimal as to not
crack the composite upon solidification or in temperature applications of the composite. The wetting angle of the molten material on
the solid material at the infiltration temperature must be lower than 90° with an ideal contact angle of 0-20°. The density, viscosity,
and surface tension should be considered to mitigate mechanical deformation during infiltration. Further, the phase diagram and
dissolution kinetics of the two materials should be estimated to mitigate dissolution of the reinforcement into the melt, limit
unwanted phase formation such as intermetallic, and limit eutectic melt amount. Below is a list for the requirements for pairing
materials for this method:

Melting temperature difference

Small difference in coefficient of thermal expansion

Sufficient wetting between skeleton and matrix (at infiltration temperature)

Molten material properties — density, viscosity, and surface tension

Phases and chemistry (kinetic driven)

(a) Dissolution of skeleton material into matrix material

(b) Intermetallics that may form between skeleton and matrix (and their properties)

(c) Stability/reactions between the skeleton and the matrix (eutectics between elements)

3. Mechanical design for binder jetting

Although additive manufacturing promises extensive design freedom compared with traditional manufacturing, design limita-
tions for AM still exist. Just as any manufacturing process has best practices for design, each AM technique has its own unique set of
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best practices based on the physics of the process. For example, laser and electron beam powder bed fusion technologies undergo a
layerwise welding process, which requires an understanding of the resulting thermal stresses to properly design a part and its support
material. For binder jetting, the processes of depowdering and then densification through sintering or infiltration must be considered
during the design process. The design rules mentioned in this section are derived from these sources [40,384-386].

3.1. Accuracy and resolution

Inkjet systems inherently have high accuracy and resolution due to the small size of the droplets that can be formed with an inkjet
nozzle, with some systems capable of producing droplets as small as a single picoliter [244,387]. The accuracy of the placement of an
inkjet droplet has to do with many factors that affect the droplet’s flight path, such as distance between the nozzle and the target
surface. Sources cite that the accuracy of binder jetting systems is within the range of + 5% [388], but this value also accounts for
distortion that occurs during densification. Some studies have been conducted to understand the factors that affect accuracy, surface
finish, and resolution of printed green parts [260,309]; however, a rigorous study determining the current accuracy of binder jet
systems was not found.

The resolution of binder jetting in the print plane is determined by the size of droplet, the size of powder, and the resulting spread
of the fluid to form voxel size [164,389,390]. The resolution in the build direction or the layer thickness is mostly a function of
particle size (layers must be larger than the average particle size) and the penetration depth of the droplets.

3.2. Minimum feature size

Since the green part state is the most fragile time in a binder jet part’s life, the minimum feature size has everything to do with
depowdering. For extruded features, the designer must consider, “Will this feature endure depowdering?” For concave features, the
designer must consider, “Can powder be easily removed without too much movement of the part?” For the most part, the minimum
feature size of binder jet is far below the majority of mechanical features needed in mechanical parts. However, for specialty ap-
plications like microchannels or heat transfer geometries, the minimum feature size of binder jetting must be understood.

Bosses — A boss is a feature that protrudes from the main bulk of the part. A boss can have virtually infinite profiles, making the
process of developing solid boss design rules for binder jet difficult. In general, the aspect ratio of a boss or extruded feature is the
most important factor to be considered when designing for a binder jet part. This is because the printed part in green state has limited
mechanical strength, so long and narrow features are at a high risk of breaking during the depowdering process. For steel systems, the
minimum recommended boss features is 750 um [40].

Walls — The walls in a part can be extruded as a boss or wrapped around the part to envelop a cavity or other features. Walls must
be designed carefully for binder jet as thin walls that must support much of the part’s weight during depowdering will break. Thus,
walls must be designed with aspect ratio in mind, but also how well the walls are supported overall. A range of minimum wall
thicknesses for binder jet parts is between 1 and 3 mm as shown in Table 2 [40,388,391].

Microchannels — The high resolution achievable with binder jetting means that microchannels on the order of hundreds of
microns can be created throughout parts; however, the limitation on their size and length is dependent on the removal of powder
from the channel when the part is in the green state (see Fig. 36). Removing powder depends on the powder size itself in relation to
the size and length of the channel. Although no studies have been completed to determine the limits of depowdering and their effect
on microchannel size, studies have shown that microchannels smaller than 250 ym can be formed [392].

A group of researchers used binder jetting to manufacture bone scaffolds and implants from SS 316 mixed with tricalcium
phosphate composites [75,393,394]. The effect of lattice design and processing parameters on the dimensional and mechanical
properties of the printed and sintered structures were investigated and it was shown that circular geometry had superior mechanical
properties compared to others. Exemplary lattice designs are illustrated in Fig. 36E-F.

The influence of shell/core saturation level and sample height on the dimensional accuracy of binder jetted parts was studied by
Castilho et al. [154]. The influences of binder saturation level on dimensional accuracy (which refers to the mismatch between the
dimension of an as-build part and its designed specification) and the corresponding pore interconnectivity of the as-built parts are
represented in Fig. 37. As shown qualitatively and quantitatively from Fig. 37(D), increasing the saturation level significantly reduces
dimensional accuracy and interconnectivity. In addition, the amount of liquid seeping from the existing interparticle spaces increased
with increasing saturation level, which resulted in poorer dimensional accuracy and surface finish. Fig. 37(E) displays the adverse
effect of increasing saturation level on the pores’ interconnectivity. Irrespective of the macro-pores’ size, the interconnectivity is
likely to deteriorate at a higher saturation level and, therefore, less plausible to create finer pores.

Table 2
Recommended wall thicknesses for stainless steel and bronze parts [40].
Build Dimension (in) Minimum Wall Thickness (in) Build Dimension (mm) Minimum Wall Thickness (mm)
0.125-3 0.04 minimum 3.175-76.2 1.01 minimum
3-6 0.06 minimum 76.2-152.4 1.52 minimum
6-8 0.08 minimum 152.4-203.2 2.03 minimum
8-12 0.125 minimum 203.2-305 3.175 minimum
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Perpendicular Parallel

Fig. 36. Different mesh structures produced by binder jetting method with a channel size of 300 pm. Micrographs taken from the mesh structure

printed (A,B) perpendicular and (C,D) parallel to the print plane with various droplet sizes of (A,C) 50 pL and (B,D) 150 pL [392]. (E) Lattice models
— cubical and circular unit cells. (F) Printed samples with different size, shape, and lattice design [75,393-395].

3.3. Aspect ratio

Because of the stresses that occur during additive manufacturing processes, the aspect ratio and the orientation of the part during
printing are two major considerations that take place before the finer details of the design are considered. For binder jetting, the
aspect ratio of the overall part is limited by the green part strength. A long, thin part may be printed with ease, but lifting out of the
powder bed during depowdering may cause too much stress in the part. Further, any mass that is connected to a section of the part
that is thin or has a high aspect ratio is subject to the “dumbbell effect,” where picking up such a part will most likely result in the part
breaking. While no concrete rules have been established for aspect ratio of a part, ExOne suggests that for any part that is long and
slender, the designer should consult with the printing service provider [40].

3.4. Powder removal from holes and cavities

A benefit of AM is the ability to produce holes and cavities that cannot be created with traditional machining, e.g. do not have a
direct path for a tool to perform subtractive manufacturing. However, although a cavity or hole can be printed, a somewhat direct
path for powder to exit is needed to ensure full depowdering [396]. Some strategies for depowdering holes and cavities include
vacuuming and blowing air, gentle agitation with vibration, or gentle bumping and rotating the part. Weighing the part during
depowdering can reveal if most of the unbound powder has been removed. Further, shining a light through straight channels can
reveal if the powder has been removed [392]. Finally, if the part is small enough and the features are high-value, the cost of CT
scanning can be justified to ensure full depowdering.

3.5. Infiltration runner design

For parts that are infiltrated instead of sintered to full density, a path is needed to direct the infiltrant from its starting point into
the part. This path is known as a runner or a sprue and connects the infiltrant melt pool with the part itself. Without the runner,
excess infiltrant will pool around the part and negatively affect the part’s geometric accuracy. Thus, the runner is a sacrificial
geometry added to the part in the design process but removed after densification. Typically, the printing service provider will design
the runner and remove it during post-processing.

3.6. Features to avoid

Two planes coming together at a sharp angle can result in knife edges (see Fig. 38). Knife edges could be the outside of two walls
coinciding or the exterior or a triangular or trapezoidal boss and must be rounded to ensure accuracy. Otherwise, it is essentially a
fine feature that will not survive depowdering.

3.7. Surface finish

Prior to sintering and/or infiltration, it is possible to improve the surface finish of the part by applying an additional layer of finer
particles on the top surface. Besides, print orientation can affect surface roughness of the final product. It was shown by Godbey and
Angstadt [397] that the vertical part faces possess a roughness ~50% greater than similar horizontal faces due to the layer by layer
process of binder jetting. This higher roughness on one face can lead to crack initiation and, therefore, lower fatigue life.
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Fig. 37. (A) Virtual quality test plates (in mm), (B) two distinguishable regions by the software in a sliced 2D layer; the areas around the boundary of
the cross-section are the shells and the area inside the cross-sectional region filled with grey color is the core, (C) the selected saturation values
during optimization process, (D) test networks printed from various saturation, the (left) scanned images and (right) correspondent binarized views
used for interconnectivity assessment, and (E) effect of various saturations on the interconnectivity of the printed channels [154].

4. Binder jet 3D printing of different material

Recently, the number of researchers working on binder jetting from metallic, ceramic, and composite materials has increased.
Table 3 presents a summary of the binder jet 3D printed materials with respect to the processing parameters and characterization.

4.1. Single alloys

Binder jet technology is best suited to fabricate metals and focuses on traditional metal powders such as stainless steels, nickel-
based superalloys, titanium and cobalt alloys. In the following section, a wide range of metallic materials, ceramics and composite
materials used in binder jetting technology is presented. The main objective of much of these works was 3D printing of powdered
materials to obtain complex geometries followed by a densification step to attain near fully dense parts, and resulting properties were
tested and compared to traditional manufacturing methods.
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Fig. 38. Replace knife edges with radius in design to avoid breakage [40].

4.1.1. Nickel-based superalloys

As a high-temperature structural material, nickel-based alloys are broadly utilized in aerospace, chemical, and petrochemical
applications due to their structural stability, high-temperature mechanical properties, and corrosion resistance. Traditional manu-
facturing such as casting [449] and metal injection molding [450-454] are the most common methods for producing parts made from
nickel alloys. Casting has been one key production method for nickel alloys, though some difficulties and undesirable phenomena are
typical such as elemental segregation, shrinkage defects, and unexpected phase formation during casting of a huge ingot [449].
Reducing these defects is time-consuming and expensive, and forming and machining the cast parts are difficult due to high hardness,
low mechanical strength ductility, and work hardening [455]. A potential advantage of producing superalloys by powder metallurgy
(PM) or injection molding can be fabrication of a finer grain structure material with a homogeneous chemical composition
throughout the product. Although injection molding can solve difficulties of producing complex-shaped parts that are not practical by
traditional manufacturing methods, producing parts with internal and external complexity and porosity is still limited.

Alloy 718, also known as Inconel 718, is a solid-solution or precipitation-strengthened Ni alloy, displaying a remarkable me-
chanical strength and microstructure and phase stability in aggressive environments such as nuclear reactors [456], turbine blades
and turbocharger rotors [115,457]; aircraft turbine components; and different shapes for aircraft [398]. This alloy can be processed
by casting, welding and hot working; however, precipitates and/or segregation may affect post-processing. This alloy has been
utilized in cast form in which the microstructure contains interdendritic areas with elemental segregation of niobium (Nb), mo-
lybdenum (Mo), and titanium (Ti). Even if the alloy has high Nb concentration, Laves phases may form at the grain boundaries, which
have detrimental effects on mechanical properties; therefore, post-heat-treatment is required to dissolve undesirable phases in the
gamma matrix. Similarly, wrought alloy 718 needs post-processing to reduce undesirable phases in the microstructure before
thermomechanical processing. The improved mechanical properties are related to the formation of y”-phase precipitates [Niz(Nb, Al,
Ti)] formed during the precipitation hardening. Thus, machining of the precipitation-hardened alloy is not feasible and is expensive.
Therefore, additive manufacturing can be an alternative to control microstructure and properties.

In a research conducted by Turker et al. [398], effects of different layer thickness (100-200 um) and sintering temperature (at
1260 °C, 1280 °C, and 1300 °C for 4 h in vacuum atmosphere) were studied on densification of GA alloy 718 (particle size of < 53
um). Based on the production parameters, different densities ranging from 88% to 98.5% were attained. Sintering at 1260 °C showed
when layer thickness increased from 100 pm to 200 pum, the relative density decreased from 92% to 88% (see Fig. 39(A)). By in-
creasing the sintering temperature to 1280 °C and 1300 °C, relative density of ~99% was attained, indicating that layer thickness had
less effect than sintering on the final density. Generally, solidus and liquidus temperatures of wrought alloy 718 are designated as
1260 °C and 1335 °C [450], thus, SLPS could have been active and assisted densification. Dimensional reduction results (Fig. 39(B))
showed that a linear shrinkage of ~16.5% was seen for the sintering temperature of 1260 °C while higher shrinkage values were
expected for the higher sintering temperature of 1300 °C (~21.5%). These values were the average numbers for different printing
directions; however, it is known that shrinkage in z-direction is higher than the two other axes. An inset in Fig. 39(B) is an example of
the printed (top) and sintered (bottom) sample, indicating shrinkage in the 3D printed sample after sintering. Optical micrographs
(Fig. 39(C)) taken from the printed samples with layer thickness of 100 pm and 125 pm and sintered at 1260 °C, 1280 °C, and 1300 °C
showed that higher sintering temperature can lead to high density with slight grain coarsening in the microstructure. In the cases of
1280 °C or 1300 °C, precipitates formed at the grain boundaries (dark areas). It was shown that layer thickness directly affected final
porosity of the sintered parts.

Nandwana et al. [115,187] reported powder characteristics as well as binder jetting from different powder size distribution with
alloy 718, and studied various shrinkage and densification results in which smaller powder particles experienced higher linear
shrinkage compared to the larger powder particles sintered at the same sintering temperature. PSD of fine, medium, and large powder
particles are shown in Fig. 40(A). The plot comparing different types of powder densities for three powder size distributions is
illustrated in Fig. 40(B) with the order of loose particle < powder bed density < tapped density. As expected, the inter-particle
friction was higher for the fine powder particles and the lower powder packing was reported for 7 um powders. It was also shown that
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Summary of some binder jet 3D printed materials, processing parameters, and characterization.

Material Printer

Details

Ref.

Nickel superalloys

Alloy 718 ProMetal RTS-300

Alloy 718

X1-Lab ExOne

Alloy 625 M-Flex ExOne

Alloy 625 X1-Lab ExOne

Magnetic materials and magnetic shape memory alloys

Ni-Mn-Ga X1-Lab ExOne

Ni-Mn-Ga X1-Lab ExOne and manual
printer

NdFeB X1-Lab ExOne

Gas atomized powder (spherical) with PSD of 20-53 um.
Printing parameters: layer thicknesses of 100, 125, 150, 175,
and 200 pm, drying time of 20's, and curing at 80 °C for 2 h.
Sintered in vacuum, temperatures between 1260 and 1300 °C
for 4 h.

Studied: effect of layer thickness on microstructure and
density.

Gas atomized powder (spherical) with three size distributions
of < 20 pum, 5-55um, and 20-240 pm.

Binder saturation: 70% and 80%.

Sintered under vacuum between 1185 and 1330 °C for total
holding time of 5h.

Studied: effect of powder size on sintering kinetics, porosity,
and microstructure.

Air melted N, atomized powder (spherical), water atomized
powder (irregular) and vacuum melted argon (Ar) atomized
powder (spherical) with PSD of 16-53 um.

Printing parameters: layer height of 100 um, recoat speed of
130 mm/s, oscillator speed of 2050 rpm, roller speed of

250 rpm, roller traverse speed of 15 mm/s, binder saturation
of 60% during printing, and drying speed of 17 mm/s.
Cured at ~175°C for 8 h.

Binder: water-based.

Sintered in vacuum, temperatures between 1200 and 1300 °C
for 4h.

Studied: microstructure, density, and phase formation during
post-treatment and mechanical properties.

Air melted N, atomized (spherical) with PSD of 16-53 pm.
Sieving powder to attain fine (< 25 pm) and coarse

(53 < x < 63um) powders.

Printing parameters: 100 um layer thickness, binder
saturation of 60%, spread speed of 15 mm/s, feed powder to
layer thickness ratio of 2, heater power control set to 70%,
and drying time of 40s.

Cured at ~175°C for 8 h.

Binder: water-based.

Sintered in vacuum, temperatures between 1225 and 1300 °C
for 4 h.

Studied: effect of the mean powder size and particle size
distribution on microstructure, density, and pore evolution.

Pre-alloyed ingots were spark-eroded using liquid Ar and
liquid N5 (LNy). Powder produced via ball-milling (BM).
Optimum processing parameters:

LN,: PSD of < 90 pum, layer thickness of 100 um, and binder
saturation of 250%.

LAr: PSD of < 53 um, layer thickness of 80 um, and binder
saturation of 150%.

BM: PSD of < 90 um, layer thickness of 110 um, and binder
saturation of 110%.

Cured at 190 °C for 4h and then sintered at ~1060-1080 °C
for 8-10h.

Studied: effects of powder morphology and processing
parameters on the microstructure, phase transformation, and
magnetic behavior.

Ball-milled, pre-alloyed materials with irregular morphology
and PSD of < 63 pm.

Printing parameters: layer height of 100 pm, spread speed of
20 mm/s, feed/built powder ratio of 2, drying time of 40,
and binder saturation of 80%.

Binder: solvent-based.

Cured at 200 °C for 8 h.

Sintered in Ar atmosphere at 1000-1100 °C for 2 h, air cooled.
Studied: sintering, densification, phase transformation, and
magnetic behavior.

Resin-coated MQP-B-20173-070 (referred to as MQP)
isotropic NdFeB magnetic powder, Dsq of 70 um.
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Printing parameters: 0.2 mm layer thickness, 60% powder
packing rate, 70% desired binder saturation, 0.5
(initial)-2.0 mm/s spread speed, and 25-40 s drying time
between each coat.

Binder: aqueous solutions of Diethylene Glycol (DEG).
Cured at 100 °C to 150 °C for 4-6 h.

binder jetted parts were infiltrated with resin. In addition,
parts were infiltrated in Ar atmosphere with NdCuCo and/or
PrCuCo at 700 °C for 4 h.

Studied: effects of powder morphology and processing
parameters on microstructure, phase transformation, and
magnetic behavior.

Fe-6Si X1-Lab ExOne Spherical powder, PSD of 6-30 pm, Dsq of 13.2 um. [410]
Print parameters: layer height of 80 um, powder spread
velocity of 1 mm/s, feed/built powder ratio of 2.5, powder
packing density of 45%, and binder saturation of 120%.
Binder: ProMetal R-1 (ExOne's proprietary commercial
binder).

Cured at 200 °C for 1h in air.

Debound by ramping up at 5°C/min to 630 °C, held at 630 °C
for 1 h, ramped to 900 °C at 10 °C/min, and held at 900 °C for
1h while flowing Ar gas continuously at 300 cm®/min. Then,
the parts were solid-state sintered in a W-based vacuum
furnace at 1300 °C for 2 h under 10> Torr vacuum.

Titanium alloys

Commercial pure Ti ZPrinter 310 Plus Commercially pure (CP) titanium powder (-325 mesh) with [411-413]
Z Corporation spherical morphology mixed with PVA binder powder
(75 pm).

Printing parameters: layer thickness of 100 um; printed parts
were left overnight in the powder bed to get enough strength.
After, cured at 50-70 °C for 1 h.

Sintered in Ar atmosphere at 900-1350 °C for 2 h.

Studied: microstructure, printability, and biocompatibility of
printed parts.

Commercial pure Ti ZPrinter 310 Plus CP Ti powder with spherical shape and PSD of 38-45 um [193,414]
Z Corporation mixed with 3 wt% PVA.
Printing parameters: various layer thicknesses of
62.5-175 pum.

Binder: aqueous-based.

Sintered at 800-1400 °C for ~1-4h.

Studied: effects of layer thickness and sintering temperature

on densification and microstructure of the sintered parts.

Commercial pure Ti ZPrinter 310 Plus CP Ti powder with spherical shape and PSD of 75-90 um. [159]

Z Corporation Printing parameters: various layer thickness of 20-150 um

(some samples were printed with variation in layer thickness

during printing), roller speed of 75 or 145 rpm, and linear

speed of 50 or 100 mm/s. Green samples were left in the

printer for 1 h.

Sintered in Ar atmosphere at 1400 °C.

Studied: correlations of the layer thickness, roller speed, and

powder spread-ability on printability, microstructure, and

porosity.
Commercial pure Ti Modified ZPrinter 310 Plasma atomized Ti powder with spherical morphology. [349,415]
Z Corporation Three stock powder size ranges were purchased to produce

samples. Three size distributions, 0-45 um (@0QOQ),

45-106 um (O@O), and 106-150 pm (OO®) size
distribution. Two monomodal powders (Types B OO@® and C
O®@O) as well as three bimodal powders (Types A O@@®, D
@0@ and E @@0O) were used in the production of samples.
The three bimodal powder distributions were made by
blending the three monomodal distributions at equal weight
ratios. Powders were then mixed with PVA powder

(< 63um).

Binder: aqueous-based.

Printing parameters: layer thickness of 150 ym.

Sintered at 1000 °C and 1400 °C for 10 h.

Studied: characterizing microstructure and density using
optical microscopy and micro-computed tomography.

(continued on next page)
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Copper alloys

Copper with 99% purity ExOne R2

Pure copper ExOne R2

Iron-based and stainless steels
Pure iron ZPrinter 310 Plus
Z Corporation

SS 316 Innovent ExOne
SS 316 ProMetal RXD
SS 316 M-Lab

ExOne

Cobalt-based alloys

Co-28Cr-6Mo RX-1, ProMetal ExOne

Gas atomized powders with spherical morphology with [112,172]
different PSD.

A wide range of powder combinations were used.

Printing parameters: depending on the powder mixture, layer
thickness between 80 and 150 pum was chosen, a counter-
rotating roller spread powder with a constant speed of 5 mm/
s, binder saturation of 100% (for coarse powders) or 150%
(for fine powders), print bed temperature of 80 °C, and an
overhead heater (185 °C) to dry each printed layer with a
scanning speed of 5mm/s.

Sintered at 1020 °C or 1060 °C for a duration of 30 min or
120 min.

Studied: microstructure, density, and shrinkage.

Copper powders with spherical particle morphology including  [416,417]
monomodal powder of 8-28 ym and 16-37 um, and bimodal
powder composed of 3-9 pm and 15-37.5 um with the ratio of
27:73 by weight.

Standard binder provided by ExOne Company (PM-B-SR2-05)
was used.

Printing parameters: layer thickness of 70 um and binder
saturation of 100%.

Sintered at 1075 °C for 3 h followed by hot isostatic pressing
at 1075 °C for 2 h under pressure of ~207 MPa.

Studied: microstructure, density, and mechanical properties.

Water atomized powder with irregular shape and PSD of [418]
< 45 um. Powders were mixed with PVA with a PSD of

< 63 um.

Processing parameters: layer thickness of 75-125 pm, binder
saturation level of 200-300%, and roller actuation (on/off).

Binder: water-based solvent of ZB™ 60 Z Corporation.

Sintering under 95% Ar, 5% H, at 1390 °C and 1490 °C for 2h

or 6h.

Studied: effects of processing parameters and sintering on the

green and final relative densities, respectively.

SS 316 powder with particle size of Dgy < 22 pm. In some [419]
cases, powders were processed to attain desired PSD. Further,

nylon with different volume ratios of 25% and 33% was

added to the metal powder.

Printing parameters: layer thickness of 50-100 pm, binder

level of 24-48%, and drying time of 12-20s.

Cured at 185 °C for 4 h.

Binder: solvent-based.

Sintered under 95% Ar, 5% H, at 1360 °C for 1 h.

Studied: microstructure in terms of porosity, relative density,

and shrinkage.

Powders with different mean size and PSD were used. [420]
Processing parameters: layer thickness of 75 pm for fine

powders and 100 um for coarse powders and binder

saturation of 60%,

Parts were cured at 180 °C for 2h.

Binder: ProMetal binder PM-B-SR2- 02.

Sintering was carried out between 1200 and 1435 °C for 1.5 h.

Studied: effect of particle size on densification, pore

evolution, and mechanical strength.

Gas atomized SS 316 powder with size distribution of [317,421]
22-43 um.

Sintered under Ar atmosphere.

Studied: printability of cellular structures and their

mechanical properties.

Gas atomized powders with two different average particle [422,423]
sizes of 20 um and 75 pm.

Printing parameters: drying time of 30s and 60, spreading

speed of 10 mm/s and 30 mm/s, and layer thickness of

75-150 pm.

Standard binder provided by ExOne Company (PM-B-SR2-02).

(continued on next page)
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Cured in air at 230 °C for 1 h.
Sintered in Ar atmosphere at 1280 °C.
Studied: effects of various printing processes and well as
microstructure and density of the sintered parts.
Co-30Cr-4.5W X1-Lab ExOne Gas atomized powders with PSD of 90-110 pm and mean [424]
particle size of 95 pm.
Printing parameters: drying time of 40 s, spreading speed of
20 mm/s, and layer thickness of 200 ym, and binder
saturation of 40%.
Binder: solvent-based.
Cured in air at 200 °C for 8 h.
Sintered in vacuum, temperatures between 1260 and 1310 °C
for 1h.
Studied: microstructure, density, and phase formation during
post-treatment, mechanical properties, and 3D printing of
complex parts
Ceramics
Tricalcium phosphate Spectrum 7510 Sieved, synthesized, ball-milled powder with size of [322]
Z Corporation < 160 pm.
Binder: solution consisting of 20% (v/v) phosphoric acid.
Printing parameters: layer thickness of 125 pum, a
homogeneous binder to volume ratio of 0.26, and drying time
of 30s.
Studied: effect of print orientation on microstructure and
mechanical properties.
Amorphous calcium ZPrinter 310 Plus Irregular powder with size distribution of 75-150 um was [425]
polyphosphate Z Corporation mixed with PVA binder powder (< 63 pm).
Printing parameters: layer thickness of 150 ym and 190 pm,
binder saturation between 70 and 100% and gray scale of 90/
70%.
Samples were air-annealed at 400 °C for 2 h.
Binder: aqueous solvent (Zb58).
Sintered in air at 950 °C for 1 h.
Studied: effects of binder saturation and layer thickness on
shrinkage, porosity, and mechanical strength.
Tricalcium phosphate ZPrinter 310 Plus Commercially available powder with dgg of 36.24 um and a [426]
Z Corporation mean particle size of 11.64 pm.
Printing parameters: layer thickness of 87.5 um.
Sintered at 1250-1400 °C.
Studied: effect of sintering temperature on densification,
physical and mechanical properties, and bioactivity.
Tricalcium phosphate ProMetal ExOne Powder with average particle size of 550 nm. [427]
Printing parameters: layer thickness of 20 ym.
Sintered at 1150 °C and 1250 °C for 2 h in conventional
electric muffle furnace as well as microwave furnace.
Studied: effect of sintering condition on porosity and
mechanical properties as well as bioactivity studies.
Tricalcium phosphate ProMetal ExOne Powder with average particle size of 550 nm was mixed with ~ [428,429]
1 wt% SrO and 1 wt% MgO.
Binder: solvent-based.
Printing parameters: layer thickness of 20 pm.
Sintered at 1250 °C in a conventional muffle furnace for 2 h or
in a 2.45 GHz 3 KW microwave furnace for 1 h.
Studied: effect of sintering condition on density, pore size,
microstructure, phase, and mechanical strength analysis as
well as bioactivity studies.
Tricalcium phosphate ZPrinter 310 Plus Synthesis of powder crushed in a mortar and pestle and then  [430]
Z Corporation sieved by a 200 mesh.
Binder: aqueous solution of 2.5 wt% disodium hydrogen
phosphate.
Printing parameters: layer thickness of 88 um and binder/
volume ratio of 0.19 for the shell and 0.09 for the core of the
3DP part.
Post-processing of dipping in disodium hydrogen phosphate
and Ringer’s solution for 17 and 7 days, respectively.
Sintered at 800-1500 °C for 1 h.
Studied: effect of sintering condition on density, pore size,
microstructure, phase, and mechanical strength.
Hydroxyapatite [154]
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Calcium sulfate

Calcium sulfate hemihydrate

Calcium sulfate hemihydrate

Aluminum oxide

Aluminum oxide

Porcelain

Calcium phosphate/calcium
sulfate/hydroxyapatite

Metal matrix composites
Ti-TiB,

Designed and built in
cooperation with Generis
GmbH, Germany

ZPrinter 450
Z Corporation

ZPrinter 450
Z Corporation

ZPrinter 450
Z Corporation

M-Lab
ExOne

Not stated

M-Lab
ExOne

ZPrinter 310
Z Corporation

Integrating a high-precision
dispenser to a custom-
designed binder jet AM
system

Spray-dried hydroxyapatite granulates with polymeric
additives.

Printing parameters: layer thickness of 200-300 pm, printing
resolution of 0.2-0.25 mm, binder solution of 10-14 wt%, and
droplet weight of 6.3 and 8.2 pg.

Sintered at 1250 °C for 2h.

Studied: density, pore size, microstructure, and mechanical
strength.

Powder with size distribution of ~0.6-68.8 um and mean size
of 27.4 um.

Binder: water-based (Zb63).

Printing parameters: layer thickness of 89-127 um, delay time
of 5-500 ms, and build orientation of y and z.

Studied: effects of technical parameters including layer
thickness, layer spreading delay, and print orientation on
porous structure and strength.

Powder with size distribution of ~0.6-68.8 um and mean size
of 27.4 um.

Binder: water-based (Zb63).

Printing parameters: layer thickness of 89 pm, delay time of
300 ms and build orientation of x.

Sintered at 500-1300 °C.

Studied: effect of heat-treatment on structural, mechanical,
and physical properties.

Powder with size distribution of ~0.6-68.8 um and mean size
of 27.4 um.

Binder: water-based (Zb63).

Printing parameters: binder/volume ratio of 0.24 (shell) and
0.12 (core), saturation level of 100%, layer thickness of
87.5-125 pm, and build direction of x-orientation.

Studied: effect of layer thickness and printing orientation on
mechanical properties and dimensional accuracy.

Powder with three sizes of < 30 pm, 45 pm, and 53 pm.
Printing parameter: layer thickness of 26 pm, 53 pm, and
106 um and binder saturation of 60%.

Sintered at 1600 °C for 2h and 16 h.

Studied: effects of powder size, layer thickness, and sintering
profile on densification, mechanical strength and dielectric
constant.

Powder with mean particle size of 40 pm mixed with alumina
nanoparticles with particle size less than < 50 nm.

Binder: polyvinyl alcohol (molecular weight of

9000-10000 g/mol).

Post-printing parameters: curing time of 2h and 12 h, curing
temperature of 60 °C.

Studied: effect of the nanoparticle used during printing on the
green part density and mechanical strength.

Powder mean size of ~19 um with dgs of ~37 um.

Printing parameters: binder saturation of 45-70%, drying
time of 30-60 s, spread speed of 2-6 mm/s, and power level of
55-65%.

Sintered at 750-950 °C for 1-600 min with heating rate
between 100 and 5000 °C/h.

Studied: effects of printing parameters and sintering
conditions on porosity level, shrinkage, and microstructural
evolution

Powder with different size distribution mixed with different
ratios.

Binder: water-based (ZB7).

Studied: effects of powder mean size and fine to coarse
powder mixture ratio on the printability of the 3D printed
parts.

Spherical Ti powder with PSD of 75-90 pm was mixed with
3 wt% PVA (< 63 um). TiB, powder particles with PSD of
< 10 pm was mixed with a polymer for extruding on the
powder bed.

Extrusion parameters: 200 um needle, 200 kPa pressure, and
0.1s for dispensing time. This step was performed to
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Ti-6A1-4V/Pure Al

Ti,AINb

Alloy 625 + carbide

SS 420 + bronze infiltrant

SS 420 + bronze infiltrant

SS 420 + SizN,

SS 420 + Boron

SS 316 + Boron

X1-Lab ExOne

Innovent ExOne

ZPrinter 510/310
Z Corporation

ExOne printer

X1-Lab ExOne

ProMetal R1 ExOne

X1-Lab ExOne

X1-Lab ExOne

determine the droplets morphology: average
diameter = 0.48 = 0.07 pm and height = 0.23 * 0.04 pm.

Layer thickness of 200 um.

Sintered at 1000 °C or 1400 °C for ~ 3 h.
Studied: microstructure in terms of porosity, relative density,
and shrinkage; mechanical properties of binder jetted parts

with different porosity levels.

Atomized Al (irregular shape) and Ti-6Al-4V (spherical shape)
powders with average particle size near 30 um and 45 um,
respectively. The powders were mixed in equi-atomic

proportion (by wt.%) Al

Printing parameters: 100 mm layer thickness, 60% binder
drying power, 45s dry time, jet feed rate 2 mm/min, 60%
binder saturation level, and curing step at 200 °C for 2h.

Binder: Ether solvent-based.

Sintered at 600 °C for 6 h and 1000 °C for 6 or 24 h.
Studied: microstructure using scanning electron microscopy.
Ti (PSD of 23.8-73.1 pm), Al (PSD of 8.5-41.1 um), and Nb
(PSD of 15.1-65.1 pum) powders were mixed to prepare

desired composition.

Printing parameters: binder saturation of 45%, drying time of
155, recoat speed of 7 mm/s, and layer thickness of 100 pm.

Cured at ~180 °C for 3h.
Binder: solvent-based.

Reactive sintering in vacuum (< 10> bar) between 800 and
1100 °C for 6 h. Annealed at 1400 °C for 2 h in vacuum.
Studied: effect of sintering temperature on the diffusion
process and composite formation with targeted composition

and phase formation.

Alloy 625 powder with average particle size of 24 ym and

spherical morphology.

Printing parameters: layer thickness of 70 um with binder
saturation levels of 100% and 200%.

Sintered at 1200 °C for 5h.

Studied: carbide formation by electron microscopy and x-ray

diffraction analysis.

SS 420 powder with mean size of 30 pm.
Parts were infiltrated with bronze between 1100 and 1200 °C

for 90 min.

Studied: effect of layer thickness and print orientation on
mechanical properties such as tensile strength and yield

strength.
Gas atomized SS 420 powder.

Printing parameters: layer thickness of 100 ym and a
diethylene glycol binder. Cured at 200 °C for 2 h.
Sintering and infiltration conducted under flowing Ar + 4%

H,.

Studied: phase formation, structural evolution, and hardness

of the infiltrated parts.

SS 420 with PSD of 22-53 pm was mixed with Si;N4 powder

with PSD of 1-35 pm.

Binder: PM-B-SR1-01 ExOne product.

Printed parts were cured at 170 °C for 2h, debound at 240 °C
for 2 h, and then sintered at 1150 °C, 1225 °C, and 1300 °C
with three holding times of 2h, 6h, and 10h.

Studied: effects of adding Si3N, particle, sintering
temperature, and holding time on the microstructure,
densification, distortion, and mechanical properties.

SS 420 powders with mean particle size of 30 pm and 6 pm
were mixed together with the ratio of 60:40 and then sub-
micron boron powder (B, BC, and BN) was added by 0-1 wt%.
During BJ3DP, ExOne setup was applied.

Sintered at 1200-1300 °C under Ar and vacuum atmospheres.
Studied: dimensional variations, relative density, and

hardness.

SS 316 powders with mean particle sizes of 4 um (S), 14 um
(M), 30 um (D), and 82 um (L) were mixed together with

various ratios to assess the maximum powder bed density and
then sub-micron boron powder (B, BC, and BN) was added by
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0-0.75 wt%.
ExOne machines were used.
Sintered at 1200-1350 °C under Ar and vacuum atmospheres.
Studied: dimensional variations, relative density, and
hardness.
SS 316 + Tricalcium phosphate  X1-Lab ExOne SS 316 powder was mixed with tricalcium phosphate in [75,393,394]
different ratios.
Different lattice structures were printed and sintered.
Studied: compressions test and mechanical strength of the
produced parts.
SiC-Si Desktop 3DP™ machine Classified carbon powder with PSD of 45-105 um was used. [444]
Printing parameters: print speed of 75-150 cm/s, binder line
spacing of 50-200 um, and binder saturation of 30-260%.
Cured at 80 °C for 12h.
Infiltrated by dipping into a Si melt.
Studied: effects of printing parameters including binder print
speed, binder line spacing, and binder saturation on the
microstructure, phase formation, and printability of the SiC-Si
composites.
SiC-Si M-Flex ExOne SiC powder with PSD of 35-75 um was used. [445]
Printing parameters: n/a.
Cured at 225 °C for 8 h.
Binder: Phenol-based binder, 2-methoxyethanol (70-90 vol%
CAS #109-86-4) and 2.2”-oxybisethanol (0-20 vol%, CAS
#111-46-6).
Infiltrated by dipping into a Si melt.
Studied: effect of additional carburization on the
microstructure and phase formation of the SiC-Si composites.
TiCy + Steel infiltrant X1-Lab ExOne TiCy powders with different carbon content (x = 0.7-0.98) [121]
were used.
Printing parameters: feed to powder ratio of 2.5:1, layer
thickness of 100 um, powder spread velocity of 0.5 mm/s,
binder saturation of 8%, and powder packing density of 35%.
Infiltrated with SAE1070 steel in vacuum furnace < 10~*
torr.
Sintered at 1400 °C for 4 h and then infiltrated at 1550 °C for
15 min.
Studied: microstructure and hardness.
TiC-NixAly X1-Lab ExOne TiC powders with PSD of 2-30 pm. [446]
Printing parameters: layer thickness of 100 um, binder
saturation of 85%, and powder packing density of 35-40,
dryer intensity of 90% with a dryer pass time of 16s for a
build plat width of 40 mm.
TiC preform was sintered at 900 °C for 1 h and then furnace
cooled to room temperature.
Infiltrated with Ni,Al, powder.
Studied: microstructure and phase formation.
WC-12%Co Innovent ExOne WC-12%Co powder with PSD of 20-45 um. [447,448]
Parts with binder saturation of 45% were printed and cured at
200 °C.
Sintered under vacuum and pressure of 1.83 MPa from 1435
to 1485 °C for 5-30 min.
Studied: density, microstructure, hardness, fracture
toughness, and wear resistance.

wider distribution with a higher fraction of fine powder particles resulted in enhanced powder bed densities, as seen for 70 um and
21 um powder particles [187].

Linear shrinkage (SL/L) of different powder sizes was studied [115]; the powders underwent solid-state sintering and SLPS
(Fig. 40(C)). The finest powder showed the maximum shrinkage at all sintering temperatures. Two other powders, 21 pym and 70 pm,
showed a cross-over point at ~ 1250 °C suggesting the sintering mechanism was changed from solid state sintering to SLPS. Liquid
volume fractions for three powders are shown in Fig. 40(D), where the 21 pm feedstock had a liquidus temperature that was about
30 °C and 40 °C higher than the 7 um and 70 pm feedstock, respectively. Fig. 40(F) shows that the smaller powder particles (7 pm and
21 um sizes) exhibited nodule-like structure on individual particles while that was not the case for large powder size distribution
(70 um powder size). Generally, as the PSD increases, the lower binder saturation level is needed during binder jetting. Thus, lower
binder saturation level can be one reason why large powder particles do not show any visible neck formation. Besides, densification
kinetics are active at lower temperatures for the fine powder particles due to the surface effect. Solid state sintering usually happens
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Fig. 39. (A) Influence of layer thickness during binder jetting process and sintering temperature on the density of alloy 718 parts and (B) shrinkage
percentage of the alloy 718 depending on sintering temperature. (C) Optical micrographs taken from the binder jetted alloy 718 printed with the
layer thickness of 100 um and 125 pm and sintered at different temperatures for 4 h. Yellow arrows indicate porosity [398].

in three stages including (1) initial stage involving necking, (2) intermediate stage resulting in shrinkage and densification competing
with grain growth, and (3) final stage by eliminating closed pores and grain growth while forming a dense microstructure. During
SLPS, one should know that the binder jetted part cannot retain shape if the volume fraction of liquid increases beyond 40% [358].
Moreover, in binder jetting of metallic powder, shrinkage in x- and y-axes are almost similar while it is higher in z (built direction).
This can be attributed to the fact that the binder fills space between each layer and, therefore, the part will experience higher linear
shrinkage in the z-direction. Finally, knowledge of feedstock chemistry and the printing process are necessary to determine suitable
sintering processing for solid state sintering, liquid phase sintering, or SLPS of metallic powder resulting in desired density, mi-
crostructures, and properties.

Kuczynski [347] and Rockland [346] developed a correlation between particle size and shrinkage. It is worth noting that both
lattice and grain boundary diffusions can take place in complex materials. By using Rockland’s equations [346] in conjunction with
Rahman’s evaluation [174], the relation of % « t™a" can be defined to express the dependence of bulk shrinkage (6L = L,) for
isothermal sintering rate; where t is time, a is particle diameter, and m and n are exponents for time and particle size, respectively. If
the SLPS mechanism is active during sintering, it means that the sintering temperature is above the solidus temperature. Fig. 40(E)
illustrates the optical micrographs of the three powders sintered at 1290 °C. Image analysis results showed that the closed pore
density was below 1% for 7 um and 70 um powders while 21 pm powder had about 10% open porosity. These results agree with the
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Archimedes method. As shown in Fig. 40(C), the 21 um powder had a low liquid volume fraction (~ 3%) while it was ~35% or more
for 7 um and 70 pm powders. Kingery [348] described quantitative aspects of liquid phase sintering and Liu et al. [64,222] expanded
it for SLPS; thus, the main parameters affecting shrinkage during isothermal SLPS can be expressed by Eq. (15). Thus, powder size and
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Fig. 40. (A) Powder size distribution from GA alloy 718 and scanning electron micrographs for three powder particle sizes [115,187]. (B) A
comparison study on apparent, tapped, and powder bed densities for three powder size distribution. (C) Shrinkage behavior of various powder sizes
as a function of temperature. (D) Thermocalc calculations showing temperature dependence of liquid volume fraction. (E) Microscopy observation
comparing porosity in 7 pm, 21 um, and 70 pm samples sintered at 1290 °C. (F) SEM micrographs taken from binder jetted alloy 718 with three
different powder sizes and sintered at two temperatures. Here, dependence of neck size on particle size and sintering temperature in solid state
sintering regime is illustrated [115]. Binder saturation level was reported as 80%, 80%, and 70% for samples printed from powder sizes of 7 um,
21 pum, and 70 pm, respectively. [115].

distribution as well as sintering mechanism influence the porosity level and shrinkage of the sintered parts. In addition, if liquid phase
sintering is active during densification, it is necessary to keep liquid fraction below 50% to avoid part distortion.

Alloy 625, also known as Inconel 625, is another type of Ni-based alloy utilized in different engineering structures including
pipelines and jet engines [453]. The major difference between alloy 718 and 625 is the absence of aluminum element in alloy 625
and, therefore, v’ [Niz(Al, Ti)] does not form. The main superior properties of alloy 625 compared to alloy 718 are general corrosion
resistance and long-term high-temperature stability. Solution hardening is known to be the main strengthening mechanism in alloy
625; however, precipitation hardening also plays an important role in mechanical strength at room and high temperature by for-
mation of gamma double prime phase, y”, [NisNb] with size of 10-50 nm [459,460]. It is possible for intermetallic and carbide
precipitates to form in the microstructure of the aged parts [461].

Mostafaei et al. [147] investigated the influence of sintering temperature and post heat treatment processes on the binder jetting
of vacuum-melted argon atomized alloy 625 powder (see Fig. 41). Spherical powders with PSD of 14-65 um and average particle size
of ~32um were binder jetted (Fig. 41 a,b). The measured green part density was 53%. Linear and volume shrinkage measurements
confirmed when the sintering temperatures increased, shrinkage occurred in the printed parts in which the maximum dimension and
volume changes of ~19% and ~46% were seen for the sintering temperature of 1280 °C ((Fig. 41d)). It was noted that the sintering
temperature higher than 1280 °C resulted in the liquid phase formation at the grain boundary, which can have a detrimental effect on
the mechanical properties. Microscopy observations showed that density increased from ~70% for the sintering temperature of
1200 °C to 99.6% (see Fig. 41 (c)) for the sintering temperature of 1280 °C, leading to shrinkage and shape change in binder jetted
parts. Pore growth was seen in the sample sintered at 1300 °C due to liquid phase formation at the boundaries solidified, shrank, and
left pores in the microstructure with pore size of ~10pum [462]. Besides, grain coarsening has occurred where the grain size of
55 = 15um (sintered at 1280 °C) was increased to 182 + 31 um (sintered at 1300 °C). As expected, microhardness values were
increased from ~110 HVy ; to 240 HV ; as the density of the sintered part increased from 70% to 99.6% (samples sintered at 1200 °C
and 1280 °C, respectively). Mechanical testing showed that ultimate tensile strength (UTS) of 612 MPa, yield strength of 327 MPa,
and fracture strain of 40.9% were achieved for the part sintered at 1280 °C, which was comparable to traditionally cast alloy 625
parts. After finding the optimum sintering temperature, solutionizing and aging treatments were conducted. Electron microscopy
indicated that various phases appeared, resulting from different heat-treatment processes. Microscopy observations and phase
analysis results showed formation of carbide and Cr,O3 precipitates within and at the grain boundaries (Fig. 41 (e-g)). Microhardness
testing results revealed that aging can increase hardness value up to ~330 HV, ; with a UTS and elongation of ~700 MPa and 30%,
respectively ((Fig. 41 (i-k)). These values were similar to that of reported by Ozgun et al. [453] for sintered injection molded alloy
625 powder (average powder size of 11 um) at 1290 °C. Recently, Karlsson et al. [463] binder jetted AlCoCrFeNi high entropy alloy
followed by sintering and annealing treatments. It was shown that the yield strength, tensile strength, and elongation were 1461 MPa,
2272 MPa, and 31.5%, respectively, which displayed superior mechanical strength and ductility compared to Ni-based alloys 625 and
718.

The atomization condition can control powder morphology, size distribution, and purity [136,148,464]. In the injection molded
stainless steel alloy from water and gas atomized powders, relative density of 97% was reported for the WA powder while near full
density was seen for the GA powder [142]. Additionally, It was shown that the GA superalloy 418 powder could result in denser
morphology after sintering compared to the WA powder [144]. In other studies by Mostafaei et al. [299,400], GA and WA alloy 625
were 3D printed and then underwent different sintering and post heat treatments (see results in Fig. 42). The GA powder with
spherical particle shape and size distribution of 19-44 pm had green part density of 60% while the WA powder with irregular powder
particle shape and 18-54 um had green part density of 50% as shown in Fig. 42(A). This 10% density difference in the green part
relates to the packing density, which is higher for spherical powder than irregular powder. Densification and shrinkage results as well
as the microscopy observations revealed that the GA powder led to near full density of 99.2% after sintering at 1285 °C (Fig. 42(C,D))
while the 3D printed part from the WA powder showed a maximum density of 95% achieved at 1270 °C (Fig. 42(B)). Microstructure
evolution and phase formation were completely different in GA and WA binder jetted samples because of powder morphology and
chemical composition of feedstocks. Mechanical testing results were given in Fig. 42(I) where the improved behavior was assumed to
be related to the carbide formation during aging, leading to the hindering of micro-crack growth. The GA sample had yield strength,
tensile strength and elongation of 376 MPa, 644 MPA and 47% while aging treatment resulted in higher yield and tensile strength of
394 MPA and 718 MPa, respectively, and lower elongation of 29%. Fractography on the sintered GA part showed a ductile fracture
while the aged specimen displayed some dimples, particle facets of precipitates, and a few micro-cracks, suggesting that the part
could be failed in a mixed mode. Fractography on the WA samples illustrated a brittle-ductile failure. These results obtained from GA
alloy 625 powders were similar to cast alloy 625 [465] and higher than injection molded alloy 625 [453] while the WA binder jetted
parts had considerably lower values. Compared to earlier studies by Mostafaei et al. [117,147] on binder jetting of alloy 625,
mechanical strength of the GA sintered and aged samples was higher, possibly due to smaller grain size and properly distributed
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Fig. 41. (a) SEM micrographs of the alloy 625 powder, (b) PSD, (c) relative density measurement from samples sintered between 1200 and 1300 °C,
(d) dimension and volume variations as a function of sintering temperature, (e¢) SEM micrographs taken from the sintered samples, (f) XRD patterns
of the binder jetted parts’ experiences in different heat-treatment conditions, (g) SEM micrographs of the differently heat treated parts, (h) frac-
tography of the differently heat treated parts, (i) microhardness results, (j) typical tensile results of the differently heat treated parts, and (k)
mechanical testing results compared with injected molded and cast alloy 625 [117,147].

precipitates in the microstructure. Thus, powder morphology can affect green density of binder jetted parts and densification be-
havior during sintering. It was also shown that the atomization can affect O and C content in the 3D printed parts as well as sintered
samples, leading to microstructural evolution and possible new phase formation.

Typically, microstructure of the final sintered sample fabricated by binder jet 3D printing can be affected by the powder char-
acteristics and sintering parameters. Mostafaei et al. [169] evaluated the influence of PDS on densification and microstructural
evolution of 3D printed parts made from GA alloy 625. Three different powder size and PSD (see Fig. 43(A)) were binder jetted
followed by sintering between 1225 and 1300 °C in vacuum condition. It was shown how powder size could affect the relative green
densities in which the maximum density of 52% was attained for the 16-63 um powder samples, while it was 45% and 48% for the
16-25 pm and 53-63 um powder samples, respectively. It was reported that densification proceeded faster in fine powder samples
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Fig. 42. (A) Powder characterization including SEM micrographs and micro-computed tomography (uCT) scans of the alloy 625 powders, (B) SEM
micrographs taken from differently sintered BJ3DP samples with holding time of 4 h at maximum temperature, (C,D) average shrinkage and relative
density as a function of sintering temperature, (E) SEM images from sintered and aged WA and GA binder jetted parts, (F) average microhardness
values of the sintered samples, (G) engineering stress-strain curves of the samples, (H) fractography after tensile tests on the samples, and (I)

summary of the mechanical testing results [299,400].

sintered up to 1270°C but at the higher sintering temperature, the 16-63 um powder displayed a higher densification rate
(Fig. 43(C-D)). It was also shown that printing defects such as high pore coordination numbers and ejected powder during binder
jetting may happen for the fine and coarse powder particles and it was not possible to remove them during liquid phase sintering
(Fig. 43(B)). As reported by Parab et al. [254], binder remains on the top surface of fine powder particle and causes powder
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Fig. 43. (A) Powder size distribution results from (a) 16-63 pum (sieved powder) (b) 16-25 pm (fine powder), and (c) 53-63 um (coarse powder); (B)
optical microscopy images taken from samples sintered at various temperatures for 4 h; (C) relative density results attained from the Archimedes
method; (D) solid volume fraction results measured from optical micrographs of the sintered samples; and (E) measurement of linear shrinkage in x-,
y-, and z-directions. At 1300 °C, surface melting happened on samples and shape changed [169].

agglomeration and when binder is burned off, large pores are left behind. Nevertheless, the 16-63 um powder showed not only a
higher green density of the binder jetted part, but microstructure with fewer large, highly coordinated pores was observed in the
optical micrographs, indicating the SLPS was active and assisted to attain near-full density. Moreover, shrinkage measurement
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Fig. 44. (A) Schematic showing the print configuration of the binder jetted specimens and optical images from the as-printed (top), as-sintered
(middle), and mechanically ground (bottom) samples. (B) Optical images from the surface of the fatigue samples (top) as-printed, (middle) as-
sintered, and (bottom) mechanically ground. (C) Surface roughness measurement results, (D) fatigue life data, (E) hardness measurements as a
function of depth below the surface of the sample, and (F) XRD pattern [156].

revealed that a non-linear shrinkage occurred during sintering of the 16-25 um powder, which is unfavorable for designing complex
structures (Fig. 43(C-E)). Thus, mean powder size and particle size distribution can be influential parameters both for 3D printing
and sintering.

Sicre-Artalejo et al. [466] investigated the role of HIP process on the sintered samples in order to attain full density for binder
jetted nickel superalloy samples. Coarse (Dgg < 53 um) and fine (Dgy < 21.8 um) powder blends were printed in various binder jet
machines using different binders. A significant impact of binder and printer on sinterability, microstructure and as-sintered density of
3D printed samples was observed. Sintering at maximum temperature of 1290 °C for 2 h under vacuum atmosphere resulted in the
highest densities for powder blend containing an 80 wt% of coarse powder. As the HIPing post treatment was applied on all samples
regardless of powder blends and printing step, there was not any influence of binder or used particle size after HIPing process,
showing that HIP post-process may increase the range of used powder size in binder jet machines.

Recently, Mostafaei et al. [156] reported the influence of surface finish on fatigue behavior of binder jetted alloy 625. Although
there are many studies on the mechanical behavior of the fusion-based AM processes, there is a lack of published research on the
mechanical behavior of binder jetted parts and specifically, fatigue life. Fig. 44 summarizes production and characterization of
fatigue samples prepared by binder jetting. It is shown in Fig. 44B that the near-surface layer of the as-sintered parts had unmelted
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particles; after being mechanically ground, a smoother surface was attained. Surface roughness measurements showed that the as-
sintered parts had substantial roughness (see Fig. 44C), which was significantly reduced upon grinding. The surface grinding in-
creased fatigue life up to the order of magnitude compared to the as-sintered parts (see Fig. 44D). The fatigue life enhancement might
have arisen from removing the rough surface (mechanical polishing led to the smoother surface), in-plane compressive stress leading
to the micro-strain enhancement (observed in the XRD results by displacement of the diffracted peaks as shown in Fig. 44F), and/or
possible grain refinement on the outer surface of the mechanically ground samples (see Fig. 44E). Thus, it is practical to use binder
jetting followed by surface hardening to manufacture parts showing desirable mechanical behavior. It is often seen in sintered binder
jetted parts that the solid volume fraction is higher in the inner area while highly interconnected pores can be found near the surface.
This issue might be caused by various factors such as (1) improper binder jetting during printing, (2) higher binder saturation in the
shell, (3) depowdering causing loose particles to fall off from the near surface, and (4) binder burnout leading to degassing and
leaving pores near the surface. Surface porosity is an important concern for fatigue life in binder jetted parts which needs further
improvement. Kimes et al. [467] showed that the sintered (at 1380 °C for 4 h) or HIPed (at 150 MPa and 1130 °C for 75 min) binder
jetted 316L stainless steel had fatigue properties better than MIM parts. Surface machining had small effect on fatigue life im-
provement compared to that of as-densified parts and it was thought that mechanical polishing could enhance fatigue strength due to
possible reduction of abundant cracks/pores by applying slight compressive stress to the surface due to the applied treatment.
Enrique et al. [468] proposed surface modification of 3D printed parts via electrospark deposition where aluminum coating was
applied on the binder jetted alloy 625. It was shown that aluminum with lower melting temperature may work as an infiltrant and
fills out open pores.

4.1.2. Magnetic shape memory alloys

Nickel-manganese-based ferromagnetic shape memory alloys show magnetocaloric [469] and magnetic shape memory effects
[470]. Depending on the production method, alloying materials and resulting microstructure, magnetic shape memory alloys can
show a huge magnetic-field-induced strain (MFIS) of over 10% [471,472], which is the crystal structure’s macroscopic response to the
magnetic field and magneto-stress resulting in twin boundary motion and macroscopic strain [473,474]. Grain boundaries are
considered as a limiting factor in polycrystalline Ni-Mn-Ga material since the neighboring grains constrain each other, which,
therefore, limits their practical applications [475,476]. Moreover, there are drawbacks of single crystal Ni-Mn-Ga production in-
cluding slow speed of growing a single crystal, elemental evaporation (mainly Mn), and significant micro- and macro-segregation
during single crystal growth [477]. Various processing methods such as melt spinning [478], spark plasma sintering [479,480],
composites [481-484], and thin films [485-487] have been applied on the shape memory materials to create a large variety of
microstructures and chemical compositions with different level of functionalities [488]. Typically, MFIS of polycrystalline Ni-Mn-Ga
can be increased in two ways including (1) porosity enhancement in the microstructure leading to the grain boundary reduction in
the neighboring particles, thereby reducing twin-twin and twin-grain boundary interactions [489-491] and (2) introducing texture
such that the microstructure is more similar to single crystals [492].

Nevertheless, creating larger-scale foam products with replication casting or spark plasma sintering seems possible, but one may
face difficulties in manufacturing complex geometries with internally uniform porosity distribution to minimize stress concentration,
and they are time-consuming. 3D printing can be an alternative to produce parts with controlled porosity, which may sufficiently
overcome grain boundary constraints in polycrystalline Ni-Mn-Ga. Detailed studies on BJ3DP gas and water atomized Ni-based alloys
[299] indicated that powder morphology affects green part density in which the irregular-shaped powder has lower green part
density. This controlled porosity as well as controlled composition during binder jetting and sintering of polycrystalline Ni-Mn-Ga
magnetic shape memory alloys is very beneficial compared to beam-based additive manufacturing methods [493,494]. In addition,
this designed bimodal porosity resulting from a controlled sintering process as well as the CAD design should also be beneficial to
magnetocaloric structures that have only very recently been investigated with beam-based additive manufacturing methods
[495-497] and preliminarily for BJ3DP [498,499].

Recently, angular Ni-Mn-Ga powders were binder jet printed by Caputo and Solomon [313,403,405,406]. Mn can evaporate
during sintering, leading to compositional variation and presence of different types of martensite such as five-layered (10 M), seven-
layered (14 M) and/or non-modulated (NM) martensite in the 3D printed part. As the shape memory effect is sensible to the com-
position variation, sintering is the most challenging step. Ball-milled Nisg sMn,; gGags > powders with anisotropic shape (Fig. 45(a))
were prepared showing a homogenous 5 M structure as supported by XRD results (Fig. 45(f)). A trestle-like structure produced using
BJ3DP is shown in Fig. 45(b) to prove feasibility of binder jetting to fabricate complex geometry parts. Sintering temperature was
1000 °C for 20 h to attain a part with relative density of ~67%. Optical and scanning electron micrographs illustrate neck formation
between particles and twins were present in the microstructure. As shown in Fig. 45(c-d), martensitic twins formed within grains;
and in some cases, they could cross over the grain boundaries and continue in the neighboring grains, which is an important feature
to achieve a large MFIS. The phase transformation temperature studies using differential scanning calorimetry (DSC) showed re-
versible martensitic transformations (Fig. 45(e)). Narrow phase transformation temperature in the 3D printed sample occurred with
the martensite and austenite peaks at 302 °C and 327 °C, respectively (given in Fig. 45(g)). The observed sharp transformation peaks
in the 3D printed specimen compared to the broad peak in the heat-treated ingot are due to the disorder-order crystal structure
transition. Transformation temperature investigations and thermal examinations showed that the sintering condition caused
homogenization in the Ni-Mn-Ga [403]. Caputo and Solomon also studied densification of binder jetted Ni-Mn-Ga alloy [405].
Isothermal sintering experiments at 1080 °C for different holding times ranging between 10 and 50 h was conducted. Only slight
compositional variation between initial powder and sintered samples was detected. Optical electron microscopy with elemental and
phase analysis (Fig. 45(h)) showed that sintering in controlled atmosphere could cause varying densities between 76 and 85% while
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Fig. 45. (a) SEM images from the ball-milled Ni-Mn-Ga particles prepared from the pre-alloyed ingot, (b) sintered mesh structure showing that
binder jetting is capable of producing complex shapes, (c) differential interference contrast image showing the formation of martensitic twins that
are extended across entire grains, (d) SEM of adjacent particles after sintering step where twin are visible, () DSC curves obtained from the ingot
and sintered 3D printed samples, (f) x-ray diffraction patterns for the ingot, ball-milled particles and sintered sample, (g) transformation tem-
peratures and thermal examinations [403], (h) SEM taken from polished cross-sectioned Ni-Mn-Ga 3D printed parts sintered at 1080 °C for (left)
10 h, (middle) 30 h, and (right) 50 h, (i) XRD pattern results for the sintered samples, and (j) summary of the elemental analysis results taken from

55 70
Two-Theta (20)

the powder as differently sintered parts [405].

the composition and phase structure were similar. Phase analysis results in Fig. 45(i) show that the main phase in the microstructure
was 10 M martensite for differently sintered samples. Elemental analysis given in Fig. 45(j) depicts that there were slight composition

Ni (at%) Mn (at%) Ga (at%)
Powders | 51.50+1.08 | 30.07+0.34 | 18.43+0.96
10 hr | 49.80+0.43 | 30.27+£0.40 | 19.93+0.78
20 hr | 49.45+0.30 | 30.10+0.30 | 20.45+0.51
30 hr | 49.66+0.29 | 30.63+0.26 | 19.71+0.51
40 hr | 49.50+0.28 | 30.34+0.24 | 20.16+0.47
50 hr | 49.83+0.34 | 30.29+0.17 | 19.88+0.51

differences between the ball-milled powder and sintered samples.
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Fig. 46. (A) Morphology of the used powders, (B) particle size distribution for three types of powder, (C) sintered parts indicating sintered neck
formation at 1060 °C for 8 h, (D) optical micrographs taken from the cured samples at 190 °C for 4 h, (E) optical images from the sintered parts, (F)
DSC results of the sintered samples showing phase transformation temperatures, and (G) MFIS results as a function of magnetic field direction for a
sintered sample obtained from BJ3DP BM powders recorded during the (a) first and (b) third heating/cooling cycles [402].
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Fig. 47. SEM micrograph of the (A) ball-milled Ni-Mn-Ga powder and (B) sintered sample illustrating the surface features of sintered powder and
sintered necks. (C) SEM cross-section and EDS analysis indicating twin formation and uniformity in composition, (D) pCT micrographs of the
sintered sample with 3D reconstruction to visualize densification and internal porosity, (E) XRD patterns of the BM powder and sintered part with
indexed peaks, (F) DSC curves for representing reverse and forward transformations during heating and cooling cycles, respectively, (G) magnetic
hysteresis loops measured at 25 °C for BM powder and sintered sample [35].

Recently, Caputo et al. [402] reported binder jetting from three types of Ni-Mn-Ga powders including spark eroded in liquid
nitrogen (LN,), spark eroded in liquid argon, and ball-milled (BM). Morphology and size distribution of the used powder are shown in
Fig. 46(A-B). Optimization of processing parameters such as layer thickness and binder saturation as well as sintering temperature
and holding time were depicted and parts with porosities between ~24% and ~74% have been obtained by using different powders.
Fig. 46(C) showed surface morphology of the sintered specimens in which sinter necks with different porosity levels were formed.
Results showed that the ball-milled powder led to the uniformity in microstructure and porosity distribution throughout the sintered
3D sample with density of ~76% and sufficient strength. Printed parts with complex shapes with internal channels and porosity are
illustrated in Fig. 46(D-E). Chemical composition plays a significant role in the phase transformation temperature of magnetic shape
memory materials. DSC results of the sintered parts showed that the BM powder had phase transformation above room temperature
(Fig. 46F). Finally, the magnetic shape memory effect of the sintered 3D printed sample from BM powder was tested and results
indicated that an MFIS of ~0.01% was attained as shown in Fig. 46G. Although the reported MFIS in this study was significantly
lower than 8.7% for the single crystal Ni-Mn-Ga with the same composition, it was hoped that by increasing the porosity in the 3D
printed parts, the MFIS would increase accordingly.

In a study by Mostafaei et al. [35], pre-alloyed angular Nigg ¢Mnzg gGa; g6 BM powder (particle size below 63 pm) was binder jet
3D printed and subsequently sintered at 1020 °C for 4 h in Ar atmosphere (results illustrated in Fig. 47). Since the reported melting
point for NisopMn3zoGang is about 1090 °C, the sintering mechanism was considered as solid-state sintering. Particle necks at the
powder’s joints from sintering and the elemental analysis on the sintered part confirmed that the sintering condition was properly
applied without Mn evaporation. However, Stevens et al. experienced Mn evaporation or MnO formation during sintering of binder
jetted Ni-Mn-Cu-Ga [500]. Micro-computed x-ray tomography analysis on the sintered foam showed relative density of ~60%. X-ray
diffraction patterns taken from the powder and sintered part suggested that the BM powder had peak broadening, which might be due
to induced stress during ball-milling of the powder. The patterns also indicated that 10 M modulated martensite was present in the
pre-alloyed powder as well as in the sintered sample. DSC measurements and thermomagnetic results showed that the martensitic
transformation of the sintered sample was ~ 35 °C with a Curie temperature of around 107 °C while barely detectable in the starting
powder due to the residual stress after ball-milling. Also, saturation magnetization of the sintered sample was ~68.4 Am?/kg in
agreement with Heczko et al. [501]. The calculated enthalpy (AH) from the DSC curves of the sintered sample showed that the
forward transformation enthalpy (AHp—,) and the reverse transformation enthalpy (AHs—),,) were 5.06J/g and —5.75J/g, re-
spectively. The main achievements of the reported binder jetted part from the Ni-Mn-Ga magnetic shape memory alloy could be (1)
the controlled sintering condition with no compositional difference between the initial powder and the sintered part and (2) the
possibility of part production with complex geometry from magnetic shape memory alloys showing shape memory effect. In studies
by Taylor et al. [502,503], Ni-Mn-Ga micro-trusses with different porosities ranging from 70% to 40% were produced via sintering (at
1000 °C for holding time of 0-12 h) of 3D printed inks containing elemental powders. Controlling composition was likely the main
challenge leading to various magnetic and phase transformation temperature behaviors in which the non-modulated martensite was
present in the microstructure.

Detailed densification behavior of the binder jetted Ni-Mn-Ga magnetic shape memory alloy was investigated by Mostafaei et al.
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Fig. 48. (A) Powder morphology observation using SEM, (B) relative density measurement using Archimedes and image analysis on the samples
sintered at various temperatures between 1000 and 1100 °C for 2h, (C) differential interference contrast micrographs taken from the differently
sintered samples, and (D) magnetic hysteresis loops [407].

[407]. It was shown in Fig. 48 that densities between 45% and 99% were achieved by sintering between 1000 and 1100 °C for holding
time of 2h. Three different sintering stages including initial, intermediate, and final stage sintering were investigated within this
temperature range. Below 1020 °C, solid-state sintering was the main sintering mechanism where relative density of ~45% was
achieved. As the temperature increased passed 1020 °C, densification and evolution of the porosity and microstructure occurred
where solid-state sintering with grain boundary diffusion resulted in enhancement of densities up to ~80%. Above 1080 °C, the main
governing sintering mechanism was liquid phase sintering leading to a density of ~99% for the sintering temperature of 1100 °C;
however, unexpected composition variation due to elemental segregation at the grain boundaries was observed. The authors illu-
strated binder jet 3D printing followed by sintering in argon atmosphere could not only prevent Mn evaporation, but it also provided
an easy method of densification process for Ni-Mn-Ga magnetic shape memory alloys leading to controlled microstructure with
intentional porosity that might allow these polycrystals to exhibit the magnetic field induced strain by reducing constraints between
neighboring grains.

4.1.3. Magnetic materials

Applying permanent magnets in energy conversion and electromechanical machines such as motors, generators, and electronic
devices has made this type of material an important element for clean energy [116]. Recently, different methods such as injection
molding, calendaring, roll molding, compaction molding, and extrusion molding have been used [504-508]. Traditional manu-
facturing methods were followed by sintering, cutting, grinding, and machining steps and were limited in geometry complexity.
Typically, rare-earth elements are an important component in magnet production, which significantly increase costs [408]. Further,
achieving high-density parts has also been challenging because of a considerable amount of polymer blended with magnetic powders
to make preforms [509]. In bonded magnets, the magnet powder is blended with a polymer binder (e.g. nylon, epoxy, etc.) and then
molded into desired shapes. Benefits of using binder jetting compared to conventional subtractive manufacturing include reduced
materials waste and energy consumption, no machining tooling required, and low labor costs. Fusion-based AM methods of NdFeB
magnets are more challenging owing to the high melting temperature, different evaporation rates of each element, and the com-
plexity in the ternary phase diagram [408]. In a study by Huber et al. [S09], a 3D printer with dual extruder was used to print
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Fig. 49. (a) XRD patterns of the starting MQP powders and binder jet printed part compared with the peak positions for Nd,Fe;4B phase. SEM
micrographs taken from the (b) commercial MQP magnetic powders and (c) binder jet printed magnet part. (d) Optical images from the binder jetted
NdFeB magnets with various shapes. (e) Magnetic properties of the binder jet printed NdFeB magnets using MQP-B powder [116,408].

magnets composed of locally different polymer matrix materials as well as different magnetic powder ranging from soft magnetic
(e.g. Fe-Si) alloys to hard magnetic NdFeB or ferrite alloys. It was reported that the printed part had better magnetic properties
compared to the injection molded parts due to the lower volumetric mass density of the printed magnet and, thus, a lower remanence
of the printed polymer bonded magnet could be produced.

Cramer et al. [410] binder jetted soft magnetic Fe—-6Si powder (dso of 13.2um and PSD of 6-30 um) followed by solid state
sintering to fabricate near net shape, fully dense (~99% relative density), crack free magnets. Grain size was 56.3 = 32.8 um after
sintering at 1300 °C for 2 h in vacuum. Compared to starting powder, the C content increased from 0.010% to 0.247% after sintering
which might be attributed to the carbon residue left behind from the polymer binder (saturation was 120%) after burnout. The binder
jetted Fe-6Si magnets showed various advantages such as reduction in core loss at low, medium, and high frequencies, high resistivity
and good magnetic permeability [510]. Desirable properties such as an ultimate tensile strength of 434 MPa, and electrical resistivity
of 98 pQ cm, saturation magnetization of 1.83 T, a low coercivity of 0.4 Oe, a maximum relative permeability of 10.5 for 1.02 mm
thick samples were achieved, suggesting the binder jetted Fe-6Si soft magnetic part would be an alternative for the only available
0.1 mm thick chemical vapor deposition produced Si steel.

Paranthaman et al. [116] and Li et al. [408,409] reported additive manufacturing of a NdFeB bonded magnet. Resin-coated MQP-
B-20173-070 isotropic NdFeB magnet powder particles (Magnequench) with an average powder diameter of ~70 pm were binder
jetted. The printing parameters are given in Table 3. Binder jetted parts are fragile and the surfaces of printed samples were rough;
therefore, the cured parts were dip-coated in a polymer. XRD patterns of the starting powder and binder jetted part are shown in
Fig. 49(a). It was observed that similar Nd,Fe;4B phases were detected in both as-received powder and printed parts. One could
conclude that binder jet printing of the powder did not cause any major change in the phase fraction of the magnetic powder. SEM
micrographs of the powder and 3D printed part are illustrated in Fig. 49(b—c), and no changes were seen in the powder morphology.
Printed parts with different shapes and sizes such as a horseshoe, square, and ring shape were printed as shown in Fig. 49(d). The field
dependence flux densities for the whole binder jet ring and square magnet pieces are shown in Fig. 49(e). Volume fraction of the
binder jetted parts is about 0.45 with the remanence of about 0.3 T. Magnetic testing of the standard injection molded sample and
compression-bonded isotropic NdFeB magnets were reported to be 0.5 T and 0.65 T, respectively, with the volume fraction of 0.65
and 0.8 for the injection molded and compression bonded magnets, respectively. Therefore, magnetic features were directly affected
by the volume fraction of the magnetic powder. It was suggested to improve packing density by using bimodal powder size. Ad-
ditionally, densification by sintering or infiltration with nanoparticles was frequently carried out to fill voids and enhance mechanical
strength and desirable coercivity.

In electronic devices, high energy product (BH,y) is desirable, which may be attained through magnetically aligning anisotropic
magnetic powder during manufacturing to increase the remanence (B,) as well as the density of the final part, assuming that the
manufacturing processes do not deteriorate the properties of the powder [511]. In the bonded powder in which metallic powders are
blended with a polymer and then processed to manufacture parts, in-situ alignment is possible; however, this alignment is a challenge
for binder jet 3D printing. It could be the result from small distance between the print head and powder bed. Once the powder is
aligned, it may interfere with the print head and could damage it. Li et al. [408] proposed an alternative alignment of magnetic
powders by placing a magnet at the bottom of the printed part and conducting curing at the presence of the magnet. It was reported
that the alignment enhanced the density (increased from 3.54 g/cm?® to 3.86 g/cm®) and remanence (from 3.3 kG to 4.2 kG), resulting
in a higher energy product enhancement (from 2.4 MGOe to 3.8 MGOe). A comparison between the sintered and AM-produced part
revealed that the 3D printed sample could reduce material waste, reduce weight x cost, and lower the UTS value with superior
ductility [408]. To benefit from additive manufacturing and sintering, combining these two processes may improve properties.
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Fig. 50. Cross-sectional backscattered SEM micrographs of the magnets: (a) as-printed, (b) NdCuCo infiltrated, and (c) PrCuCo infiltrate. (d) DSC
curves indicating potential phase transformation temperature of the NdCuCo and PrCuCo alloys during heating from room temperature to 700 °C,
(e) magnetization of PrCuCo and NdCuCo at room temperature, (f) demagnetization curves of the binder jetted specimen, NdCuCo infiltrated, and
PrCuCo infiltrated magnets; and (g) the density and magnetic properties of the as-printed and NdCuCo, PrCuCo infiltrated magnets [409].

Although NdFeB magnets were successfully manufactured using binder jet 3D printing, the as-printed magnet was porous and
possessed to low density (~45%) and low mechanical strength. Infiltrating the binder jetted part is an alternative in which the cured
part is infiltrated with lower-melting metal to achieve stronger parts (in terms of physical and magnetic strength) with near net shape
capability to fabricate complex shapes. One drawback of infiltration is chemical phase decomposition of the part produced by binder
jetting and the infiltrating alloy (usually bronze). Depending on the infiltrating alloy and the applied temperature, different phases
may form which deteriorate magnetic behavior of magnets. Li et al. introduced a novel method of combining binder jetting and alloy
infiltration [409] where the binder jetted NdFeB specimen was infiltrated with an alloy with lower melting temperature such as
NdCuCo and/or PrCuCo to enhance the intrinsic coercivity. For this purpose, a resin-coated isotropic NdFeB powder with an average
diameter of 70 um was binder jetted followed by infiltration with pre-alloyed materials at 700 °C for 4 h under argon atmosphere.
Morphology of the binder jetted and infiltrated NdFeB magnets is shown in Fig. 50(a) in which the infiltrated alloy (bright areas in
Fig. 50(b-c), consisted of non-ferromagnetic material) was dispersed into the magnetic powders (dark gray areas in Fig. 50(b—c)).
DSC curves indicated that both infiltrating alloys had two phase transitions as an indicative of phase mixing (Fig. 50(d)). As the main
objective of binder jetting magnetic powder, magnetization and demagnetization of the as-printed and infiltrated parts are presented
in Fig. 50(e-f) and a summary of the magnetization behavior is given in Fig. 50(g). Although density of the infiltrated part was
increased from 3.3 g/cm?® to 4.3 g/cm?, a slight expansion was reported that might affect magnetization behavior of the final product.
The intrinsic coercivity (H,) of the as-printed part was not changed compared to the starting powder, while it was increased from 732
to 1345 kA/m (~84% increase) and 1233 kA/m (~69% increase) after diffusion of NdCuCo and PrCuCo, respectively. The re-
manence reduced from 0.35T to 0.31 T (NdCuCo) and 0.25 T (PrCuCo). In the infiltrated samples, the non-ferromagnetic phase may
act as a pinning site against domain wall motion and, therefore, impeding demagnetization by hindering the nucleation and growth of
reversal domains. Also, reducing Fe content in the inter-granular phase (bright area in Fig. 50(b—c)) can be one reason why the
intrinsic coercivity was enhanced, whereby the non-ferromagnetic phase decouples the exchange interaction between neighboring
magnetic NdFeB grains. Distribution of inhomogeneous coercivity in the infiltrated magnets can cause degrading in squareness of the
hysteresis loop leading to reduced energy product.

4.1.4. Titanium-based alloys

Titanium alloy and its derivatives have been broadly studied due to their excellent mechanical strength, high toughness, relatively
low weight, and corrosion resistance; therefore, they are attractive for aerospace and biomedical applications. Porous cellular
structure from Ti alloys have become considerably relevant for bone implants in which implant fixation is feasible by bone ingrowth
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combined with reduced risk of stress-shielding by adapting Young's modulus. In the past, PM and MIM methods have been used to
produce parts [512]. It is known that carbon, nitrogen, and oxygen contaminations may occur during powder production, part
production in mixing with organic binders, and/or densification in the sintering atmosphere [513]. Many studies reported properties
of the Ti foams produced by PM [514-516]. Carbon, nitrogen, and oxygen reactions with Ti and other alloying elements leading to
the formation of carbide, nitride, and oxide compounds can potentially influence mechanical properties like yield strength, ductility,
fatigue, and hardness, as well as surface properties like corrosion resistance, biocompatibility, surface energy, and wetting behavior
[517,518].

In a study by Oh et al. [519], three independent variables of powder size, powder compaction, and sintering temperature were
changed to control the porosity and mechanical properties of the Ti foam fabricated by cold pressing. It was shown that porosity was
significantly influenced by altering the powder size as well as the level of powder compaction. According to Oh et al. [519], Ti foam
with porosity between 32% and 36% is the best structure for cortical bone properties. Giiden et al. [520] studied the effects of powder
morphology (e.g. spherical and irregular shaped particles) and powder compaction on densification and compressive strength.
Compared to the irregular shaped powder, spherical powder resulted in higher green density and higher density after sintering and,
therefore, stronger structures. Ozbilen et al. [513] studied the effects of powder morphology, compaction, and binder on the O and C
contents, densification, and mechanical properties including tensile strength, fatigue life, and ductility. Tensile strength and yield
strength may increase with increasing O content while increased oxygen content will increase the brittleness of the fracture mode and
results in lower fatigue life. Obviously, heated processing (such as sintering) of Ti alloys is a challenge due to the reactivity and must
be carried out in an inert atmosphere. When densifying Ti-6Al1-4V alloy, sintering is dictated by Ti self-diffusion [521] as the alloying
elements of V and Al tend to prohibit densification (these elements are slow diffusers). As an alternative, hot isostatic pressing can be
a post-processing step after sintering to increase density [522,523].

Although precision of the 3D parts from binder jetting is not as good as laser or electron beam melting techniques for biomedical
applications, the precision of the produced parts is not highly critical. In a study conducted by Wiria et al. [412], the effects of various
sintering temperatures (ranging between 900 °C and 1350 °C, binder PVA content between 5% and 30%) and the de-binding heating
rate were investigated on the shrinkage and physical appearance of porous Ti structure binder jetted parts. Firstly, the higher de-
binding temperatures (480 °C and 600 °C compared to 250 °C and 415 °C) showed higher shrinkage since the sample had undergone
rapid PVA decomposition and transited into the sintering stage earlier. Similarly, increasing the sintering temperature led to a higher
level of shrinkage in which higher shrinkage occurred in z-direction. It could be related to the (1) gravity effect at higher sintering
temperature causing the titanium particles to move downwards and/or (2) spacing between layers due to the applied binder, which
will be removed after sintering leaving a gap to allow for higher shrinkage. Generally, sintering temperature has a substantial impact
on the development of the sinter neck, which directly affects the strength of the sintered structure (see Fig. 51(A)). Microstructural

(A) 35 (B) PVA content in the powder mixture for printing
¥ Length (%) |
307 wpiameter (%) 5wt% 10wt%  15wt%  30wt%
25
® 20
 {
€ 15
&
10
0 v T T
900°C 1000°C 1100°C 1200°C 1300°C
Sintering Temperature
(D)

100.um

Fig. 51. (A) Influence of various sintering temperatures on the shrinkage in the BJ3DP of porous CP Ti alloy with rectangular blocks
(16 x 16 x 7mm°>) and small square channels (2 x 2 mm?) cutting through the sides at 1 mm intervals. (B) Influence of binder content on overall
shape of the sintered samples at 1300 °C for 2 h in Ar atmosphere [412]. (C) Titanium implant prototype (left) green printed part and (right) sintered
part at 1250 °C. (D) SEM micrograph of Ti parts sintered at (left) 1250 °C, (middle) 1300 °C, and (right) 1350 °C [411].
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Fig. 52. (a) Sintering profile for binder jetted Ti parts, (b) optical images of binder jetted parts showing designed microchannel pores as well as
process pores (binder content in printing feedstock was 10 wt% and sintering temperature was 1250 °C), (c) porosity characterization of two typical
scaffolds sintered at different sintering temperatures, (d) compressive Young’s modulus of scaffolds in two different sintering temperatures, (e) SEM
micrographs taken from the binder jetted titanium scaffolds and then coated with TiO, and hydroxyapatite, and (f) XRD patterns of scaffolds coated
with TiO, and hydroxyapatite [413].

observations revealed that the porosity was slightly higher at the center compared to the surface of the sintered sample. Finally,
binder level of < 10 wt% was sufficient to ensure good particle packing, handling stability, and sintering for components with pre-
designed channels (see Fig. 51(B)). In an earlier study by Wiria et al. [411], a porous titanium implant prototype was fabricated and
sintered at 1250-1350 °C and experienced ~ 27-28% shrinkage in diameter and 21-26% shrinkage in z-direction. The capillary and
gravitational forces were considered to cause isotropic shrinkage. The green part titanium implant prototype is shown in Fig. 51(C-
left), and a typical sintered part at 1250 °C is depicted in Fig. 51(C-right). Microscopic observations in Fig. 51(D) showed that neck
formation happened at 1250 °C where the sintered part was more porous compared to the sintering temperature of 1350 °C. Me-
chanical behavior showed that as the density increased, elastic modulus and compressive strength increased from 4.8 GPa and
~167 MPa for the sintered sample at 1250 °C to 13.2 GPa and ~455 MPa for the sintered sample at 1350 °C, respectively. These
properties were within the required properties of natural bone [411].

Additionally, it is possible to produce parts with bimodal porosities with microchannel pores as well as microstructural pores that
can assist bone adhesion and cell ingrowth. Maleksaeedi et al. [413] fabricated bioactive titanium scaffolds containing bimodal pore
size for bone ingrowth. Using the optimum printing process, scaffolds were sintered using the profiles shown in Fig. 52(a). An
example of the green part was compared with the sintered sample at 1250 °C (see Fig. 52(b)) in which shrinkage is visible in the
sintered part. Two types of porosity were distinguished including pores by design (microchannels) and pores by process (porosity
within the microstructure). The porosity measurement indicated about 90% of pores by process with size ~25um were inter-
connected in which the higher the sintering temperature, the lesser the porosity. The percentage of pores by design (with size ranging
between 1200 pm and 1400 pm) was not influenced by the sintering temperature (as shown in Fig. 52(c)). Typically, it is necessary to
have small pores on the surface of the implant to assisting cell adhesion (e.g. microchannels). Thus, for biomedical applications,
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Fig. 53. (A) Powder size distribution and blends at equal weight ratios, (B) relative bulk density results attained from the CT samples; ‘L’ means
sintered at 1000 °C and ‘H’ means sintered at 1400 °C, and (C) microstructure of the sintered samples at 1000 °C and 1400 °C for 10h [349,415].

mechanical strength and stiffness are both important concerns that may be altered by various processing and designing criteria.
Fig. 52(d) illustrates the Young’s modulus values for two types of samples (containing processing pores achieved by sintering at low
temperatures where solid state sintering is active or pores by designed microchannels followed by solid state sintering) sintered at
either 1250 °C or 1350 °C, including one with pores by process and one with both pores by process and pores by design. Results in
[413] confirmed that all the produced samples fell in the range of cancellous bone modulus (between 0.3 GPa and 2.1 GPa, see
Fig. 52(d)), which was quite promising for bone tissue engineering (0.1-4.5 GPa) compared to the stiffness of the dense Ti alloy
(100-110 GPa). In the same study by Maleksaeedi et al. [413], surface modification was conducted on the binder jetted titanium alloy
using a hydrophilic TiO, followed by electrochemical deposition of hydroxyapatite precipitation. Fig. 52(e) showed the morphology
of the different surface treatment and XRD patterns in Fig. 52(f) confirming that titanium oxide and hydroxyapatite were present on
the modified surface. Thus, microstructure and resulting properties can be improved by altering the CAD model and sintering
parameters.

A noteworthy study by Wheat et al. [349,415] showed the effect of powder mean size and PSD on the green and sintered part
density (Fig. 53). An important observation was conducted using micro-computed tomography showing significant density variation
in z-direction. The lower green density variation (~ 8%) could be achieved by using a coarse powder blend while fine particle blends
resulted in significant fluctuations of relative density (~20%). Although higher relative bulk density was attained from the fine
powder blends, this high level of variation in density is indicative of anisotropy in microstructure. It is worth mentioning that particle
segregation/agglomeration may occur during binder jetting due to the counter-rotating roller. Another reason for higher fluctuation
in the fine powder blend might be the fine powder particle ejection due to binder droplet impact during printing. It was found when
fine powder particles were blended with coarse powders, higher sintered density was achieved regardless of the sintering temperature
(see Fig. 53(B,C). In fact, higher relative density can be obtained using small powder particles; however, parts will experience a
higher level of shrinkage and density anisotropy along the z-direction.

Cortical bone structure shows porosity variation between 3 and 300% with various mechanical properties affected by many
factors such as bone and at its location, mineralization, and hydration; hence, design and production of an implant is a complicated
process. Basalah et al. [193,414] investigated the effect of layer thickness and sintering conditions on the porosity, dimensional
variation, strength, and stiffness of porous titanium parts (results shown in Fig. 54). The sinter neck size (sinter neck dimension (X)
over the particle diameter (D)) among powder increased with increasing sintering temperature or decreasing powder compaction
(Fig. 54(a)). As stated earlier, Oh et al. [519] showed that 880 °C is a transition temperature in Ti alloy, leading to an increase in the
contact area between the particles and a decrease in the porosity. Similarly, porosity measurements indicated that the sintering
temperature as well as layer thickness play an important role in the porosity and shrinkage of binder jetted parts. Significant porosity
reduction as well as shrinkage was seen in the sample sintered at 1400 °C. Fig. 54(b) illustrates that the porosity of the sintered
samples at temperatures between 800 °C and 1200 °C changed from 35% and 45% when the layer thickness varied between 62.5 pm
and 175 um; however, as the sintering temperature increased to 1400 °C, temperature and layer thickness effects were significant
where the porosity increased from 15% to 35% as the layer thickness increased from 62.5 um to 175 pum. As the porosity decreased
with increasing sintering temperature, shrinkage occurred in the binder jetted parts. The densification study showed that sintering
below 1200 °C led to shrinkage between 2% and 4% based on the layer thickness and essentially, it was similar for both horizontal
and vertical directions (see Fig. 54(c,d)). However, at 1400 °C, shrinkage values varied as the layer thickness changed from 62.5 um to
175 um. As 800 °C is below the phase transformation temperature in Ti alloy, variations in sintering temperature had negligible
impact on microstructure and mechanical properties. It was apparent that the Young’s modulus and yield strength increased as the
sintering temperature increased from 1000 °C and 1200 °C where the maximum values of 383 MPa (yield strength) and 11.46 GPa
(Young’s modulus) were obtained for the sintering temperature of 1400 °C (see Fig. 54(e-f)). However, by increasing the layer
thickness from 62.5um and 175 pum, the Young’s modulus and yield strength decreased. The sintering temperature impact on the
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Fig. 54. (a) SEM micrographs taken from the Ti binder jetted samples printed with different layer thickness and sintered at various temperatures.

Effect of layer thickness and sintering temperature on (b) porosity, (c) shrinkage variation in z-direction, (d) shrinkage variation in x- and y-
direction, (e) Young’s modulus, and (f) yield strength, and (g) correlation between the yield strength and Young’s modulus [193].

characteristics of the porous product can be explained by the higher diffusional bonding among powder particles, thereby reducing
the porosity and, thus, improving strength (see Fig. 54(g)). Comparable cortical bone mechanical properties were earlier shown by
Maleksaeedi et al. [413] and Giiden et al. [524] and the samples compacted by varied layer thicknesses and sintered at 1200 °C could
be candidates for biomedical applications.

Layer thickness and the applied compaction on each layer can change the porosity of the binder jetted samples. Lu et al. [293]
showed how the powder packing density influences the powder-binder wetting ratio (see Fig. 25). Turker et al. [398] found that
decreasing the layer thickness of the binder jetted alloy 718 had a direct effect on enhancing the density of AM samples. However,
these investigations were mainly focused on one layer of thicknesses applied throughout the entire part during binder jetting. In a
study by Sheydaeian et al. [159], functionally graded porous Ti structures were produced by integrating a variable layer thickness
throughout the specimen via binder jetting. Firstly, a comparison between the acceptable and defective layer spread are illustrated in
Fig. 55(a). It was indicated that the roller speed had a substantial impact on the layer defect formation (e.g. powder bed displacement
and cracking) due to the potential friction between the powder bed and roller as well as the friction among particles. The effect of
various layer thicknesses on porosity and shrinkage are illustrated in Fig. 55(b—c) where the difference was more significant in
comparing group A (layer thickness of 80 pm) and group B (layer thickness of 150 pm) in terms of height shrinkage, which was higher
in group B. The results showed that there was more shrinkage in the height of the samples than the diameter. Porosity measurements
indicated that samples with uniform layer thickness distribution (group A and B) had slightly lower porosity where about 5%
difference deviation in porosity might be achievable only by changing the layer thickness throughout the part (considering the same
sintering conditions). It was also seen that there was more shrinkage in height (z-direction, which was the build direction during
printing). As the PVA particles binder burned out in the de-binding process, they left behind void volume; therefore, the Ti powder
particles were then “pulled down” due to this gravitational force to fill in the void volume [411]. The lowering the free surface energy
is usually known as the main driving force in sintering, leading to the rounding of powder particles and diffusion of particles to necks
resulting in isotropic shrinkage [358,458]. The mechanical properties did not show any significant changes where the Young’s
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Fig. 55. (a) Evaluation of surface quality of the binder jetted parts on the AM3 experiment, (b) schematic of the binder jetted samples with four
different configuration of layer thickness, (c) data on shrinkage and bulk porosity of binder jetted samples sintered in argon atmosphere at 1400 °C
for 3 h, (d) SEM results taken from middle section of the sintered samples, (e) Young’s modulus and yield stress values, (f) distribution of pores in z-
direction, and (g) average sinter neck size scattering in z-direction [159].

modulus values were between 2.9 + 0.5 GPa and 3.5 + 0.4 GPa and the yield stress values were between 158 = 10 MPa and
175 + 27 MPa. This variation in mechanical properties could be related to the porosity level of the binder jetted parts. Electron
microscopy observations (Fig. 55(e)) confirmed neck formation among powders due to solid state sintering. Porosity distribution was
also analyzed using uCT scanning and the presented results in Fig. 55(f) indicate that the bulk density of all samples was similar. The
porosities of samples C and D were between the range of the porosity of the reference groups (samples A and B) with a decrease in the
porosity values in the mid-section of sample C, related to the layer thickness of 80 um, and an increase in porosity values in the same
region for sample D due to the 150 um layer thickness. Fig. 55(g) illustrates the average sinter neck size for each group of a higher
sinter neck size in sample A, B, and C where the better mechanical performance was attained. The alteration in the layer thickness
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affected the part porosity and shrinkage while changes in samples’ mechanical properties such as the modulus of elasticity and yield
stress were negligible. Thus, producing functionally graded Ti alloy as a bone substitute was practical by processing BJ3DP with
varying layer thickness throughout printing. Given the fact that the designed microchannel and porosity can be attained using binder
jetting, the fabricated porous Ti showed proper substrate for bone cells to live, grow and proliferate. Additionally, the resultant
surface roughness after sintering of the 3D printed part assisted cell adherence, proliferation and osteogenic differentiation with little
cytotoxicity impact during in-vitro studies.

4.1.5. Copper alloy

Copper has broad applications in heat transfer and electrical components due to its high thermal and electrical conductivities.
Recently, fusion based AM technologies were utilized to fabricate copper components with complex geometries such as heat ex-
changers and rocket engine components with internal cooling channels [1]. However, the high thermal conductivity of copper may
negatively affect consistency, surface quality and dimensional accuracy of the AM part. Also, the intensive dissipation of thermal
energy during the melting process makes it difficult to control the melt pool if fabricating by laser- or electron beam-based powder
bed fusion (PBF) AM during fusion based AM technologies. Moreover, copper has high reflectivity leading to limitation of the choice
of laser wavelengths [525-527]. As an alternative, binder jetting can be applied for 3D printing of copper powder and densification
occurs by sintering and/or HIPing.

Bai et al. [112,172] studied the effect of bimodal copper powder mixtures in terms of various particle diameters (Fig. 56(A)) and
mixing ratios (Fig. 56(B)) on the density and shrinkage of the final products. The apparent and tapped densities in the bimodal
mixtures are noticeably higher than the monosized powder (Fig. 56(B)). Similarly, the green part density was improved in bimodal
powder up to ~9% (Fig. 56(C)). Consequently, higher sintered density and lower shrinkage will be attained. Fig. 56(D) illustrates a
comparative study on the density and shrinkage difference between a fine powder (5um) and bimodal powders. The bimodal
powders improved sintered density while reducing the shrinkage. In binder jetting, green part density is about 30-50%; thus, it is
expected that the sintered part experiences a =50% volumetric shrinkage (about 15-20% linear shrinkage); however, using bimodal
or trimodal powder blends can increase the green density and lower the shrinkage to produce high-precision parts. The influence of
sintering conditions (temperature and time) on bimodal powder mixtures revealed that under the least sufficient sintering condition,
the powder bed density dominated in determining sintered density as the densification was limited. It is worth pointing out that
although the powder mixtures with large particles (e.g. 75 um) showed higher green density compared to other powder mixtures (see
Fig. 56(Q)), insufficient sintering conditions led to failure in generating dense sintered parts. As shown in Fig. 56(C) and (E), powder
mixtures without extra coarse powders improved powder bed packing density and the green density without dramatically shifting
median particle size and were effective in improving sintered density. Compared to the 15um powder with the median size of
17.0 um, the 30 + 5 pm powder blend had a similar mean powder size of 17.4 um, but the wider distribution led to an increase of 4%
in green density and a ~12% higher density in the sintered parts. Experimental results on different heating rates ranging from 5 °C/
min to 1 °C/min are illustrated in Fig. 56(F). For the monosized powders (e.g. 5 um and 15 pm), lowering the heating rate from 5 °C/
min to 3 °C/min resulted in an increase in sintered density (~10%) while variation in densification was negligible for the bimodal
powder mixtures. Basically, the energy input into solid-state diffusion is higher when the heating rate is slow, and it provides more
time for powder particles densify. Higher heating rate led to greater strain formation during subsequent isothermal intervals. Fur-
thermore, the amount of strain produced at peak temperature increased with peak isothermal temperature [528]. Since the green
density of the bimodal powder is higher than that of the monosized powder, more contacting areas among powder particles have a
chance to create a network of particles; therefore, the diffusion path in bimodal powder can be higher and makes the green part less
sensitive to total energy input compared with the monosized powders. An example of the effect of bimodal powder on the sinter neck
formation is illustrated in Fig. 56(G).

Generally, monosized powder is more sensitive to heating rates than bimodal powders. In theory, it is well-established that using
bimodal powder mixtures can improve powder bed density. In fact, fine powders fill the interstitial gaps between coarse powder,
leading to higher packing density, which has many benefits such as (1) improved green part properties e.g. density and strength, and
(2) less shrinkage after sintering due to higher green density. However, sintering bimodal powders is complicated as the sintering rate
of the fine and coarse powder is different. Based on the developed model and experiments by German [179], the improvement in
sintered density of a bimodal mixture can be affected by (1) coarse to fine particle size ratio, (2) powder packing density and sintering
shrinkage, and (3) homogeneity of the mixed powder. One may expect to see a similar trend in the sinter neck formation of the
bimodal powder regardless of the average and/or size distribution of the coarse and fine powder; however, optimization on the coarse
to fine powder ratio as well as the powder size in the bimodal system is necessary to consider for attaining predictable shrinkage and
density. The other benefit of using bimodal powder can be surface roughness reduction where a smoother surface can be achieved
when small powder particles are blended with coarse particles. An example is illustrated in Fig. 56(H) where the sintered specimen
from 30 + 5um powder mixture had not only finer and smaller pores, but it also showed a smoother outer surface compared to the
sintered part made of the monosized fine powders (5 pm). During binder jetting, the binder droplet wets the powder bed surface and
then penetrates the printed powder layers. Typically, the surface tension of the binder causes particle balling and rearrangement
within the top powder bed layer, leaving behind more porosity between powder particles/printed layers; thus, bimodal powders can
reduce void formation during printing. The relationship between the shrinkage and powder mixtures is shown in Fig. 56(I). In
another study by Bai et al. [529], fine copper powder (mean size of 15 um) was binder jetted and sintered at 1080 °C for 2 h leading to
the mechanical strength of ~117 MPa, lower than injection molded Cu alloy (200 MPa).

Yegyan Kumar et al. [416,417] reported the effect of hot isostatic pressing (HIP) on copper binder jetted parts. To effectively use
HIP, parts with the minimum relative density of > 92% and closed pores on the sample surface are required. Density of the sintered
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and HIPed samples from three types of powder including two monomodal and one bimodal powders (see details in [417]) is shown in
Fig. 57(D), and it was typically seen that HIP could enhance density up to ~8%. As expected, fine powder particles and bimodal
powders resulted in higher density (~84% and ~91%, respectively) after sintering, which increased (to ~86% and ~98%,
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Fig. 56. (A) Copper powder particle size distribution information used for creating mixtures, (B) powder mean size and distribution information and
powder mixtures, (C) comparison of apparent, tapped, and green densities for different powder mixtures, (D) sintered density and volumetric
shrinkage of 5 pm powder and its bimodal mixtures, sintered at 1080 °C for 2 h, (E) relative bulk density and shrinkage behavior of sintered parts, (F)
comparison of relative density of the loosely packed powders in crucible with different heating rates (samples were sintered at 1080 °C for 120 min),
(G) surface morphology of the 3D printed from bimodal powder sintered at 1060 °C for 120 min: (a) 75 + 15 pm powder and (b) 30 + 5 um powder,
(H) optical micrographs of the parts sintered at 1080 °C for 2 h: 5 um powder (left image) and 30 + 5 pm powder (right image), and (I) relationship
between the powder blend and shrinkage for maximum sintered density [112,172]. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 57. Optical micrograph on the horizontal and vertical sections of the binder jet printed and then sintered or HIPed parts from (A) 8-28 ym
powder, (B) 16-37 pm powder, and (C) bimodal powder mixed from 3 to 9 pm and 15-37.5 pm. (D) Density measurement results [417].

respectively) after HIP. Dimensional variation showed that shrinkage was higher in the build direction. Optical microscopy ob-
servations shown in Fig. 57(A-C) reveal that the same issues occurred during printing of monomodal powders including (1) formation
of excessive, non-uniform porosity near the surface, possibly due to the low green density; (2) insufficient binding between layers due
to inadequate powder during spreading and also improper binder saturation during binder jetting; and (3) continuous, linear porosity
in samples related to the clogged nozzles and, consequently, affected binder jetting on the powder. However, the issues caused by
insufficient green part strength, which happened when using monomodal powder, were not observed in binder jetting of bimodal
powders. The tensile strength for the sintered copper alloy was 220 MPa, and it was found that the maximum tensile strength and
elongation of ~177 MPa and ~ 31%, respectively, were achieved for the bimodal HIPed sample. Recently, Yegyan Kumar et al. [530]
studied impact of process-induced porosity on materials properties of binder jetting of bimodal blend of powders with mean size of
30 um and 5pm with a ratio of 73:27. Relative density of 97.3% was attained after HIPing at 1075 °C, pressure of ~07 MPa for
holding time of 2h. Low porosity level of 2.7% resulted in favorable properties such as tensile strength of 176 MPa (~80% of
wrought alloy), thermal conductivity of ~328 W/mK (~85% of wrought alloy), and an electrical conductivity of 5.2 X 107 S/m
(~94% of International Annealed Copper Standard value). To conclude, higher density can be achieved using bimodal powders
compared to the monosized powder, but its effectiveness is still debatable in terms of the shrinkage of the constituent powders of the
material.
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Fig. 58. (A) Jetting a MOD ink as the binder and a comparison between microstructure of sintered copper parts produced by (B) MOD ink and (C)
commercial binder [233].

Bai et al. [233] compared the binder jetting of copper powder from polymeric binder to metal-organic-decomposition (MOD) ink,
which is a particle-free metal ink. MOD ink encompasses an organometallic compound formed by introducing ligands to metal salts.
By using MOD ink, it is possible to improve the solubility of the metal-organic compounds in solvents. Since MOD ink is particle-free,
during printing, nozzle clogging, and sedimentation are not challenges. A summary of the printing, curing, and sintering steps is
illustrated in Fig. 58(A). During post-print curing, nanoparticles precipitated out from the MOD ink. Further, the neck formation can
occur at sintering temperature of 150-300 °C by using copper nanoparticles, which are considerably lower than the micron-sized
sintered copper powders at ~1000 °C. Thus, during curing, nanoparticles started sintering and, therefore, an enhancement of binding
strength in the green part was achieved. Cross-sectional optical micrographs of the part printed from a MOD ink (Fig. 58(B)) indicated
that large pores were concentrated near the surface while the core section was relatively pore-free. However, parts printed from
commercial binder (Fig. 58(C)) showed randomly distributed pores throughout the binder jetted part. The concept of using nano-
particles mixed with micron-sized powder was also studied by Bailey et al. [531].

4.1.6. Iron and stainless steel alloys

Iron and stainless-steel alloys are widely used in different industries such as automotive, defense, aerospace, petroleum, high-
pressure energy systems, medical equipment, construction, and food processing. Among all grades, stainless steels receive more
attention due to their excellent corrosion and oxidation resistances. Metal powder from SS 304, 316, 347, 420, 430 and 17-4PH alloys
are the most common ones used in additive manufacturing [532]. Recently, ExOne Company [533] developed metal materials such as
316L [534], 17-4PH, 304L, and 420/316 by binder jetting and subsequent bronze infiltration. In addition, M2 and M11 tool steels
and 420 [535] and 4140 steels are under development.
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Fig. 59. (A) SEM micrograph of used powder, (B) summary of key printing parameters used for each powder, and (C) porosity on the cross-section of
the samples [419].

In many cases, researchers attempted to achieve fully dense parts, but studies are lacking on controlling the porosity and density.
Binder jetting can produce porous parts even after sintering, and these parts can be used in broad applications in energy management,
lightweight structures, biomaterials, and so on. Binder jetting has been used to develop a wide variety of different biomaterials
(stainless steels and titanium) as a feasible solution for bone tissue and controlled porosity components development. Ziaee et al.
[419] showed that a mixture of SS 316 powder mixed with nylon (see Fig. 59(A)) that was binder jetted (based on given parameters
in Fig. 59(B)) and sintering could lead to manufacturing of the porous structure. As illustrated in Fig. 59(C), various microstructures
with different porosity levels were attained by sintering parts at 1360 °C for 1 h where the higher the nylon content was added to the
premixed and then printed parts, the higher the porosity with higher shrinkage was achieved (see Fig. 59(D)—(E)). Additionally,
results showed a close relationship between powder packing density and final sintered density. Both raw 316L powder and ag-
glomerated powder specimens with similar spreading densities (~56% relative density) resulted in similar final sintered densities
(near 93%), while 3D-printed samples with relative powder packing density of 42% showed final sintered densities of 77%. Nylon
was added to the mixture as a fugitive space holder to create porous parts. Samples with 25% and 33% nylon resulted in sintered
density of 66.8% and 63.3%, respectively which makes them suitable for filters, heat exchangers, and various energy applications. As
reported by many researchers, higher shrinkage in z-direction was observed, suggesting there might be more porosity between layers
than within layers. Thus, it is possible to develop a process in which parts with gradient internal porosity can be fabricated with
customized heat transfer or fluid permeability properties along the same part.

Since using water atomized powder can reduce part production cost, Rishmawi et al. [418] binder jetted pure iron powder
(irregular shaped particles with the morphology shown in Fig. 60(A)) and investigated the influences of printing parameters (e.g.
layer thickness of 75-125 pum, binder saturation level of 200-300%, and effect of on/off roller), sintering temperatures, and holding
times on maximizing the green and sintered densities of the binder jetted parts, respectively. Typically, it is possible to compact a
printed layer using a roller and presented results in Fig. 60(C)-(D) revealed that the maximum green density of ~48% was attained
by layer thickness of 70 um and binder saturation of 200%. Since higher binder saturation level might result in lower green density
(due to more space occupied by binder between deposited layers), layer shifting, and part geometry distortion, it would be necessary
to optimize binder use to attain higher green density with enough green strength. These optimum processing parameters were then
applied to manufactured binder jetted parts for sintering studies. As shown in Fig. 60(E)-(F), depending on the sintering temperature
and holding time, the maximum shrinkage of ~25% was seen for the sintered samples at 1490 °C for 6 h. Based on the presented
results, irregular connected pores for the low sintering temperature evolved into disconnected spherical pores for the high-tem-
perature sintering with the maximum relative density of ~95% consistent throughout the sample (see Fig. 60(G,H)). Additionally,
surface roughness decreased with increasing sintering temperature. Finally, mechanical properties generally were improved with
higher sintering temperatures due to more progressed sintering, and consequently yield strength and Young’s modulus of ~30 MPa
and 9.2 GPa were attained, respectively.
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Fig. 60. (A) SEM micrograph of WA iron powder. (B) Dimensional shrinkage due to shrinkage for the differently sintered samples. Green part
density as a function of (C) layer thickness and (D) binder saturation level. At the presence of the roller, higher compaction and higher relative
density were attained. Shrinkage analysis for the sintered sample at (E) 1390 °C and (F) 1490 °C for different holding times. It was shown that the
sintering temperature has a critical effect on the relative density compared to the holding time. (G) Relative density profile comparison among
densified samples. (H) Comparison of intensity projection of the micro-computed tomography from green density (~48%) and sintered density
(~91%) [418].

Since the SS 316 alloy has biocompatibility applications, it is practical to manufacture cellular structures made up of an inter-
connected network of solid struts or plates that form the edge and faces of cells. Part production with simple microchannels might be
produced using traditional methods while the high manufacturing complexity may be the biggest barrier for the wide application of
lattice structures. Binder jetting as an AM method is known to be capable of part production with internal and external complexity.
Tang et al. [421] reported lattice structure production from GA stainless steel 316 via binder jetting based on the optimum para-
meters reported by Chen and Zhao [309] (see Fig. 61(A)—(B)). The concept of cellular part production using binder jetting was proven
in [317,421] where mechanical strength was measured and compared with regular stainless steel. It is shown in Fig. 61(D)-(E) that
the achieved Young’s Modulus for cellular structure was between 0.1 and 5 GPa, far from the 200 GPa of a regular stainless steel. In
addition, the attained Young’s Modulus was lower compared with parts fabricated with other AM technologies such as powder bed
fusion processes, because of the inner porosity of binder jet process that left lattice walls less densified (Fig. 61(C)).

In another attempt, Williams et al. [536] fabricated metallic cellular materials from chemical reduction of metallic oxide pre-
cursors to attain maraging steel. Fine powder particles (1-5 pum) of iron oxide, nickel oxide, cobalt oxide and metallic molybdenum
powders were mixed and then spray-dried to attain 30 pm granules, which flow very well and were easily recoated in the 3D printing
process. It was also reported that PVA solvent was used as a binder. Binder jetted parts were reduced at 850 °C for 6 h and then were
sintered at 1300 °C for 3 h. Complete reduction of the oxides resulted in maraging steel, with a relative density of 81% and 9% of open
porosity, with 45% or linear shrinkage. Optimization of binder jetting parameters such as binder saturation, layer thickness, roller
speed, and feed-to-powder ratio to improve transverse rupture strength were investigated by Shrestha and Manogharan [298]. It was
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Fig. 61. SEM micrograph of the SS 316 powder, (B) fabricated parts for different designs, (C) SEM micrograph of a lattice structure fabricated by
binder jetting AM from 316 SS, in which wall porosity is seen, and (D,E) elastic modulus of the solid and designed lattice structures [421].

reported that binder saturation (of 70%) and feed-to-powder ratio (of 3) were the most critical processing parameters, reflecting the
strong impact of binder powder interaction and density of powder bed on resulting mechanical properties (e.g. transverse rupture
strength of ~90 MPa) of SS 316L. Inaekyan et al. [537] compared binder jetting of water and gas atomized pure iron powder, and
showed that the higher the circularity (in GA, circularity was ~0.8; while the WA powder showed circularity of ~0.65) and the
narrower the particle size distribution, the higher the powder flowability was seen during printing. Wang and Zhao [538] studied the
effect of sintering conditions (such as the isothermal sintering temperature, heating rate and sintering time) on the shrinkage rate and
dimensional accuracy. It was shown that at the optimum sintering profile, the shrinkage was uniform in all three dimensions.

One main concern in binder jetted parts is the porosity control and customization of sintered parts. Verlee et al. [420] studied the
density and porosity of sintered SS 316 produced from binder jetting of different particle sizes. Powders with fine or coarse mean size
as well as the effect of PSD on the densification behavior were studied (see Fig. 62(A)-(B)). Binder jetted parts were sintered at
temperatures ranging from 1200 °C to 1430 °C for 90 min. Generally, small powder particles (22 pm and 31 um) started densifying at
lower sintering temperatures compared to the coarse particles (20-53 um and 45-90 um) due to size effects. Additionally, the per-
centage of open porosity was significantly decreased for the fine powder particles at lower sintering temperatures compared to that of
coarse powder particles as shown in Fig. 62(C). Comparing the densification behavior results, it was seen that under relative density
of 90%, porosity was mostly open while above density of 90%, porosity was mostly closed and, therefore, pores were disconnected
and were spherical. Evolution of pore size based on the powders and sintering conditions is shown in Fig. 62(D)—(E). The increase of
powder mean size decreased the densification factor, leaving more open porosity and larger pore sizes. Moreover, non-spherical
powder particles led to lower powder bed packing and thus to more porosity after sintering. Basically, mechanical behavior is a
function of density as well as the pore size and shape. Strength and elongation of the sintered parts shown in Fig. 62(F) revealed that
with an increased sintering temperature from 1255 °C to ~1400 °C, higher relative density of ~98% was achieved and, consequently,
led to the enhancement of tensile strength from 310 MPa to 520 MPa and elongation from 21% to 62% with respect to guidelines to
define process parameters that would lead to desired porosity levels and characteristics in the sintered part.

4.1.7. Cobalt-based alloys

Co-Cr-based (Stellite) alloys have been considerably utilized in aerospace, marine, automotive, petrochemical, and medical ap-
plications due to their outstanding properties such as high strength, wear and corrosion resistance, and hardness [539-543]. Ap-
plications as well as properties of Stellite alloys are widely determined by their chemical compositions [544]. Alloying elements such
as Cr, W, and Mo contribute to strengthen Co-Cr-based alloys with formation of a solid solution matrix [482]. Carbide precipitates are
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Fig. 62. (A,B) Powder size distribution and mean particle size information, (C) relative density and open porosity variation as a function of sintering
temperature and powder size, (D) pore size variation as a function of open porosity and powder size, (E) pore characteristics of the samples sintered
at 1395 °C for 1.5h, and (F) mechanical strength and elongation of sintered samples built with 31 um or 20-53 pm powders [420].

another strengthening mechanism [483]. Traditional processing methods for the part production of Stellite alloys include casting,
forging, milling, and hot isostatic pressing [547-551]. Additive manufacturing has attracted attention to produce complex parts from
Co-Cr-based biomaterials. Mengucci et al. [552] studied DMLS of Co-Cr-Mo-W alloy followed by a post-treatment that resulted in an
intricate network of e-Co (hexagonal close-packed structure) lamellae in the y-Co (face-centered cubic structure) matrix with a high
hardness value. One drawback of fusion-based additive manufacturing techniques is the large amount of residual stress in the
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Fig. 63. (A) SEM images taken from the Co-Cr-Mo alloy showing coarse and fine powder particles, (B) comparison between the green part and
sintered density values, (C) cross-sectional optical micrograph of the sintered parts at 1280 °C for 2 h, and (D) an example of the binder jetted part
from Co-Cr-Mo powder [422,423]. (E) SEM images taken from the Co-Cr-W alloy, (F) SEM micrographs taken from sintered and aged alloys, (G)
mechanical testing results, and (H) two examples showing partial denture framework and small-scale knee (top) before and (bottom) after sintering
[424].

fabricated part leading to crack formation [553,554].

There are limited publications on binder jetting of Co-Cr-based materials. In a study by Stoyanov et al. [555], Co-Cr-Mo alloy was
binder jetted and HIPed and ~99.7% density was achieved with a hardness value of ~322 VH while it was 311 VH for the cast
material. Other studies by Dourandish et al. [212,213] investigated the effects of processing parameters such as layer thickness,
drying time, spread speed, and powder size on the printability and strength of green parts. It was found that a drying time of 60 s and
spreading speed of 10 mm/s resulted in green part production with desirable strength as shown in Fig. 63(B) (no evidence of shifted
layers, agglomerated particles, or unbound layers). Using fine powder particles (mean size of 20 um) may increase the chance of
agglomeration and absorption of humidity while the coarse powder (average particle size of 75um) can be used for successful
manufacturing of geometrically complex parts (see Fig. 63A). Sintering results indicated that the coarse powders led to higher density
with uniform distribution of pores in the microstructure (Fig. 63(C)). Mostafaei et al. [424] binder jetted Co-Cr-W powder with mean
powder size of ~95 pm (Fig. 63(E). It is known that achieving density of > 99% is difficult by sintering of coarse particles, however,
SLPS occurred and likely assisted densification, thus a relative bulk density of 99.8% was attained, in agreement with [556]. Mi-
crostructure of the sintered and aged alloys were illustrated in Fig. 63(F), and it was seen that the liquid phase formed at the grain
boundaries, proving SLPS occurred during sintering at 1300 °C. Mechanical testing results showed that the tensile strength of the
sintered and sintered + aged samples was ~850 MPa and 885 MPa, respectively (see Fig. 63(G)). This difference in tensile strength
was related to microstructure variation after aging treatment where y-fcc — e-hep phase transformation occurred. Pictures of a small
femoral stem model (produced from Co-Cr-Mo powder), a partial denture and small-scale knee (fabricated from Co-Cr-W powder) are
illustrated in Fig. 63(D,H).

Sears et al. [557] studied effect of binder saturation and post heat treatment on the relative density and microstructure of the
binder jetted Co-Cr-Mo powder with mean size of 26 um. Printed samples with binder saturation level of 95-100% sintered at 1325 °C
had partial melt formation which could be related to the higher carbon content from polymeric binder and eutectic formation during
sintering. A shrinkage of ~19.4%, 18.8% and 22.3% occurred in x, y, and z directions, respectively. Sintering time and temperature
both affect densification and prolonging holding time is required if sintering is conducted at lower temperatures [401]. Also, smaller
grain size after sintering could be attained. Although the sintering time was longer at lower sintering temperature leading to finer
grains, residual pores were seen in the microstructure. The presence of carbon in the starting powder as well as the free carbon from
the polymeric binder could lead to the formation of carbides at the grain boundaries. After HIPing of sintered sample at 1325 °C,
porosity decreased in the microstructure while the carbides were coarsened. In contract, solution treatment resulted in reduction of
the coarse grain boundary carbides. grain size was consistent in the fully dense parts which was about 150 pm. Mechanical properties
of the binder jetted Co-Cr-Mo alloy was tested and compared to the minimum properties for Co-Cr-Mo alloy. The yield strength,
tensile strength and elongation of the sintered part were 462 MPa, 730 MPa and 12%, respectively which met the minimum re-
quirements of the ASTM standards of F3213-17 (450 MPa, 655 MPa, and 8%) and F2886-17 (450 MPa, 725 MPa, and 10%). After
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HIP + solution treatment, the mechanical properties did not show any improvement as expected for the Co-Cr-Mo material. One main
reason was related to interstitial chemistry where the nitrogen content decreased from 0.16 wt% to 0.001 wt%. Compared to the laser
powder bed fusion in which the yield strength, tensile strength and elongation were 645 MPa, 1120 MPa, and 18%, the mechanical
testing results of binder jetted parts were far below which could be related to the grain size and phase formation as the fusion based
method usually results in finer grains.

4.2. Ceramics

Additive manufacturing of ceramics is of interest due to ceramic’s natural processing complications and difficulties in macro-scale
fabrication. Ceramics have been broadly used in biomedical implants and engine components in the aerospace and automotive
industry [87,558]. During the past decades, the implementation of bioceramics in orthopedic bioengineering has become increasingly
profound due to their highly suitable mechanical strength for bone repair [559]. Firstly, ceramic materials have a high melting point
with complex phase diagram. Secondly, formation of porosities and cracks is inevitable at the high processing temperatures of
ceramics. Based on applications, pores with different shape and size might be useful for cellular growth and implant integration;
however, it is vital to have a balance between mechanical behavior (strength, modulus and stiffness) and biological properties. High
residual thermal stress and strain may cause crack formation, leading to deterioration of the mechanical properties of final parts.
Recently, application of 3D printing to produce parts made from ceramics has attracted the attention of researchers [275]. Ceramics
such as tricalcium phosphates [290,322,425-427,430,560-571], hydroxyapatite [238,572-582], calcium sulphate
[18,130,155,191,294,319,431,583,584], alumina [432,433,585], porcelain [125,434,435,586], and ceramic composites
[97,153,162,428,429,587-605] play an important role as biomaterials to fabricate bone and teeth. In the following sections, a
summary of binder jetted ceramics is presented.

4.2.1. Calcium phosphate ceramics

Calcium phosphate (CaP) is a bioceramic material containing calcium and phosphate ions. CaPs have similar chemical compo-
sitional to bone and teeth; however, there is a significant difference in the properties of CaPs compounds based on the Ca:P ratio. As
the Ca:P ratio decreases, the dissolution rate of CaPs increases due to the formation of acidic environment.

4.2.1.1. Tricalcium phosphate. Tricalcium phosphate (TCP) is a derivative of CaP compound with various phases including o, a’ (both
form at high temperature), and [ (forms at low temperature). In this compound, the ratio of Ca:P is 1.5, resulting in high
biodegradation compared to other bioceramics.

Butscher et al. [565] 3D printed TCP using various PSD and it was found that mean size in the range of 20-35 pum resulted in better
powder compaction, floability and surface roughness. Vlasea and Toyserkani [425] studied the effect of binder saturation level
(ranging from 70% to 100% and a 90/70% gray scale) on the shrinkage, porosity, and mechanical properties of porous scaffolds made
from TCP. Authors introduced the effect of gray scale binder distribution levels on two-layer thickness settings of 150 pm and 190 pm
of a bioceramic particle. The gray scale level influenced samples with 150 uym layer thickness where porosity ranged between
43 = 1% and 49 * 2% and the compressive strength varied between 4.8 + 1.3MPa and 15.5 + 1.9 MPa. Vorndran et al. [562]
reported fabrication of porous 3-TCP scaffolds using binder jetting of 5 wt% hydroxypropyl methylcellulose modified 3-TCP. The final
printed part showed low printing resolution, low specific surface area, and a maximum compressive strength of 1.2 + 0.2 MPa. In
another study by Castilho et al. [322], the influence of pore size and print orientation on dimensional variations, porosity, and
mechanical behavior was reported. The results indicated that mechanical properties of the 3D printed scaffold were significantly
affected by the printing direction (where printing in the y-direction indicated the highest mechanical strength, toughness, and
stiffness); however, structural properties such as geometric accuracy and porosity were not affected.

Bertol et al. [430] reported different post-processing conditions affecting densification behavior of the final product such as
immersing the printed samples in various solutions including a binder, Ringer’s solution, or phosphoric acid or sintering at various
temperatures of 800-1500 °C for 3D printed a-TCP scaffolds (results shown in Fig. 64). Phase analysis results indicated that various
phases were present in the densified scaffolds including calcium-deficient hydroxyapatite, brushite, monetite, and unreacted a-TCP.
The post-treated samples in phosphoric acid lowered the porosity content and a-TCP content while enhancing the reaction of TCP
into brushite and monetite. High compressive strength of ~5 MPa was achieved after phosphoric acid treatment where the lower
porosity level was reported. Based on the applied sintering conditions, the compressive strength enhancement could be attributed to
the porosity reduction where the maximum shrinkage of 28% was achieved for thermal treatment at 1500 °C. Finally, binder jetted
scaffolds can be a candidate for biomedical applications.

Santos et al. [426] reported porosity, density, phase stability, mechanical behavior, and biocompatibility of binder jetted scaffolds
made of B-TCP. The part sintered at 1250 °C had apparent density of ~55 + 2%, water absorption of 84 + 8%, and compressive
strength of 2.36 + 0.05MPa while after sintering at 1400 °C, they changed to 46 = 9%, 57 = 2% and 8.66 * 0.11 MPa, re-
spectively. In a study by Igawa et al. [561], a tailor-made TCP bone implant was produced using 3D printing, and it was shown that
the bending strength of the final product was 8.2 MPa and the compressive strength was 18.6 MPa, which was comparable to those of
hydroxyapatite implants (9 MPa and 20 MPa, respectively). Tarafder et al. [427] reported how microwave and conventional sintering
processes may affect the microstructure of the porous scaffold and resulting mechanical strength and biological properties of the
binder jetted B-TCP. The designed scaffolds with microchannels of 500 pm had a desired designed porosity of about 43 = 1.6% of
bulk density after microwave sintering at 1250 °C with a maximum compressive strength of 11 *= 1.3 MPa. Furthermore, the bio-
compatibility tests confirmed that the designed porous scaffold had a great in-vitro (using osteoblast cells) and in-vivo (using a rat
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Fig. 64. Comparison of mean compressive strengths of the binder jetted scaffolds in green state and after post-processing by (A) immersion and (B)
sintering. (C) Comparison of the apparent density and porosity percentage of the binder jetted scaffolds after various post-processing conditions, (D)
comparison of the average shrinkage after sintering at different temperatures between 800 and 1500 °C, (E) microstructural observation taken from
the a-TCP binder jetted scaffolds followed by immersion in different solutions, and (F) microscopy images taken from the sintered scaffolds at
various temperatures for 60 min [430].

femur defect model) performance, as shown in Fig. 65.

4.2.1.2. Hydroxyapatite. Hydroxyapatite (HA) is a derivative of tricalcium phosphate with the same Ca:P ratio of 1.67 as bone
structure, so it has a better biocompatibility compared to other CaPs compounds. Seitz et al. [576] produced binder jetted HA
scaffolds, and it was shown that the 3D printed parts sintered at 1250 °C could have various levels of porosity based on the designed
micochannels where the comprehensive strength of ~22 MPa was reported for the dense structure. As shown in Fig. 66, binder jetting
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Fig. 65. (A) Schematic of binder jetting process, (B) 3D printed porous scaffolds with various designed microchannels, (C) SEM micrographs taken
from the surface of the sintered scaffolds at 1250 °C, (D) a comparison between the effect of designed structure and sintering condition on the
comprehensive strength of the scaffolds, (E) histological images illustrating the new bone formation after two weeks (NB: new bone, OB: old bone),
and (F) MTT assay of osteoblast cells on porous TCP scaffolds with different designed pore size (**p < 0.05, *p > 0.05, n = 3) [427].

was capable of producing scaffolds with microchannel size of 450 um and wall thickness of 330 um. In another study by Leukers et al.
[572], functionally graded porous HA scaffolds were binder jetted (see Fig. 66(C)). The bioactivity results under static and dynamic
culturing using MC3T3-E1 cells showed that samples were biocompatible where a deeper cell growth occurred in the porous HA
scaffold under the dynamic culturing conditions. Higher surface roughness and porosity may increase surface accessibility for the
fluid and results in the dissolution of the scaffold.

4.2.1.3. Other CaPs. Another derivative of calcium phosphate is tetracalcium phosphate (TTCP) with a Ca:P ratio of 2. As stated
earlier, the higher the Ca:P ratio, the lower degradation can be expected for the CaPs compounds; therefore, TTCP has the highest
biocompatibility among the CaPs that is widely used for bone matrix [560]. Also, dicalcium phosphate (DCP) is another common
calcium phosphate bioceramic with a Ca:P ratio of 1.

Vorndran et al. [562] proposed binder jetting from two different mixtures made of powders with a Ca:P ratio of 1.7 (method A)
and TTCP/DCP composite (method B) to study the printability, densification, and mechanical behavior of the 3D printed scaffolds.
Porous scaffolds produced by method A showed higher print resolution with a porosity of 56% and compressive strength of
7.4 = 0.7 MPa while method B showed a porosity of 60% with compressive strength of 1.2 + 0.2 MPa. Klammert et al. [560]
reported applying an acid solution as a binder on calcium phosphate to print TTCP or DCP powders using BJ3DP for cranial and
maxillofacial defect fixations. Afterwards, hydrothermal treatment of the implants caused the brushite compound to convert to
monetite with a high print resolution and part accuracy, shown in Fig. 67. In another study by Habibovic et al. [563], a low-
temperature direct 3D printing was employed to fabricate brushite and monetite implants with various shapes.
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Fig. 66. (A,A;) Binder jetted porous scaffolds with designed microchannels, (B) An example of the binder jetted scaffold after sintering step [572];
(C,D) schematic of the CAD model and 3D printed samples showing designed interconnected microchannels in a cylinder and a thin wall grid
structures (details can be seen in [576]).

F 7 s 5& 2 |
N e
—_—a

il
 °
&

{

-
c ﬂ
i

Fig. 67. (A-D) 3D printed sample showing detail of the cranial and maxillofacial fixation area. (E and F) General view of the whole cranial areas
[560].

4.2.2. Calcium sulphate

Calcium sulfate (CaSO,) is an inorganic compound used as a biomaterial in bone tissue engineering. One main drawback of the
scaffold structures made from calcium sulfate is the low mechanical performance due to the brittle character. Also, the presence of
organic compounds in the initial powder as well as the binder solution can cause high toxicity levels in products.

Asadi-Eydivand [319] studied optimization of binder jetting of calcium sulfate and the resulting mechanical strength of the
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porous parts. Results demonstrated that printing in the x-direction with a minimum layer thickness of 89 ym and a delay time of
300 ms could lead to the highest quality scaffold prototypes in terms of dimensional accuracy, compressive strength of 0.75 MPa,
Young’s modulus of 47.15 MPa, and total porosity of 67.7%. In other words, target porosity and optimal mechanical strength cor-
related with the lowest layer thickness. In another work [431], influence of heat-treatment on microstructure, composition, and
mechanical behavior of 3D printed calcium sulfate were studied, and results are shown in Fig. 68. The heat treated scaffold at 300 °C
showed severe toxicity in vitro (see Fig. 68(E)). With increasing the heat-treating temperature from 300 °C to 500-1000 °C, specimens
were non-toxic but had low mechanical strength attributed to the insufficient densification below 1000 °C. Above 1000 °C, sintering
was accelerated, leading to higher compressive strength and less cytotoxicity. By comparing SEM micrographs and XRD results
(Fig. 68(C-D)), it was found that sintering temperature causes phase evolution where anhydrous was the only phase existing in the
samples heated between 500 °C and 1150 °C. Above 1200 °C, calcium oxide formed due to the partial decomposition of calcium
sulfate. Zhou et al. [584] binder jetted calcium sulfate subjected to a post-processing with poly (e-caprolactone) coating (PCL). The
PCL compound filled out the interparticle spacing of the 3DP structures, leading to significant improvement of mechanical behavior
(e.g. enhancement in mean compressive strength, Young's modulus, and toughness values by 217%, 250%, and 315%, respectively).
It was also revealed that the resorption period was extended from < 7 days to > 56 days by adding PCL coating due to the role of PLC
as a long-term structural support to the binder jetted matrix.

Farzadi et al. [191] reported the influence of binder jet processing parameters such as layer thicknesses and printing orientations
on the physical and mechanical properties of 3D printed scaffolds as shown in Fig. 69. A layer thickness of 0.1125 mm and printing in
the x-direction were the best printing conditions, leading to the highest compressive strength, toughness, and Young’s modulus.
Furthermore, microscopy and nUCT analyses demonstrated that scaffolds printed with a layer thickness of 0.1125 mm in the x-di-
rection had more dimensional accuracy with designed microchannels interconnectivity and porosity.

4.2.3. Alumina

Alumina is known as a high-temperature ceramic that provides stable electrical properties and mechanical strength. In addition, it
is a structural ceramic due to its wear resistant properties and its ability to endure severe mechanical stresses in corrosive and thermal
environments. It is also a versatile ceramic due to the wide variety of applications such as dielectric material, optical, biomedical, and
thermal.

Gonzalez et al. [432] conducted research on binder jetting from aluminum oxide grinding powder. Three powder particle sizes of
30 um, 45 um, and 53 pm were used and parts with different layer thicknesses were binder jetted. After sintering experiments at
1600 °C for 2h and 16 h, density measurements showed that the large particles had lower density while the fine powder particles
showed higher density (shown in Fig. 70). A typical trend indicated that the highest density was attained by the smallest layer
thickness using the mixed powders in which the relative density was ~96.5% while 53 pm particles alone had a lower relative
density of about 64%. The finer powders are inclined to fill out the inter-particulate pores and enhance green part density, resulting in
higher mechanical properties after densification. Mechanical testing as well as the dialectic constant measurements suggested that
binder jetting can produce dense structures from Al,O3 powders with complex features that can be used in electrical and medical
applications. Compression testing results on two sintering conditions are showed (Fig. 70(h-i)) that the denser part tolerated higher
stress before crack formation. The 3D printed specimen from multimodal particle size exhibited the highest compressive stress value
of 146.6 MPa. Nano-indentation testing showed that the Young’s modulus and hardness of the sample sintered for longer time with
density of 96% was about 54.14 = 14.54 GPa and 1.51 = 0.0967 GPa, respectively. Hardness was expected to be higher, however,
the rough surface formation during BJ3DP resulted in lower values. Recently, alumina parts were fabricated from binder jetting of
stearic acid coated aluminum (Al) powder and dextrin coated aluminum oxide (Al,03) powder followed by reaction-bonding process
[606]. Relative density of ~65% was attained after heat treating at 1200 °C in an oxidative atmosphere where the flexural strength of
4-5MPa was attained.

In another study by Kunchala et al. [433], the influence of adding nanoparticles to the liquid binder on the printability and
mechanical performance of the 3D printed alumina powder was investigated as shown in Fig. 71. Binder jetted alumina samples were
produced from Al,O3; powder (mean size of 40 um) embedded with nanoparticles (average size of 50 nm) suspended in the liquid
binder with different concentration of 0-15 wt%. Addition of 15 wt% nanoparticles showed that the interparticle pores decreased, the
green part density increased from 50% to 65% and a significant enhancement in compressive strength was observed from 76 kPa (no
nanoparticle addition) to 641 kPa (15 wt% nanoparticle addition). Interestingly, the surface tension of the liquid binder reduced from
44 mN/m to 23 mN/m with increasing nanoparticle concentration from 0 to 15 wt%, demonstrating that the binder penetration depth
would reduce as the nanoparticle content in the binder increased. Furthermore, the measured final density indicated a decrease in
porosity from 58.2% to 37.4% in samples without and with nanoparticles, respectively.

Du et al. [585] proposed that powder coating might increase the sinterability of ceramic particles. To prove this hypothesis,
crystalline alumina powders with two mean sizes of 10 um and 70 um were coated with amorphous alumina. The micron-sized
particles (shown in Fig. 72) could provide the powder flowability while the formed satellites on the outer surface of the coated
powder (see in Fig. 72) might promote sintering due to high activity characteristics. A comparison between the sintering experiment
on the binder jetted parts revealed that the starting powders had lower shrinkage, higher porosity, and lower mechanical strength
than the coated powders. Besides, fine powders showed higher shrinkage and higher compressive strength due to grain size effect.

4.2.4. Porcelain
Porcelain ceramic has widely been used for denture teeth since 1790 due to its natural-looking color, strength, aesthetics, opacity,

translucency, and durability [434]. A few applications of dental porcelain include artificial tooth constructions such as single unit full
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Fig. 68. (A) Schematic showing the structural details of the CAD file design for 3D printing porous scaffold, (B) optical microscopy images from the
differently sintered samples, (C) SEM images of the sintered parts, (D) XRD patterns of the differently sintered scaffolds, and (E) influence of
sintering temperature on the compressive strength and Young’s modulus of the porous scaffolds and solid parts [431].
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Fig. 69. Printed scaffolds with different (A) pore sizes, (B) layer thicknesses, and (C) print orientations. Comparison of different mechanical be-
haviors as a function of layer thickness versus print orientation, (D) compressive strength, (E) Young’s modulus, and (F) toughness [191].

porcelain crowns, porcelain crowns, bridgework, and denture teeth. The compositions of the pure porcelain and binary phase dia-
gram of a typical dental porcelain (K>0.Al,03.4Si0, — 2Si0,) are shown in Fig. 73(A). The main disadvantage of ceramic compounds
is their low toughness, which causes most of the failures in dentistry application of porcelain, as examples are shown in Fig. 73(B).
Miyanaji et al. [434,435,586] studied binder jetting of porcelain ceramic. Firstly, an optimization printing parameter was carried out
in terms of binder saturation (between 45 and 70%) and power level (between 55 and 65%). Above 60% saturation level, the binder
jetted parts started to deform under the friction of the roller while when the saturation level was as low as 45%, the binder could not
provide enough strength to bind the powder. Also, the powder level had limited influence on the part dimensional accuracy and
microstructure of the binder jetted samples. Thus, the saturation level of 50% and powder level of 50% were chosen since they
resulted in the lowest porosity in the green part as well as the highest green part strength. Afterwards, the effect of sintering
conditions was investigated. At sintering temperatures of < 900 °C, distortion did not occur and linear shrinkage in horizontal di-
rections increased. At a higher temperature of 900 °C, it was thought that distortion occurred due to gravity, thereby causing the
geometrical accuracy reduction. Up to 900 °C, sintering time had a moderate impact on the linear shrinkage and part porosity, while
at > 900 °C, prolonging the sintering time may cause a considerable part distortion. In other words, it is possible to improve the
surface finish with prolonging the sintering time at < 900 °C. Overall, the heating rate had a remarkable influence on the linear
shrinkage of binder jetted parts. If a fast heating rate (5000 °C/h) is applied during sintering, it seems necessary to hold samples at the
maximum temperature for a longer time to avoid deficient sintering. An example of a complex dental crown printed by binder jetting
was printed by saturation level of 50% and power level of 60% and then parts were sintered at 900 °C for 1 min. The linear shrinkage
of ~25% in x- and y-directions and ~ 30% in z-direction with a final relative density of ~94% was reported. Xia et al. [607] reported
a similar trend of slow binder penetration and large binder droplet penetration depth when the ratio of fine to coarse powder particles
increased.

4.2.5. Ceramic composites

Ceramic composites have been utilized for various biomedical applications. The composition of ceramic matrix composites can be
made based on a wide variety of ceramic and metal materials. Typically, different CaPs have been blended for scaffold fabrication.
Although HA shows outstanding biocompatibility, the biodegradation rate is too low; thus, it is generally combined with TCP for
tailoring its biodegradability. Al,O3/Al composite is another composite material that is intensively studied.

Since the ratio of the coarse to fine powders needs to be optimized to attain a proper flowability of the mixture with maximum
packing density, Zhou et al. [162] reported the effect of using coarse and fine powders in 3D printing of calcium sulfate/calcium
phosphate scaffolds in order to gain advantages from bimodal powder mixtures (see Fig. 74). The influence of calcium phosphate
(CaP) particle size, calcium phosphate to calcium sulphate ratio (CaP:CaSO,), and type of CaP used (which was tricalcium phosphate
and hydroxyapatite) on the binder jetting process was investigated. As expected from the fine powder particles of <20 um, het-
erogeneous powder bed was reported with low powder bed density. Besides, some other characteristics such as slow drop penetration
speed, large drop penetration depth, low wetting ratio, poor green mass, and low green strength are the main consequences of low
powder bed density. Based on powder physical reactivity, the addition of B-TCP may compromise the CaSO4-water reactivity as f3-
TCP:CaSO,4 powder combinations had significantly lower wetting ratios and green strengths when compared to the HA:CaSO, powder
combinations.

Castilho et al. [603] reported 3D printing from HA-TCP mixture to produce porous scaffolds for bone defects fixation. To cure the
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Fig. 70. SEM images of (a) green part, (b) sintered part for 2 h, and (c) sintered part for 16 h. All parts were mixed powder at 45 mm layer thickness.
Insets in (a) and (c) are the green and sintered body, respectively. Relative density versus sintering profiles including the three-layer thicknesses
used for each powder illustrated in (d) 240 grit size powder or 53 pm particle size, (e) 320 powder size or 45 pm particle size, (f) 400 grit size powder
or 30 um particle size, and (g) combination of all three powders. Stress—strain curves of the alumina compression test: (h) samples that were sintered
for 2h and (i) samples that were sintered for 16 h. Parts were printed from Al,O; powder by ExOne M-Lab system [432].

binder jetted scaffolds, phosphoric acid was applied during 3D printing. The designed scaffolds had interconnected microchannels of
300 um and a dimensional accuracy of > 96.5%. Based on the microstructural observation and mechanical properties, a mixture of
HA and TCP with a ratio of 1.83 resulted in a desired porosity level of 67 + 0.8% for the sintered sample and a compressive strength
of ~0.4 MPa. It was also found that the post-processing treatment as infiltrating with PLGA could enhance the mechanical strength
up to ~ 3.4 MPa with a toughness about four times higher than only sintered scaffolds. Interestingly, the infiltrated scaffolds provided
higher cell viability using osteoblastic cells MG63 compared to pure TCP control. In another study by Detsch et al. [602], binder
jetted bone tissue using a powder blended of HA-40 wt% TCP. The open porosity level of the final scaffolds was 53.1 + 1.5% with
desirable surface features for osteoclastic activation. Khalyfa et al. [601] blended TTCP (as a reacting agent with an aqueous citric
acid binder) and 3-TCP (as a biodegradable filler) to produce bone scaffolds. Scaffolds with a porosity level of ~38% and compressive
strength of 0.7 MPa were binder jetted where the strength increased up to the order of magnitude after a post-treatment using
dianhydro-p-glucitol (bis(dilactoyl)-methacrylate)). Moreover, in-vitro testing using MC3T3-E1 cells confirmed the biocompatibility
of the binder jetted scaffolds.

Recently, various additives including magnesia (MgO), strontia (SrO), zinc oxide (ZnO), and silica (SiO,) have been utilized to
enhance physical and biological behavior of CaP scaffolds [428,604,608]. Fielding et al. used binder jetting technology to fabricate
scaffolds with various interconnected microchannels sizes [604]. A remarkable enhancement of density, compressive strength and
better bioactivity in vitro using osteoblast cells was attained in the B-TCP scaffolds doped with SiO, and ZnO, illustrated in Fig. 75. In
other studies by Tarafder et al. [428,429], it was shown that the use of SrO and MgO as dopants could prevent the 3 to a phase
transition in the B-TCP ceramic where the compressive strength of ~12 * 1.6 MPa was achieved. Also, in-vivo testing in a rat femur
model demonstrated an increased osteogenesis when the mixture of doped -TCP was used, shown in Fig. 76.

Bioglass composites are attracting attention for bone and tissue replacement in unloaded conditions. Bergmann et al. [605]
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Fig. 71. (A) Schematic comparing the effect of printing liquid binder with/without nanoparticles where higher density can be attained at the
presence of nanoparticles. Effect of nanoparticles on (B) relative density, (C) compressive strength, and (D) surface tension [433].

considered the possibility of 3D printing tailored bone substitute implants using a bioactive 3-TCP/glass composite. The four-point
bending strength of the 3D printed specimens was 14.9 MPa after sintering at 1000 °C. Winkel et al. [589] reported sintering of 3D
printed glass/HA composites where the linear shrinkage of ~16% was reported at sintering temperature of 750 °C. Also, it was shown
that up to a HA volume fraction of ~ 20 wt%, sintered parts exhibited a bending strength of ~70 MPa and Young’s modulus of ~80
GPa. Suwanprateeb et al. [588] binder jetted a HA/apatite-wollastonite glass ceramic composite, and it was reported that properties
were influenced by sintering temperatures (1050-1300 °C) and times (1-10h). Sintering at 1300 °C for 3h produced a part with
density of 2.61 g/cm?® and porosity of 2.5% with the highest flexural modulus and strength of 34.1 GPa and ~ 76.8 MPa, respectively.

4.3. Metal matrix composites

Unlike part production from pure metals and alloys, 3D printing of metal matrix composites (MMCs) is not that common. MMCs
are material systems with two constituents: one is a harder reinforcement material (the skeleton) and the other is a metal that
surrounds the reinforcement. The harder material can be a metal or a ceramic phase. In terms of binder jet 3D printing, these
materials can be processed two ways: (1) by printing the composite powder mix and finishing with a sintering post-processing step or
(2) by printing the reinforcement material and finishing with a melt infiltration step of the metal matrix material. Both methods have
their advantages. Printing and sintering use liquid phase sintering to consolidate the printed composite preform without runners and
excess parts but involves large amounts of shrinkage. Printing and infiltrating can induce less overall shrinkage and less grain growth
of phase that is printed, but the amount of reinforcement material in the processed composite is limited to the print density. There are
few examples of these types of materials that use binder jet 3D printing to shape the composite powder or shape the preform before
metal infiltration. Even though there many good materials pairs available for metal matrix composites, the main composite systems
currently researched are lightweight metal matrix composites, tungsten-based composites, stainless steel-based composites, and
carbide-based composites.
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Fig. 72. SEM micrographs taken from the powder particles (top row), fracture surfaces of the binder jetted samples (middle row), and neck
formation between sintered particles (bottom row). (e) Comparison of (e) shrinkage and (f) compressive strength of the sintered parts from initial
powder and coated particles of various sizes [585].

For metal-metal composites and binder jetting, the best net shaping comes from infiltration. The ideal pair is Fe and Cu because
they have small deviation in thermal expansion, good wetting, and, most importantly, molten Cu does not dissolve a large amount of
Fe, thereby keeping the two from mixing and slumping during infiltration. Similarly, printing steel and infiltrating with bronze has
worked very well when making these composites [189,441]. Also, there has been much promise with W-based MMCs [609,610] and
this is a direction that should be pursued for high-temperature composites and alloys. Composite powders of W-Cu should be explored
more for their ability to reach high density through liquid-phase sintering after printing. No advantage in net shaping is gained when
sintering metal-metal composites versus a single alloy because most metals will readily sinter given enough temperature (except W),
so the infiltration method offers improved net shaping with limited shrinkage and distortion.

The pairs for cermet MMCs in binder jetting are not very different from traditional processing of cermet MMCs. Printing and
sintering of the composite powders are analogous to pressing and sintering composite powders, just as printing and infiltrating is
analogous to pressing and infiltrating. One of the most important criteria for MMCs made with printing and sintering is solubility of
the reinforcement in the molten matrix material to induce liquid-phase sintering and this can be detrimental or challenging when
using the infiltration method. WC-Co is a great example of printing and sintering the composite powder because little matrix material
is needed, but the small amount present aids in liquid phase sintering to high density [118]. Special powder has even been developed
for cemented carbides for use with additive manufacturing [611]. Kernan et al. [612] showed that in using infiltration, not only is it
possible to produce MMC structures in 3D printed parts, but it also avoids shrinkage and distortion that typically accompany sin-
tering. It was proposed to use an infiltrant liquid that contains a melting point depresant (MPD, by eutectic formation). Therefore,
suitable infiltration conditions can be found using the following steps [612]:

(a) Find conditions for a volumetrically stable skeleton

(b) Select the non-MPD element composition in the skeleton and infiltrant

(c) Select the MPD element composition in the skeleton and infiltrant

(d) Select the infiltration temperature

Some rules for MMCs were reported by Sercombe et al. [613,614] during rapid prototyping of infiltrated aluminum powder (with
15-75um) to form an aluminum nitride skeleton including lower melting point, narrow melting range, fluidity and viscosity of
molten infiltrated, wetting angle, and absolute and relative solubilities of the two phases and utilizing eutectics to achieve infiltration.
Jandeska and Hetzner patented rapid prototyping of Al-Mg particles coated with a metal (e.g. copper, nickel, zinc, or tin) to fabricate
an MMC structure after proper sintering under vacuum [615]. Snelling et al. [616,617] used binder jetting to fabricate cordierite
(mixture of alumina, silica and magnesia) ordered cellular structures. In the following sections, examples of MMCs manufactured by
binder jet 3D printing are presented.

4.3.1. Lightweight metal matrix composites
Recently, Sheydaeian et al. [436] developed a hybrid additive manufacturing system integrating two indirect AM techniques
including binder jetting and material extrusion to selectively incorporate a sacrificial polymer into the structures followed by post-
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Fig.73. (A) Chemical composition and phase diagram of dental porcelains, (B) bulk fracture and chipping failure, and (C) (top) 3D printed porcelain
crowns where the CAD model was enlarged by 40% to attain the correct size after shrinkage and (bottom) examples of sintered sample at 900 °C
holding for different times. Influence of sintering temperature and holding time on the (D) trend of linear shrinkage and (E) porosity [434,435].

processing to decompose the polymer. A summary of the proposed mechanism of hybrid AM methods is shown in Fig. 77. In this
study, the effects of the following parameters on the quality of the AM samples with encapsulating polymer were studied: the offset
between the droplets (d), layer thickness (T), the number of the layers needed to cover the previous layers encapsulated with polymer
(n), also known as buffer layers; and the number of the binder injections (m) from the print head required to properly adhere the
current layer of Ti to the next one. One advantage of using a hybrid AM technique can be designing internal porosity such that there is
no need to have at least one outlet to remove loose powder.

Other lightweight metal matrix composites with ceramic reinforcement have been processed with BJ3DP to produce materials
with designed properties and microstructures. Nan et al. [618] binder jetted a porous TiC ceramic preform, which was infiltrated with
silicon melt to fabricate Ti3SiC,-based composites. The infiltration temperature affected physical properties such as density, porosity,
electrical resistivity, and mechanical behavior such as hardness and bending strength. Mayara et al. [619] combined binder jetting
and cold isostatic pressing (CIP) and/or uniaxial pressing (UP) to fabricate 3D printed Ti3SiC, parts followed by sintering. Porosity of
3D printed sample was 68% while it decreased to 29% and 17% after CIP (180 MPa) and UP (726 MPa), respectively. After sintering
at 1600 °C for 2 h, porosity decreased to 48% in the 3D printed part while it was significantly reduced to 3.6% and 1.7% for the CIP
and UP, respectively. Although higher relative density was reported for the uniaxial pressed sintered sample, a few cracks were
detected in the microstructure. Reported Young’s Modulus for the UP samples were 273-300 MPa with flexural strength of 3 GPa,
higher than CIPed samples. A study by Arnold et al. showed that TiC printed by BJ3DP and infiltrated with nickel aluminides formed
lightweight MMCs for aerospace applications [446]. Infiltration with nickel-rich intermetallic resulted in poor shape retention, but
infiltration with Al-rich intermetallic resulted in near-net shaping with some residual porosity. Another MMC material of B,C-Al was
made by printing B4C and melt infiltrating Al-2024 where near-net shapes were produced with near-full density, = 0.1 mm
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Fig. 74. (A) Optical images taken from the surface of two types of particles in (a) and (b) show low building surface roughness using CaP
(coarse):CaSO,4 and high building surface roughness using CaP (fine):CaSO,, (B-D) starting powder parameters, densities, and packing ratios, and (E-
F) drop penetration results for different CaP (B-TCP and HA)/CaSO, systems [162].

tolerances, and comparable properties compared to traditional methods.

Myers et al. [590] reported binder jetting of alumina powder infiltrated by molten aluminum. The green part had density of
~0.38 g/cm®, and it increased to ~0.42 g/cm® and 1.89 g/cm? after sintering at 1250 °C/4h and pressureless infiltration at 1200 °C/
16 h, respectively. The compressive strength value of the produced part was ~119 MPa, which was about twice of pure aluminum. It
was proposed that binder jetting followed by sintering and pressureless infiltration could represent an advantageous technology for
designing complex ceramic structures. In another study by Myers et al. [591,620], two different Al,03/Al composites with different
microstructures were modeled. It was demonstrated that the homogenization technique of a high-temperature (1650 °C) sintered
structure could predict a modulus of 180.8 GPa (~15.9% lower than reported in the literature) while the modeling homogenization
of a sample sintered at a lower temperature (1500 °C) resulted in an elastic modulus of 147.8 GPa, (~13.4% lower than that obtained
experimentally).

To develop the concept of MMC production using hybrid additive manufacturing, Sheydaeian et al. [437] 3D printed Ti-TiB
periodic composites. Part production included BJ3DP the Ti matrix reinforced periodically by the extrusion of a custom-developed
highly loaded resin containing titanium di-boride (TiB,) particles followed by a low-temperature pressureless sintering. Fig. 78 il-
lustrates a summary of the part production with characterized properties. In this study, two main variables were the ceramic volume
fraction and sintering protocol (as given Fig. 78(C)). Based on the sintering temperature and designing features of the printed parts,
porosity ranging from 28 + 1.4% to 38 = 2.0% was attained from the Archimedes method as given in Fig. 78(E). Additionally, the
dimensional deviation of the sintered parts showed higher shrinkage in the height (z-direction) of parts compared to x- and y-
directions. It was also found that the input parameters influenced the volume fraction and microstructure formation of the TiB where
the physical properties and mechanical properties were affected. Results showed that the growth probability of TiB, is higher when
the sintering temperature increased from 1200 °C to 1400 °C. Mechanical properties ranging from 1.6 + 0.2 GPa-3.7 * 0.4 GPa for
the Young's modulus and 83.9 + 18.7 MPa-165 *= 13.2 MPa for the yield strength were obtained. The stiffness values increased
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Fig. 75. (A) X-ray diffraction patterns of pure and doped TCP parts after sintering at 1250 °C, (B) SEM micrographs taken from surface of the
sintered samples (left) pure TCP and (right) SiO»/ZnO doped TCP, (C) apparent density measurement of the struts and porosity information for
various pore size design after sintering, (D) compressive strength of sintered scaffolds (dark: doped scaffolds, grey: pure TCP), and (E) MTT assay
after 3, 7, and 11 days of cell culture using osteoblast cells [604].

remarkebly as the sintering increased to 1400 °C. Recently, porous TiC/Ti6Al4V composite parts were fabricated by novel hybrid 3D-
printing/sintering method using a blend of Ti6Al4V and dextrin powders as a precursor material [621]. After pyrolysis at 700 °C for
1h in Ar atmosphere, 26 wt% carbon residue was found in the 3D printed part which was consireded as a main source for TiC
formation. When layer thickness increased from 150 um to 175 um, green part density as well as sintered density decreased. In
addition, pore size after sintering (regardless of temperature) was higher for 175 um layer thickness. The highest density of 5.25 g/
cm® was obtained for parts sintered at 1500 °C for 8 h with a layer thickness of 150 um, in which maximum values of Young’s
modulus, compressive strength, bending strength and hardness were found to be 51GPa, 701 MPa, 285 MPa, and 1.8 GPa, respec-
tively.

Additive manufacturing, particularly binder jetting, has created the opportunity to fabricate functionally graded cellular solids
with tailored mechanical and cell morphological features [622]. In a work by Sheydaeian et al. [157], functionally graded titanium
structures with selective closed-cell layout and controlled morphology were investigated. As shown in Fig. 79(A-D), gradiant
structures with various printing parameters were produced and then sintered. Density measurements showed that various porosity
levels (representing different levels of shrinkage) were acheieved depending on the applied processing parameters during printing.
An exemplary CT micrograph taken from the S4 sample is illustrated in Fig. 79(E) where internal porosity after decomposition of
polymers was visible (blue areas). The measurement of stiffness and yield stress (shown in Fig. 79(G-H)) suggested a range of
2.5 * 0.4 to 3.6 = 0.5 GPa and 107.7 = 18.1 to 145.8 = 13.9 MPa, respectively. The presented method is likely relevant in a
wide range of applications when structures with selective closed cells are applicable such as in manufacturing lightweight structures
in the aerospace industry and orthopedic practice.

Dilip et al. investigated production of TiAl intermetallic alloy via binder jetting followed by reactive sintering [438]. In general,
titanium-aluminides (TiAl) have low density (3.9 g/cm3), good high-temperature strength, and superior resistance to oxidation
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Fig. 76. (A) Microwave sintered scaffolds made from TCP and Sr-Mg-doped TCP compounds, (B) measured relative bulk density, pore size, and
volume fraction of pores as a function of sintering experiments for binder jetted Sr-Mg-doped TCP samples, (C) x-ray diffraction results from the as-
received binder jetted B-TCP and Sr-Mg doped B-TCP samples sintered at 1250 °C, (D) SEM micrographs of the surface of the sintered samples at
1250 °C from the binder jetted TCP powder and Sr-Mg-doped TCP scaffolds, (E) comparison between compressive strength of the sintered scaffolds
as a function of sintering conditions, and (F) photomicrograph of the (a and c) binder jetted TCP and (b and d) Sr-Mg-doped TCP scaffolds indicating
osteon and haversian canal formation as part of the bone remodeling (detailed information for biocompatibility tests can be found in [428]).

Extrusion
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Print head
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Fig.77. Process sequence during hybrid additive manufacturing: (a) dispensing the droplets, (b) binder injection, and (c) spreading the next layer(s)
of the powder. (d) An example of photopolymer droplets pattern on the porous Ti substrate [436].

(above 750 °C), thereby giving them the potential to be used as lightweight and high-temperature structural materials. Production of
TiAl powder is expensive, but it is practical to use a mixture of Ti-6A1-4V and pure Al powders and 3D print via binder jetting. Initial
results in [438] revealed feasibility of the new approach through the use of binder jetting followed by reactive sintering. Fig. 80(A)
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Fig. 78. (A) (a; and a,) Detailed schematic of the designed samples with various volume fraction of ceramic, (a3) the ceramic droplets layout, and
(a4) a sample of 3D printing one layer of composite. (B) Test sample illustrating the ceramic resin pattern after polymerization on Ti substrate, (C)
design description for the composite samples, (D) SEM micrographs of Ti-TiB, reaction zone as a function of sintering temperature, (E) porosity of
the samples measured by the Archimedes method, (F) Young's modulus, (G) yield stress, and (H) hardness of the sintered samples [437].

showed the feedstock powders with angular (pure Al) and spherical (Ti-6Al1-4V) morphology. Binder jetted parts were sintered at
600 °C (mostly solid-state sintering happened) with bright gray appearance where the irregular Al powders could be easily recognized
and 1000 °C (liquid-phase sintering) with black appearance due to the reactive sintering where the spherical Ti-6Al-4V powders were
covered with liquid Al. By cooling to room temperature, the grainy or globular morphology appeared on Ti-rich powder, leading to
neck formation among powder particles. At high temperature, Ti dissolved in liquid Al and the Ti enriched solution re-casted onto the
sintered particles, resulting in TiAl;. X-ray diffraction patterns from the sintered sample at 1000 °C for 24 h revealed intermetallic
compound formation and proved the concept of TiAl alloy formation. In another work by Polozov et al. [439], pure Ti, Nb, and Al
were binder jetted followed by different sintering processes to produce Ti,AINb 3D printed parts. The sintering temperature and
holding time could affect the porosity, diffusion of different alloying elements, and precipitate formation in the microstructure.
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Fig. 79. (A) Sequence of hybrid AM of S1-S4 samples, (B) sequence of hybrid AM of control samples (S5-S8), (C) schematic showing the position of
polymer droplet distribution on Ti substrates: the left image shows the distribution for 9 and the right shows the layout for 16; (D) detail of the
design of samples with encapsulated polymer (S1-S4) and control samples (S5-S8), (E) 3D rendering of the pore network for sample S4, (F) porosity
of the samples measured by the Archimedes method, (G) Young's modulus, and (H) yield stress of samples [157].

4.3.2. Tungsten-based composites

Tungsten (W) is a good composite reinforcement candidate because it is difficult to process in pure amounts. Tungsten can be
processed with metals of lower melting temperatures with liquid-phase sintering, and it can also remain mostly undissolved while
providing good wetting with most other metals to create composites with pressureless melt infiltration.

There are several examples of processing these materials, but there are few examples of this system in binder jetting. W-Fe-Ni and
W-Mo-Ni can be processed with infiltration and liquid phase sintering as composites and have great properties for ballistics
[380,623]. The tungsten-copper system has been fabricated with infiltration into a pressed pellet and has shown great promise,
indicating that coefficient of thermal expansion is a design parameter for composites both for processing and applications [609].
Calvo et al. [624] studied 3D printed tungsten micro-lattices infiltrated by copper to produce W-Cu composites and it was shown that
high versatility for designing W-Cu and other metal-metal composites with tunable properties was practical. In another study by Ho
et al. [610], W-Cu composite powder was shaped with injection molding followed by a liquid phase sintering step and melt in-
filtration of more Cu to fill the residual porosity. They showed that the infiltration created nearly fully dense metal matrix composites
with minimal shrinkage. Parts shrunk < 6%, which was mostly from sintering, not infiltration. Fig. 81 shows the process and final
parts of W-Cu starting with shaped W-Cu parts that are subsequently Cu infiltrated.

Net shaping of W-based alloys and composites with powder bed systems has been done and the properties are comparable to
traditional manufacturing methods [625]. Pure W powder was binder jetted followed by sintering at 1385 °C for 2h [626]. It was
shown that the final product had a maximum relative density of 99.7% with shrinkage of ~19%, tensile strength of 770 MPa and
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Fig. 80. (A) SEM micrographs taken form the feedstock Al and Ti-6A1-4V powders, (B) optical images from binder jetted parts and SEM micrographs
from the surface of the sintered samples at different temperatures for 6 h, and (C) cross-sectional SEM micrographs taken from the sintered sample at
1000 °C for 24 h with correspondence XRD pattern [438].
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Fig. 81. (a) Side view image showing the molded component and its inherent features, (b) side view of finished product showing no copper
accumulation at corners and complete infiltration across an overhanging feature, and (c) top side view of macroscopic comparison of molded
component (left) and finished product (right) [610].

elongation of 8.6%. Lipke et al. [627] reported part production from ZrC/W-based composites with complex geometries via rapid
prototyping and displacive compensation of porosity (see Fig. 82). They tested two automated rapid prototyping methods including
(1) computer-numerical-controlled machining of porous WC powder compacts and (2) 3D printing of WC powder. In both cases, after
part production from WC powder, partial sintering was carried out at 1400 °C for 2h to let neck formation between WC particles
increase the green part strength for preform handling. Next, the porous rigid preforms were exposed to molten Zr,Cu at 1150-1300 °C
and ambient pressure (known as pressureless reactive infiltration). Consequently, the Zr in the melt reacted with WC forming ZrC and
W products where the prior pores were filled by ZrC. The produced ZrC/W-based composites could keep the original shapes and
dimensions with up to 1% shrinkage compared to the WC preforms. For one thing, the green part densities in the uniaxial pressed and
3D printed parts were ~50% and ~57%, respectively. Further, the infiltrated 3D printed part showed a layered morphology (with
alternating ZrC-rich and W-rich layers) whereas dense composites formed from the infiltrated pressed part indicated a relatively
uniform distribution of ZrC and W phases. Finally, the measured relative density of the infiltrated part from the pressed sample was
between 95 and 100% with fine and spherical pores while it was ~94% for the 3D printed part with irregular coarse pores.
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Fig. 82. Optical micrographs of rocket nozzle-shaped samples at various stages of fabrication. Results from (A) uniaxial pressing of a WC/binder
mixture and (B) 3D printed parts from WC powder were presented. (a;,b;) A porous, rigid WC preform was prepared followed by binder burnout and
partial sintering for necking of WC particles, (a,,b.) infiltrated parts with Zr,Cu melted at 1150 °C for 30 min, then further reaction above the melt at
1300 °C for 2h, (a3,bs) final product after surface cleaning, (a4,bs) dimension measurement results, and (as_g,bs—g) SEM micrographs with corre-
sponding EDS elemental mapping of (ag,bg) W and (a;0,b10) Zr [627].

4.3.3. Stainless Steel-based composites

The most common metal matrix composite with binder jet 3D printing is steel and bronze. This is because the wetting is sufficient
and there is limited solubility of one material into the other. Additionally, the crystal structure plays a role in the compatibility of two
materials to form a composite with melt infiltration without mixing to make interfacial material during infiltration. Iron is body-
centered-cubic and copper is face centered cubic, so there is limited solubility of Cu into Fe. Steel can be sintered without the addition
of bronze, so this composite is strategic for filling voids without changing shape from sintering by using melt infiltration.
Homogenous steel infiltration was studied by Kernan et al. [612]. It was shown that a conventional tool steel alloy could be produced
with infiltration of one material into the same material of slightly different phase and melting point. This can be done using the
infiltration technique because one phase can be printed and the other phase can melt into the preform. Usually, there is not enough
difference in melting temperatures between two steel phases, so the whole system can melt and slump if infiltrating one steel grade
with another.

There has been some work on the Fe-Cu system using infiltration. Doyle et al. [189] studied the effect of three layer thicknesses
(50 um, 100 pm, and 200 pm) and print direction on the mechanical strength of the infiltrated SS 420 parts. First, it was found that
little to no shrinkage occurred. A comparison between the effect of layer thickness and print orientation is shown in Fig. 83(B)—(D). It
was revealed that layer thickness affected mechanical properties (i.e. ultimate tensile strength and yield strength) more than printing
orientation. The properties varied up to 30% depending on the layer thickness of the part. The authors would like to point out that
although it is mentioned by Doyle et al. that the part orientation had negligible effect on mechanical strength, it could affect green
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Fig. 83. (A) Orientation of samples in different planes and (B) variation of ultimate tensile strength as a function of layer thickness and part
orientation in YZ plane and variation of yield strength as a function of layer thickness and part orientation (C) in YZ plane and (D) in XY plane [189].

part strength. When the sample was printed parallel to the roller movement (assume x-direction indicates roller movement direction
and y indicates print head movement), mechanical strength of the green part after curing was higher than that of the vertical
condition.

Chou et al. [628] reported processing of Fe-Mn biomaterials by binder jet 3D printing to produce biodegradable scaffolds. Al-
though the 3D printed parts were sintered at 1200 °C for 3 h with a ~20% shrinkage, an open porosity of ~36% was observed. It was
thought that poor packing of powder during the spreading step might be due to the inhomogeneous powder morphology and particle
size. Binder jetted Fe-Mn parts exhibited higher corrosion rate of 2.8 mm/year when compared to pure Fe (0.07 mm/year) using
potentiodynamic polarization tests due to the perceived porosity induced by binder jetting. Mechanical testing showed that the yield
strength, ultimate strength, elongation, and Young’s modulus were about 106 MPa, 116 MPa, 0.7%, and 32.5 GPa, respectively,
which are all similar properties to natural bone.

In another study by Hong et al. [629], Fe-Mn-Ca/Mg was binder jetted and the influence of Ca and Mg on the porosity, corrosion
rate, and mechanical behavior was compared to Fe-Mn binder jetted parts. As the Ca or Mg content was increased, the corrosion
current density increased in the potentiodynamic polarization tests. In addition, binder jetted Fe-Mn and Fe-Mn-1Ca samples pre-
sented open porosity of 39% and 53% as well as shrinkage of 32% and 12%, respectively. Tensile strength and Young’s modulus of the
binder jetted Fe-Mn were 228 MPa and 39 GPa, respectively, while they increased to 297 MPa and 164 GPa for the Fe-Mn-1Ca
sample.

In a study by Cordero et al. [441], iron and bronze were processed with a special feedstock of agglomerated, glassy Fe. Infiltration
of bronze into the steel was successful, and the strength of the composite was improved by filling the voids and lessening stress
concentrators at particle necks compared to sintering the same part. Fig. 84(A) shows the infiltrated iron structure with bronze.
Various phases were detected including sintered powder, bronze infiltrant, and reprecipitated iron (which could be prevented by
shorter infiltration cycles). Load-displacement results from bend tests (Fig. 84(B)) showed that the infiltrated samples had an average
transverse rupture strength of 570 MPa, over four times higher than that of the sintered specimens. Fracture surface study shown in

(A) (B)

bronze
reprecipitated iron infiltrant

v sintered
y =

displacement

Fig. 84. (A) SEM micrograph of the infiltrated iron-based material with bronze, (B) load-displacement curves from bend tests, and (C) SEM mi-
crographs of (left) a sintered and (right) an infiltrated bend test specimen’s fracture surface [441].
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Fig. 85. (A) SEM micrographs of the used powder (top) coarse, (middle) fine, and (bottom) mixed powders. Optical micrographs and relative
density results of mixed stainless steel boron compounds sintered in Ar atmosphere at (B) 1200 °C, (C) 1250 °C, and (D) 1300 °C; (E) relative density
variations after sintering parts in Ar and vacuum atmosphere; and (F) hardness measurements of samples sintered in vacuum [127,342].

Fig. 84(C) revealed that the sintered part failed by brittle fracture at the interparticle necks; however, the infiltrated one failed
primarily by transparticle crack propagation. The Vickers hardness of the sintered part was 17 GPa while it was 11 GPa for the
infiltrated materials (which is about 3 GPa higher than the microhardness of the as-quenched high-strength tool steels). Thus,
infiltration can be a viable option for 3D printed samples.

In the past, injection molding of pre-mixed iron-based powder with ceramic particles was used to fabricate MMC structures [630].
Sun et al. [442] suggested the addition of SisN, powder to the SS 420 to assist liquid-eutectic-activated sintering at the presence of Si.
Although, after sintering BJ3DP pure SS 420 at 1300 °C for 6 h, relative density of ~64% was achieved while maximum relative
density of ~99.8% was attained when 12.5 wt% SisN, powder was added to the mixture. Therefore, it could be expected to attain
high bulk density even at a lower sintering temperature. To attain maximum density as well as shape retainment with high me-
chanical strength, the optimal experimental factors were 12.5wt% SizN,4 content, 1225 °C sintering temperature, and 6 h holding
time. Obtained densification of those parts was 95%, with a volumetric shrinkage near to 45% and modulus of elasticity close to 200
GPa.

In other studies [127,342], small amount of boron compounds was added to the composition as a sintering additive element to
enhance densification. Fig. 85(A) illustrates morphology and size of the feedstock powder as well as the mixed particles. The powder
packing density was improved by using the mixture of two distinct sizes of powders. With the addition of 0-1 wt% sintering additives
such as B, BC, and BN into the starting powder, maximum relative densities of ~95% were attained after sintering in an argon
environment at 1250-1300 °C. In fact, sintering additives such as boron compounds can facilitate sintering due to liquid phase
formation [631]. Shape and dimensional variations as a function of sintering temperature and boron additive content are illustrated
in Fig. 85(B)—(D). Up to 0.5 wt% of boron compounds were added to achieve a near full density in the final part such that the cubic
shape of the 3D printed part was not changed. Also, a comparison between Ar and vacuum atmospheres on densification behavior
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Fig. 86. (A) Images and relative density results of mixed SS 316L boron compounds sintered in vacuum atmosphere at different sintering tem-
peratures. Surface topologies of binder jetted parts after sintering at 1300 °C, (B) mixed powder without boron, and (C) mixed powder with 0.5%
boron [443].

revealed that sintering in a vacuum environment further improved the final density, leading to the maximum relative density of
99.6%. Similar results on the effect of sintering atmosphere was reported by Juan [632]. Rockwell hardness measurement on the SS
420-0.5 wt% boron compounds showed that the fabricated samples achieved hardness values of 75-85 HRA, which were similar to
that of traditional production methods.

Do et al. [443] conducted a systematic study on binder jetting of SS 316L parts. They showed that the powder bed density of
~51% was achieved using monomodal powder while it could be enhanced to ~65% using trimodal powder. By adding sintering
additives of B, BC, and BN into the starting powder mix between 0 and 0.75 wt%, the final relative density of ~99.7% was achieved
after sintering in a vacuum atmosphere at 1200-1350 °C (Fig. 86(A)). It was displayed how sintering additives affected optimum
sintering temperature such that near-full density with uniform shrinkage was attained. It was revealed if the sintering additives were
added to the mixed stainless steel powder, densification occurred even at lower temperatures due to eutectic formation during liquid
phase sintering, leading to smoothening out the surface (see Fig. 86(B)—(C)).

4.3.4. Tungsten carbide-based composites

In general, there has been limited research on additive manufacturing of tungsten carbide-based composites, however there is
significant opportunity in tungsten-carbide cobalt as cemented carbides. WC-Co is broadly utilized in different industries due to its
high strength, hardness, and stiffness at high temperatures, particularly in metal working, mining industries, and wear coating
applications [633]. Typically, WC-Co is composed of WC particles and Co matrix material and due to a significant difference of
melting points between these two materials, liquid-phase sintering through cobalt and eutectic melt is the main mechanism for

99



A. Mostafaei, et al. Progress in Materials Science xxx (xxxx) Xxxx

densification. Fabricating WC-Co parts is usually carried out by die compaction with high associated tooling costs, followed by
sintering to attain high density and strength. Additive manufacturing as an alternative to fabricate WC-Co parts is attractive to
manufacturers to produce complex shapes while decreasing the price and waste. Recently, Sanjay Kumar [634] conducted SLS of WC-
Co powder where parts with different size and thickness were produced. Parts with different size and wall thickness were produced
with Young’s modulus and yield strength of 508 GPa and > 2000 MPa, respectively. However, two issues were seen in the SLS
produced parts including micro-crack formation and heterogenous microstructure. Kernan et al. [231] fabricated WC-Co parts by
slurry-based inkjet printing (aka material jetting), in which WC and Co powders were mixed and dispersed in binder and then the
slurry was ink-jetted through a nozzle. After densification through sintering and HIP, a uniform microstructure with near-full density
was achieved. Scheithauer et al. [635] introduced droplet-based additive manufacturing by thermoplastic 3D printing to produce
hard metal compounds from WC-Co suspensions. A sintered part (at 1350 °C and 60 bar in Ar atmosphere) with almost full density
(14.23 g/cm®) with nano-scaled grain size of WC grains in the mean size of < 200 nm was achieved. The drawback to these inkjet
approaches is that scaffolding is needed to support overhanging features during the print, limiting the geometric freedom. Also, the
surfaces of the parts were highly textured, meaning post-machining would be required for end-use. In another work by Zhang et al.
[636], WC-Co components were produced by gel extrusion. The parts were sintered at 1360 °C for 1 h under vacuum, relatively high
density of 13.55 g/cm® (99.93% of theoretical density) with a hardness of 87.7 HRA was achieved. Much like material jetting, the
downside of extrusion technology is the need for support scaffolds and also textured surfaces. Further, extrusion-based AM parts
suffer from inherent porosity between the bead traces.

To avoid issues seen by other AM processes including cumbersome support strategies and poor surface finish, binder jetting as a
powder bed technique can be a solution for manufacturing high-quality, complex shapes out of WC-Co materials. Further, it has been
shown that the productivity of binder jetting surpasses other powder bed systems [52]. Cramer at al. [637,638] suggested to 3D print
WC preforms and then infiltrate by cobalt. Results showed that pre-sintered part followed by Co infiltration resulted in a uniform
microstructure in which WC grains were properly wetted by Co matrix and the maximum relative density of 98.5% with ~15%
shrinkage was attained. However, WC grain growth was reported that could affect mechanical properties. Since infiltration of pre-
form WC may lead to the formation of large pits and missing parts of the 3D printed WC, Cramer et al. [639] proposed using the WC-
20 wt% eutectic composition where the distortion and shrinkage were minimized. Recently, Enneti et al. [447,448] introduced binder
jetting to produce parts from WC-Co composite powder. A spherical pre-alloyed WC-12%Co with ~5.4% carbon content was BJ3DP
with a green density of ~42% (see Fig. 87(A),(B)). After de-binding, two sintering conditions were conducted: (1) vacuum sintering
at 1435-1485 °C for 45 min yielded low sintered densities in the range of 13.1-13.5 g/cm3 (Fig. 87(C)) and (2) HIP under a pressure
of 1.83 MPa at 1485 °C for 5-30 min resulted in near theoretical densities of 14.1-14.2 g/cm3 (Fig. 87(D)). Depending on sintering
conditions, shrinkage up to 26% was seen where it was higher in thickness. Sintering under pressure at 1485 °C for 5 min led to higher
density as well as uniform distribution of WC grains in Co matrix; however, the etched microstructure shown in Fig. 87(E) revealed
grain coarsening uniformly distributed in the microstructure and those clusters were present at ~10vol%. Further testing was
conducted using optimum sintering conditions including hardness (1287 + 45 HVs) and fracture toughness (17 + 1MPam'/?).
The attained hardness and fracture toughness values were in agreement with the reported properties of conventionally produced
medium grain size WC-12%Co. Wear testing exhibited a volume loss of 140.5 + 2.7 mm® (based on B611 test), suggesting that the
wear resistance of the binder jetted part was superior to that of standard cemented carbides with a similar amount of Co. Frag-
mentation and pull out of WC grains and substantial wear of the Co matrix was seen on the sample surface using SEM micrographs
after the B611 test (see Fig. 87(G-left)). Moreover, G65 wear testing showed a volume loss of 3.7 + 0.7 mm? (compared to the
volume loss of ~12mm?, 9.8 mm?, and 5.6 mm? for the conventionally produced WC-Co with 15%, 10%, and 8% Co content) and
SEM micrograph displayed that the wear occurred primarily in the Co matrix. Carrefio-Morelli et al. [640] compared densification
behavior of tungsten cemented carbide parts containing two different Co content of 12% and 17.7%. It was shown the addition of
small amounts of elementary Co to pre-sintered WC-Co granules makes it possible to obtain near fully-dense microstructures with
isotropic shrinkage and shape retention. Recently, Enneti and Prough [192] studied the effect of binder saturation (45-70%) and
powder layer thickness (50-70 um) on green strength of the 3D printed WC-12%Co. It was reported if the layer thickness increases,
then it is necessary to increase binder saturation to have similar strength in the printed parts. However, it was not addressed if higher
binder content may cause composition variation in the sintered part and affect the mechanical properties. Overall, the use of
composite powders in binder jet additive manufacturing to produce cemented carbides holds significant promise and most likely can
be applied to many other material systems.

4.3.5. Ceramic matrix composites and gradient materials

Carbide- and nitride-based ceramics are a challenge to consolidate in complex geometry, but the materials can be shaped and post
processed with liquid-phase sintering with sintering aids or back infiltration by reaction bonding or other methods. Binder jet
provides a platform to make porous preforms in complex geometry that are subsequently consolidated with post-processing. Like
traditional processing of ceramic matrix composites, a pair is picked based on processing and the final product properties. About
5-15 wt% of one ceramic is added to the primary ceramic to provide liquid-phase sintering. An example of this is SiC with a small
amount of Al,03 and Y503 additives to form composites [641]. Because of high porosity and large particles in binder jet printing, it is
still difficult to sinter ceramic matrix composites with liquid-phase sintering to full density. For nitrides, they can be printed as
precursors and reacted with nitrogen gas [97,107], printed as precursors and reacted with displacement reactions, or liquid-phase
sintered, but the same challenges with carbides are present.

Back infiltration with melt infiltration (MI), chemical vapor infiltration (CVI), and polymer impregnation and pyrolysis (PIP) are
options to fill the porosity of ceramic powder preforms. MI can produce reaction bonded materials be reacting the preform with the
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Fig. 87. (A) SEM micrograph showing morphology of the used WC-12%Co powder, (B) green, debound, and sintered part showing shrinkage
happened after sintering. Variation in density, shrinkage, and microstructure of the sintered samples under (C) vacuum condition and (D) pressure
of 1.83 MPa. (E) Etched microstructure of a sample pressure sintered at 1485 °C, (F) hardness testing, and (G) SEM micrographs of the wear surface
after (left) B611 and (right) G665 testing [447,448]. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

infiltrant on the surface or even reacting the preform entirely. For example, an early study showed how reaction bonding of SiC was
achieved by melting Si into printed C preforms [444]. Also, a reaction bonded SiC-TiB, system was made with displacement reactions
using hot pressing with only powders of B4C, TiC, and Si [642], so this could applied to binder jet technology. Goncharov et al. [643]
binder jetted Nb-Si to fabricate in-situ composite structure with various stochiometric phases with potential high-temperature ap-
plication. Recently, SiC-Si composite was fabricated by first binder jetting of SiC, impregnation with phenolic binder, pyrolysis to
leave carbon, and Si melt infiltrated to react the carbon to SiC around the printed SiC leaving some residual Si but ultimately
increasing the SiC content in printed SiC parts [445]. Lv et al. [644] fabricated SiC whisker-reinforced SiC ceramic matric composite
using binder jetting followed by chemical vapor infiltration. Parts with complex geometry were fabricated, and then ceramic matric
composite was attained after post treatment under controlled temperature and pressure leading to the flexural strength and fracture
toughness as high as 200 MPa and 3.4 MPam'?, respectively. Fu et al. [619] fabricated dense SiSiC ceramic composites from Si
(19.5 um)/SiC (16.2 pm)/dextrin (109 um) powder blends. Parts were pyrolyzed at 1000 °C in N, atmosphere resulting is a preform
with porosity of 41% followed by Si infiltration at 1500 °C in vacuum. The volume ratio of Si/SiC in starting composition played an
important role in the final porosity, density and mechanical properties. The maximum density and mechanical properties were
attained for the Si/SiC ratio of 10/90.

Graded materials show a continuous variation of material properties resulting from a non-homogeneous composition and mi-
crostructure that transitions through the structure in a controlled manner. The four mainstream 3D printing processes can produce
multiple materials in a single build including powder bed fusion (PBF) [645-648], extrusion [575], materials jetting [649,650] and
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Fig. 88. (A) Binder distribution profile and schematic view of the functionally graded carbon preform. (B) SEM micrographs taken from functionally
graded SiC-Si composites. (C) X-ray diffraction patterns for the functionally graded SiC-Si composite with respect to the x-ray intensity ratio of SiC
to Si as given in (D) [444].

directed energy deposition [651]. Depending on the manufacturing process, continuous gradient (smooth transitions between ma-
terial compositions with respect to the position) or stepwise gradient (discontinuous material compositions that form multilayered
structures) materials can be produced [650,652].

In terms of graded ceramics, traditional manufacturing is limited to machinable geometries while 3D printing can achieve
complex-shaped preforms with overhang, undercut, and inner channel structures desirable in many applications. Moon et al. [444]
showed that variation of binder saturation during 3D printing resulted in the production of the functionally graded SiC-Si composite
structure. Fig. 88(A) illustrates the binder jetted part indicating four different layers with different relative binder amount ratios and
microstructure of the functionally graded SiC-Si composite. The authors found that the higher the binder content, the higher un-
reacted carbon will remain in the microstructure (black regions in Fig. 88(B)). As the relative binder amount decreased (meaning
lower binder saturation), the black area decreased and microstructure mainly consisted of SiC and Si. Using XRD analysis, the relative
intensity of Si peak varied from ~8% in the most binder saturated region to ~24% in the least binder saturated region. Lv et al.
[644] fabricated SiC whisker-reinforced SiC ceramic matric composite using binder jetting followed by chemical vapor infiltration.
Parts with complex geometry were fabricated and then ceramic matric composite was attained after post treatment under controlled
temperature and pressure leading to the flexural strength and fracture toughness as high as 200 MPa and 3.4 MPa m'/?, respectively.
Recently, SiC-Si composite was fabricated using binder jetting of SiC to produce preform of SiC, then reaction bonding of SiC with
liquid silicon infiltration resulted in densification [445]. Additionally, it was suggested to add phenolic resin binder to assist in-situ
SiC formation during infiltration of liquid silicon therefore a uniform SiC was achievable. The required excessive carbon could be
introduced into the initial powder by mixing prior printing. It was shown that parts with complex geometry and wall thickness
of < 1 mm could be fabricated.

In a study by Levy et al. [121], TiCx MMCs with a gradient of carbon content in the titanium carbide phase (x changes from 0.7 to
0.98, shown in Fig. 89(A)), were fabricated by sequentially changing out powders in a binder jet system to create discrete layers and
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Fig. 89. (A) Schematic of the printed part from TiC, and after infiltration with stainless steel. (B) Vickers hardness values as a function of TiC before
and after quenching. SEM micrographs taken from the etched samples with different TiC, content (C) before quench and (D) after quench. (E) binder
jetted TiC, performs with different geometries: (a) helical gear, “spider web” lattice truss and simple cubes; (b) hollow and full cones; (c) “Lego
brick;” (d) helical gear; and (e) “spider web” lattice truss [121].

infiltrating the printed preform with high-carbon steel. For the case of infiltration and slow cooling, grain growth of TiC particles
occurred and a microstructural gradient from ferrite in the region close to the TiC with low carbon content (x = 0.7) to pearlite in the
area close to the TiC with high carbon content (x = 0.98) was seen as illustrated in Fig. 89(C). However, in the case of annealing and
quenching infiltrated parts, a finer microstructure compared to the slow cooling condition was seen and a structural gradient in the
steel matrix from ferrite to martensite was observed (shown in Fig. 89(D)), resulting in a hardness gradient of 700-1600 HV (given in
Fig. 89(B)). Examples of complex-shaped graded composites are shown in Fig. 89(E), suggesting that binder jetting is capable of
manufacturing parts with desired gradient properties suitable for a wide range of practical applications.

5. Computational models for binder jetting

Computational modeling for the binder jetting process has started to attract attention. The models can describe the involved
phenomena through fundamental physics, which opens the door for a deeper understanding of the process. The models can also
(partially) replace experiments to reduce the cost and schedule for the process optimization. The steps in the binder jetting process
that models would be particularly valuable for include the powder spreading and binder-powder interaction during printing as well
as the sintering process after the printing.

First, the powder spreading determines the uniformity of the powder density within the green parts and ultimately the uniformity
of the sintered final products. Modeling the effects of different factors on powder bed qualities is crucial for optimizing the green part
condition and achieving consistency in sintering.

Second, the binder-powder interaction dictates the binder deposition/penetration and powder re-arrangement. Modeling this
phenomenon will guide binder and printhead developers to improve the print resolution, quality, and speed. Specifically, simulating
the effect of powder characteristics (e.g. size, density, and morphology), binder characteristics (e.g. density, rheology, and surface
tension), and jetting parameters (e.g., droplet volume, shape, and impact speed) on the powder-binder interaction will allow process
developers to minimize powder ejection from droplet impact and tailor binder permeation to achieve parts with uniform densities
and higher-resolution features, respectively.
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Third, the sintering process after the binder jetting can introduce a significant change to the microstructure in the green parts.
Modeling the relevant physics will enable the optimization of the sintering process toward controlled grain size and reduced porosity
in the final microstructure, which is critical for the mechanical performance of the products.

5.1. Modeling of powder spreading

During the binder jetting process, a spreader (i.e., roller or blade) is used to spread one layer of new powder over the existing
powder bed. The spreader in movement will apply force to drive the movement of the powder particles in contact with it, and those
particles will further pass along the force to their neighbor to drive the movement of more particles. The dominating physics in this
process are the particle-spreader interaction and particle-particle interaction. These physics can be well captured by the Discrete
Element Method (DEM), which has been widely used to investigate the influence of different factors on the powder spreading process.

5.1.1. Modeling of particle-particle interaction
In the DEM models, the total effects of various forces are found to calculate the particle movement. The instantaneous transla-
tional/rotational accelerations for each particle could be determined by the equations from Egs. (23) and (24) [653].

dx =2 =
mor = Ltk @23)
do —
I =2M 24)

Here ), 1_4"), is the sum of all the particle-particle interaction forces, I_’; is the gravity force, Ml is the sum of all the torques, X is the
position of the particle center, @ is the angular velocity of the particle, m is the mass of the particle, and I is the momentum of inertia
of the particle. For each particle, once its translational/rotational accelerations are found from Egss. (23) and (24), the translational/
rotational speeds and thus its position and rotational angle will be updated. The major forces that exist in the particle-particle
interaction are generally divided into two types: non-attractive contact forces and attractive forces [654,655], as will be introduced
below.

5.1.1.1. Non-attractive contact forces. The non-attractive contact forces include (a) the normal collision force, caused by the particle
deformation during particle collision and (b) the tangential friction force, caused by the relative movement between two contacting

a

SCTI.

Friction f

(a) (b)

Fig. 90. Schematic for particle-particle interaction. (a) Definition of the quantities to describe the particle contact [657]. (b) The definition of secant
and tangent stiffnesses for the simplified soft particle contact model [659].

104



A. Mostafaei, et al. Progress in Materials Science xxx (xxxx) Xxxx

particles [655-660].
Fig. 90(a) shows the basic configuration of one particle pair. The normal direction between the two particles is defined as

W= - X% - Xl (25)

where X, and E; are the positions of the two particles. 7 is the unit vector that points from the center of particle j to the center of
particle i, and the tangential direction  is the unit vector perpendicular to 7. Then the particle deformation during the contact

process is characterized by the normal overlap or displacement ¢,, which is defined as [657]
$=—Ri+ R) + (& = X)W (26)
with R; andR; being the radii of the two particles.

The con-attractive contact force along the normal direction, denoted as I_i,), is primarily caused by the collision-induced de-
formation, which can be calculated with a variety of models (e.g., soft particle model, continuous potential model, linear viscoelastic
model, and non-linear viscoelastic model) [657,659]. Using the simplified soft particle model as an example, 1_?,: can be modelled with
a linear spring in the contact normal direction, denoted as secant stiffness s, in Fig. 90(b), and is calculated as [659]

N
E = sal, W (27)

where ¢, is the overlap in the contact normal direction as calculated with Eq. (26).

The non-attractive contact force along the tangential direction, denoted as 17[, is caused by friction. It can also be calculated based
on different models (e.g., tangential force-displacement model, Walton Braun tangential force-displacement model, Cundall model,
Mindlin and Deresiewicz model, and soft particle model) [659-663]. Using the simplified soft particle model again as the example, 1_?:
can be modelled with another linear spring in the contact tangential direction, denoted as tangent stiffness s in Fig. 90(b). The

frictional slip is possible in the tangential direction, determined by the friction coefficient f. F: is given by [659]
= |ZsuslT for K1 < IR
k= = . - — —
flE1sign(Q AL ¢t for IF| > IfE (28)
where A, is the displacement increment in the contact tangential direction.

5.1.1.2. Auractive forces. The attractive interaction is caused by the intimate contact between solids and can be described by the

Johnson-Kendall-Roberts (JKR) theory [664-667]. The attractive force, denoted as ?N, is always along the along the contact normal
direction and can be calculated by the Hertz-JKR model as [653]

?N = (Fy — AR Eo)W (29)
where Fy is the modulus of normal non-attractive contact force calculated by
4 3
FN = g eff\/@{nz (30)
Here Eo = EEféj and Reg = RRiRéj are the reduced Young’s Modulus and reduced radius for the two particles, and ¢, is the normal

overlap between the two particles, as defined in Eq. (26). F¢ is the modulus of the force related to the particle surface energy and can
be calculated by

Fe = 1.5yRest (31)

where y = %, + v, is the total surface energy of the two particles. There are some other models, such as the Linear Hysteretic and
Linear Bonding models [668,669], to calculate the attractive force along the normal direction. Meanwhile, the JKR model could also
be expressed in other formulations [670].

Another attractive force is the non-bonded Van der Waals interaction force, which can be non-negligible in certain circumstances.
The force can be calculated by [306,671,672]

l4myReg| @ if £>0

=1 l4myReff | D2j — .
Fyaw = m if — Dpax <EL0
- .
0 if €< — Dpax (32)
where £ is the compression of colliding particles (i.e., § = —¢), Dmin is a parameter introduced to avoid the singularity of the Hamaker

equation at £ = 0 [673,674], y is the surface energy, and Dy, is the maximal distance of the Van der Waals interaction [654].
5.1.2. Consideration of spreaders
The treatment of spreaders is another indispensable part of the powder spreading. One approach is to treat the spreader as a wall

boundary. The interaction forces between the powder particle and spreader can be calculated using the formulation for particle-
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particle interaction, with the spreader considered as a particle with infinite mass and radius [306]. Another approach is to reconstruct
the spreader with a set of rigidly moving particles with predefined translational and rotational velocity. The particle-spreader in-
teraction is then captured by a series of particle-particle interactions [219].

5.1.3. Model-based investigation of powder spreading

The DEM has been widely used to investigate the effects of different factors on the powder spreading process. Three factors are
found to affect the process effectively: the powder geometry, the powder-powder interaction forces, and the spreading properties.

Powder geometry refers to the shape and size of the powder particles. Dong et al. [181] proposed a modified DEM method based
on the orientation discretization for the non-spherical particles. This model included the hopper discharge and rotating drum, the two
major powder spreading methods for binder jetting printers. It was found that the powder shapes and their aspect ratio can sig-
nificantly affect the sliding and rolling friction, and thus affect the packing fraction of the powder bed. Haeri et al. [219] discovered
that an increase in the aspect ratio for the particles larger particle could increase the surface roughness and reduce the volume
fraction of the powder bed, i.e., led to a lower powder bed quality. Meier et al. [675] found that a reduction in the particle size caused
a low and spatially varying packing fraction inside the powder bed as well as a non-even surface profile. Chen et al. [213] defined a
critical particle radius. When the particle radius was larger than the critical value, the fluidity of powder was improved as the particle
radius decreased, which benefited the powder bed quality. When the particle radius was smaller than the critical value, the powder
fluidity was decreased due to the Van der Waals force, and thus the powder bed quality was reduced.

The attractive (cohesive/adhesive) interaction between the particle and spreader materials is also important for the powder layer
uniformity. Chen et al. [213] found out that the powder fluidity is reduced when the weight of the cohesive force is increased, which
will influence the powder layer quality. Wang et al. [676] found that particle cohesion can reduce powder packing density and
smoothness of the powder bed surface. They also found that proper cohesion effects can improve powder bed homogeneity, which is
beneficial for the powder bed quality. Meier et al. [675] showed that the powder layer quality decreased with increased cohesiveness
among powder particles. To attain a smooth surface finish, a roller with reduced adhesive interaction is needed.

Spreading properties includes the spreader geometries, layer thickness, and rolling/spreading speed. The effect of roller diameter
and layer thickness on the powder packing density and packing stress was numerically and analytically investigated by Miao et al.
[677]. At a fixed layer thickness of 50 um, increasing the roller diameter resulted in higher packing stress and powder packing
density. In contract, when keeping the roller diameter fixed at 16 mm, increasing the layer thickness from 50 pm to 100 um led to a
reduction in the packing stress and thus powder packing density. Meier et al. [675] pointed out that a higher blade speed resulted in a
smaller layer thickness during printing, which can be compensated by a reduced powder flowability or an increased nominal layer
thickness. Parteli et al. [306] found that a higher process speed led to a lower packing density with larger voids inside the powder bed
the particles and also a surface with larger undulations. Similarly, Haeri et al. [219] also demonstrated that a higher spreading speed
produced a less effective powder packing. They also found that a rotating roller as opposed to a blade spreader led to a more uniform
powder bed.

5.2. Modeling of binder-powder interaction

Once a new layer of powder is spread on the powder bed, the binder droplets will be jetted at selected locations on the powder bed
to bind the local powder particles. As revealed by the high-speed X-ray imaging [254], the binder droplet impacted on the powder
bed with a high velocity and penetrated the powder bed (see Fig. 91). In the meantime, the momentum from the droplets was

500 um

t=11.10ms

t=11.40 ms t=11.45ms t=11.50 ms

Fig. 91. High-speed X-ray imaging sequence showing the behavior of two consecutive binder droplets impacting on the powder bed [254].
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Fig. 92. Illustration of a liquid bridge with volume V between two identical substrates obtained through numerical minimization of the total energy
with Surface Evolver [678].

transferred to the powder particles, which drove the particles to collide with each other and caused a significant rearrangement of the
particles. Some of the particles were even ejected from the powder bed (i.e., spattering). The binder-powder interaction process
includes two aspects of physics: (a) the binder-particle interaction, or more generally the solid-liquid interaction, and (b) the particle-
particle interaction. While the latter physics has already been explained in Section 5.1, this section will focus on the solid-liquid
interaction.

5.2.1. Static modeling of Solid-liquid interaction

The static state here is defined as when all the variables regarding the solid-liquid interaction are in equilibrium. The first step to
understand the static solid-liquid interaction is the wetting of liquid on the solid. The steady-state wetting of a liquid on a solid
surface can be expressed by Young’s equation, which has already been introduced as Eq. (17). With this information, it is then
possible to investigate the interaction between liquid and two solid substrates. One of the simple examples is presented by De Souza
et al. [678] to investigate the interaction between a liquid bridging between two flat substrates (as shown in Fig. 92). The total force
(denoted as thal) needed to maintain the two flat substrates separated with a distance D can be calculated as

=2 - . 2 1 1 —

Fota (D) = (Fiension + FLaplace)V =|27R (D)YSlns + 7R (D)}’ —+ =V

R R (33)

Here R is the radius of the interface between liquid and solid, y is the liquid-vapor surface tension, R; and R, are the principal radii

of curvature, 6 is the static contact angle, and v is the unit vector in the vertical direction. Two physical mechanisms contribute to
>

Fiota- The first term, Fpsion, is the line integral of the vertical component of liquid-vapor surface tension y. Fieysion tends to pull the two

substrates toward the liquid. The second term, Fiapiace, is the surface integral of the static pressure applied by the liquid on the solid

surface. Fygplace tends to push the substrates away from the liquid. In the static state, the pressure is constant throughout the liquid and

equals to the Laplace pressure, which can be calculated by the Young-Laplace equation

1 1
Praplace = y(—+ _2)

R R (34)

Similar analyses can be performed to investigate the scenarios in which the two substrates have more complex geometries.
Tselishchev summarized the analyses of the forces for different cases, as shown in Fig. 93 and Table 4 [679].

While the above analytical analyses reveal the physics in the relatively simple configuration, it is challenging to apply the same
approach to investigate the static solid-liquid interaction (i.e., powder-binder interaction) in the binder jetting process, in which the
liquid droplet can bridge across multiple particles with different shapes and sizes. Miyanaji et al. [164,308] introduced a new
approach to estimate the equilibrium saturation of binder in the powder bed based on the energy and force balances. This physics-
based model calculated the driving pressure as

_ S(1 — g)ycosd
p= - (35)

where S is the average specific surface area of the powder bed, ¢ is the porosity of the spread powder bed, y is the liquid-vapor surface
tension, O is the equilibrium contact angle. The term p represents the average pressure that drives the liquid binder migration inside
the powder bed when there is no binder left on the powder bed surface. Therefore, under the equilibrium conditions the pressure
difference across each binder-air interface in the powder bed pores should follow the equation above such that the overall driving
pressure gradient becomes zero. This equation is then employed to predict the average capillary pressure at equilibrium status, which
is subsequently useful to determine the actual equilibrium saturation level with the help of the empirical capillary pressure-saturation
curve.
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Fig. 93. The calculation cell for determining the static solid-liquid interaction force acting between substrates for a contact of the (a) sphere-sphere,
(b) sphere-plane, (c) cone-cone, (d) cone-plane, (e) sphere—cone, and (f) plane-plane types [679].

(d)

Table 4
The total solid-liquid interaction force modulus and the curvature radii of the liquid bridge depending on the particle contact type.

Contact type Calculated dependences

Sphere-sphere R1(1 — cosay) + Ry (1 — cosa) + h

cos(a1 + 6) + cos(az + 6)

Fiotal = mRyysinag [ZSin(oq + 6) + Risiny (% - %)], r=

s

I = Rysiney — r[1 — sin(og + 6)]

Sphere-plane Fotal = TRysina [ZSin(oc +6) + Rsina (% - %)] r= 7;((1;;2:?;:9, I = Rsina — r[1 — sin(x + 6)]
Cone-cone 1 b1/ tanB) + by / tanBp + h

Fiotal = nbly[ZCos(ﬁl —-0)+ b1(7 - %)] r= %, I=Dby —r[1—cos(B —0)]
Cone-plane

b/ te h
Flotal = ﬂby[Zcos(ﬁ —oy+b(t- %)] r= mé‘_‘"‘% I=b—r[1—cos(@ - 0)]

R(1—cosa)+b/tanf+h
cos(a + 0) + sin(B — )

Cone-sphere

Fiow = nby[rcos(ﬁ -~ +b(* - %)] r= 1= by — r[1 — cos(8 — )]

Plane-plane

r 1 = 206’ T

Fiotal = mdy [sine + %(l - l)] r h 1= g —r(1 — sinb)

Note: R, R;, and R, are the particle radii; y is the surface tension coefficient of the liquid-vapor; a, o, and o, are the half-filling
angles of the liquid in the bridge, determined according to the parameters of the particles with the sizes R, R;, and R,, respectively;
6 is the contact angle between the liquid and the particle surfaces; r and ! are the curvature radii of the liquid bridge; h is the gap
between the particles; b, b;, and cb, are the radii of the circle of the liquid bridge wetting the cones; 8, 8, and 8, are the angles
between the cone height and generatrix; and d is the radius of the circle of the liquid bridge wetting the plane [679].
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Fig. 94. Illustration of (a) advancing contact angle and (b) receding contact angle [680].

5.2.2. Dynamic modeling of solid-liquid interaction

During a dynamic solid-liquid interaction process, a liquid droplet, once touching the solid particles, will wet the particle surface
while changing the droplet geometry and the fluid flow therein according to the particle geometry. This is referred to as the dynamic
wetting. In the meantime, the liquid droplet will apply forces to the particle to modify the movement of the particles. These two sets
of physics should be captured in a dynamic model.

5.2.2.1. Dynamic wetting. During the dynamic wetting process, the contact angle will be different depending on the wetting status as
well as the material properties of liquid, solid, and gas. There are three wetting statuses: advancing, receding, and hysteresis [680].
Advancing is defined when the contact line moves toward the surrounding air, and the contact angle will be maintained at the
advancing angle. Receding is defined when the contact line moves toward the liquid region, and the contact angle will maintain at the
receding angle (Fig. 94a). If the velocity of the contact line is almost zero, the contact angle is between the receding angle and the
advancing angle (Fig. 94b). The dynamic wetting process has been widely observed in experiments [681-684]. The contact angle
hysteresis 6y may be defined as the difference between advancing and receding contact angle for a contact line that moves in
opposing directions at the same velocity [680,685,686], i.e.,

@H = ea - er (36)

with 6, and 6, being the advancing and receding contact angles.

To numerically capture the dynamic wetting, appropriate models are needed to track the liquid fluid motion, the motion of the
liquid droplet surface, and the dynamic contact angle as a function of the velocity of the contact line.

The liquid fluid motion can be simulated based on classical equations for the Computational Fluid Dynamics (CFD), i.e., the
continuity equation and Navier-Stokes equation [687-691]:

V7 =0 37)
S - - I -

5_u+(a).?)ﬁ’=_ﬂ+w+_f+§)

ot P 2 P (38)

Here ¥ is the fluid velocity, o is the fluid density, p is the pressure, y is the dynamic viscosity, ff = 0.5(37 + (GV)T)is the
deformation tensor, 1_~§} is the surface tension force, and E’ is the gravitational acceleration. To consider the influence of the powder
particles on the liquid flow, the information of the particles (i.e., position, shape, size, and translational/rotational velocity) should be
applied in the CFD model, usually as certain types of boundary conditions [692-696].

To track the motion of the liquid droplet surface, the Level-Set (LS) method and Volume-Of-Fluid (VOF) method are used. The LS
advection equation is given by [697,698]

o =

B +u-V¢=0 (39)
where U is the velocity and ¢ is the level-set function. The value of ¢ at each point is the signed distance from this point to the droplet
interface, and all the points on the droplet interface should have ¢ = 0. As the ¢ value is updated for each point in the calculation
domain, the iso-level-set surface with ¢ = 0 will change, which represents the motion of the droplet interface. The governing
equation for the VOF method is identical to that of the LS method [688,690,691,699], except that the ¢ denotes the VOF function.
The value of VOF denotes the fraction of certain phase in each mesh. The mesh will have VOF = 1 inside the droplet and VOF = 0
outside the droplet. If the interface is located inside one mesh, the cell will have 1 > VOF > 0. As the VOF value is updated over the
entire calculation domain, the interface can be identified by all the meshes of 1 > VOF > 0. Some more advanced methods, such as
the Coupled Level-Set/Volume-of-Fluid (CLSVOF) [687] and the Level Contour Reconstruction Method (LCRM) [700], have also been
introduced for the same purpose.

The dynamic contact angle 6, is widely accepted to be dependent on the static contact angle 6; and the capillary number Ca

[683,687,698,701,702]
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Fig. 95. A schematic figure of the dynamic contact angle model by Yokoi [687].

Ca = #UcL
14 (40)
64 = f(Ca, 6) (41)

Here u is the dynamic viscosity, Ugy is the velocity of the contact line, and y is the liquid-vapor surface tension. The detailed
formulation of f(Ca, 6;) varies in different works. For example, Yokoi [687] proposed a relation between 6; and the contact line
velocity U, as shown in Eq. (42) and Fig. 95.

1
Min(@s + (%)3, 6mda]» ifUc, 2 0
Gd =

1
Max(es - (_%)35 emdr)a UUCL >0
' (42)

Here 6,4, and 6,4, are the maximum dynamic advancing contact angle and minimum dynamic receding contact angle, respec-
tively. k, and k, are the material-dependent parameters for advancing and receding. In an inertia dominated situation (i.e., high Ca
number), the model employs constant angles 6,,4, and 6,4, for advancing and receding, respectively. The Hofmann function has also
been used to implement the relation between dynamic contact angle 6;, the capillary number Ca, and the static contact angle 6; (also
known as the equilibrium contact angle 6,) [688,699,703].

To determine the dynamic wetting angle between the liquid and solid, the contact line velocity must be found from the CFD
calculation and plugged into Egs. (40) and (41). Then the value of the contact angle needs to be implemented into the surface
tracking model. Tan [704] used the height functions extrapolation to implement the contact angle on the contact line. Liu et al. [705]
used a local level-set reconstruction method to set the contact angle. A parabolic curve based on the local level-set was generated to
fit the level-set near the contact point with a given contact angle. Yang et al. [706] used the level-set interpolation as a boundary
condition. Level-set extrapolation was another implementation method of the dynamic contact angle [707,708].

5.2.2.2. Liquid-driven particles motion. The particle motion is driven not only by the particle-particle interaction force (as discussed in
Section 5.1) but also by the solid-liquid interaction force. The solid-liquid interaction force in a static case has been introduced in Eq.
(33), and it becomes more complicated in a dynamic case. The interaction force still has two parts. The first part is still the line
integral of the surface tension along the three-phase contact line, but the dynamic contact angle (instead of the static one) should be
used when calculating the surface tension. The second part becomes the surface integral of the dynamic pressure and viscous stress in
the liquid over the solid-liquid contact surface, both of which should be found from the solution of Eq. (38). Once the total force and
momentum caused by the solid-liquid interaction force are found, they will be added as additional terms to the right side of Egs. (23)
and (24) to drive the motion of the particle.

Liquid bridge

Solid particle

C (Contact li

Fig. 96. Calculation of capillary force [709].
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Fig. 97. Definitions for a circular particle [712].

To numerically calculate the line integral of surface tension as the first part of the dynamic solid-liquid interaction, the Continuum
Capillary Force model was used [709,710]. Specifically, the line integral is transformed to a surface integral as

Br= [ yiGod= [ yEGEVyE)- X G)ds 43)

Here the terms are schematically shown in Fig. 96. C is the three-phase contact line, S is the particle surface, y is the surface
tension coefficient between liquid and vapor, 7. is the unit normal vector to the solid surface, ?; is the unit tangent vector which lies
on the solid surface and is normal both to 7, and to the contact line, 7¢ is the unit tangent vector lying on the liquid surface, X; moves
on the s;-axis, which is defined as the axis normal to the contact line C, moving along the particle surface S and pass through the
contact point?c, and @ is the color function (i.e., VOF function in this work). Similarly, the Continuum Surface Force model has been
used to calculate the same line integral [711].

To numerically calculate the surface integral of pressure and viscous stress on the solid-liquid contact surface, the Lagrangian
point method was used [712]. In this method, a spherical particle is first divided into a series of Lagrangian points. Shown in Fig. 97 is
the division of a 2D particle into 20 Lagrangian points, with R, being the actual particle radius and the small circular symbols
indicating the (equidistant) locations of the Lagrangian points. & is the size each Lagrangian point covers on the particle surface. The
stress information surrounding each Lagrangian point is known 7,. The multiplication of 7,5, gives the force of this Lagrangian point.
The torque at each Lagrangian point is the cross product of the radius and the force Z\_/[: = ﬁc X I_f The total force and torque of
particle can be calculated by summing those of all Lagrangian points. Apart from Lagrangian point method, Washino et al. [709] used
the Immersed Boundary model to simulate the interaction force between fluid and solid.

While many numerical techniques have been proposed to simulate similar physics in other processes, there has been very limited
works that performed the dynamic simulation for the solid-liquid interaction in binder-jetting-related scenarios. Tan [704] developed
a numerical model based on the VOF method to simulate the droplet impact and penetration into the powder beds. It was found that
with a low droplet impact velocity, the droplet-powder interaction is driven primarily by the capillary forces and even get accelerated
in the early stage of the interaction. The large impact velocity of the droplet resulted in a wider spread and deeper penetration.
However, the liquid distribution in the powder bed is segmented. Results showed that although droplet behaves differently for
velocities 1 m/s and 5 m/s, the final shapes of the liquid in the two cases are very similar. The penetration depth of the droplet was
relatively small (50x m). Flow3D has performed some simulations to demonstrate the modeling capability for binder jetting [713].
The simulations can reproduce the process of droplet penetrating the powder bed. While these two works have demonstrated the
potential of the dynamic model to understand the complex physics in binder jetting, both models have assumed stationary powder
particles and failed to capture the powder rearrangement due to the solid-liquid interaction and solid-solid interaction.

5.3. Modeling of post-printing sintering

During the sintering process, two major phenomena can be observed in the microstructure evolution. The first is the particle
coalescence to reduce or remove the inter-particle pores. The second is the coarsening of grains inside and across different particles.
While Monte Carlo [714-716] and Molecular Dynamics [717-719] have been also used to simulate powder sintering process, the
phase-field model has been the most popular computational method to simulate the micro-scale microstructure evolution during
sintering.

In a phase-field model, a series of continuum field functions (i.e., order parameters) are used to describe the microstructure. Each
order parameter corresponds to a specific physical quantity regarding the microstructure, e.g., phase, chemical composition,
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Fig. 98. Phase-field modeling of powder sintering. (a) Schematic of the phase-field description of a powder compact using the mass density field p
and order parameters 7. (b) Simulated microstructure evolution in a powder compact during sintering. One area is highlighted by dotted lines to
show the removal of two pores and subsequent grain boundary migration.

crystallographic orientation, etc. Each order parameter carries a specific value in one region and changes smoothly but rapidly across
the interface to another region with a different value for the same order parameter. The total free energy of the system will be defined
as a function of the order parameters. The microstructure evolution in this system will be driven by a reduction of its total free energy
by changing the spatial distributions of the order parameters in the given time. The kinetics of the microstructure is governed by two
types of continuum equation. The Cahn-Hillard equation (Eq. (44)) is for the non-linear diffusion of conserved order parameters
[720], and the Allen-Cahn equation (Eq. (45)) is for the structural relaxation of non-conserved order parameters [721].

3 _ V.(MVB_F)
ot

8¢c (44)
9fnc _ —L( éF )
ot Spnc (45)

Here ¢, and ¢, are the conserved and non-conserved order parameters, respectively. F is the total energy of the system, which
should be a function of ¢, and ¢,.. M and L are the mobilities for mass diffusion and grain boundary. As the spatial distribution of the
order parameters evolves with time, the movement of the interface can be naturally captured without any ad hoc assumption or
explicit tracking algorithms. The phase-field method has been widely used to investigate the solidification [722] and the phase
transformation caused by thermal heating, stress/strain, or other conditions [723].

The first phase-field modeling of sintering was proposed by Wang [724]. Multiple order parameters were defined to describe the
microstructure (Fig. 98a). The mass density field p as a conserved order parameter was used to track the redistribution of mass, and a
multi-component structural order parameter 7’ = (y, 15, +++,1m,) was used to describe the different crystallographic orientations of n
grains. Each component in 7, i.e., 7, is defined for the i-th specific grain (with its value being 1 in the grain and 0 out of the grain)
and is not a conserved variable in the process. Furthermore, he proposed a new Landau-type polynomial as the free energy density
function. This new function considers the different densities between solid powder and the surrounding pores as well as the different
crystallographic orientations of the grains. Furthermore, the rigid-body motion of the particles is considered by introducing a new
advection term in both the Cahn-Hillard and Allen-Cahn equations. The 2D simulation result of the sintering of multiple powder
particles is shown in Fig. 98b.

Following this pioneering work, many works have been published using the Phase Field method. Kumar et al. [725] used the
model to simulate the sintering of two particles with unequal size and revealed that the sintering and grain growth occur in three sub-
processes: (1) neck formation, (2) coarsening with slow grain boundary migration, and (3) rapid grain boundary migration. The
variation of the grain boundary migration velocity is strongly dependent on the geometries of the two unequal-size particles.

Deng [726] incorporated the direction-dependent diffusion parameters in the phase-field model. With certain specifically de-
signed modeling experiments, it was demonstrated that the direction-dependent diffusion parameters are crucial to successfully
capture the neck growth and the microstructure evolution in the two-particle sintering process. The parametric investigation also
showed that an increase of grain boundary to surface energy ratio decreases the neck growth rate. The effects of the initial particle
size and different mobility terms are also investigated.

Biswas et al. [727] incorporated the effect of rigid-body motion and elastic loading into the formulation, and used the model to
investigate the densification mechanism during sintering through neck formation and grain growth. It was revealed through the
simulations that at the initial stage of sintering interactions between powder particles are initiated due to surface diffusion. At the
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Fig. 99. Temporal evolution of isotherms during the non-isothermal grain coalescence process [730].

later stage, densification is primarily governed by volume and grain boundary diffusion. The grain boundary to surface energy ratio
plays an important role during sintering: as the energy ratio is increased, the necking growth rate and the grain growth rate are both
increased. In [728], Biswas et al. divided the densification kinetics into three distinctive stages. Stage 1 is when the neck or grain
boundary between two particles is formed, Stage 2 is when the neck length stabilizes and growth or shrinkage of individual particles
initiates, and stage 3 is when one grain grows rapidly and absorbs the other grain. The driving forces corresponding to different
mechanisms are found to be dependent on the particle size, necking curvature, and the surface and grain boundary energies. These
observations are similar to those in [725]. It was also found that the variation in temperature can significantly influence the mi-
crostructure evolution by affecting the diffusivity and grain boundary mobility of the sintered material.

In [729], Biswas et al. further expanded the model to investigate the influence of anisotropic properties of powder particles on the
microstructural evolution during solid-state sintering. Specifically, two types of anisotropy, i.e., the direction-dependent interface
diffusion anisotropy and the grain orientation dependent grain boundary energy anisotropy were investigated. It was found that the
direction-dependent diffusion produces a gradual shape change of the particles by mass transfer from high curvature region to low
curvature region along the particle surface, and delays the onset of the grain growth process. It was also found that the grain
boundary migration rate can increase or decrease depending on the misorientation between the two neighboring grains.

Yang et al. [730] further modified the formulation to improve the thermodynamic consistency of the model. The improved free
energy density function included the internal energy (induced by the change of temperature and order parameters) and the order
parameter related configurational entropy. This function was designed to reflect the temperature-dependent equilibrium state. The
temperature-dependent model parameters were determined by using the experimental data of surface and grain boundary energies
and interface width. The kinetics for the order parameters and the order-parameter-coupled heat transfer were also derived from the
laws of thermodynamics. The model was used to predict the sintering of two identical particles, two non-identical particles, and
multiple particles in non-isothermal conditions. The simulations successfully captured the variation of temperature field as well as the
non-symmetric morphology (Fig. 99). The simulations also revealed the dynamic evolution process and helped to quantify its driving
factors, i.e., the gradients of surface and grain boundary energies induced by the temperature gradient. This model was later utilized
to investigate the non-isothermal microstructure evolution in the selective laser sintering process [731]. The model provided
quantitative information of the densification kinetics (i.e., the porosity variation as a function of time) of different thermal histories.

While significant progress has been made for the phase-field modeling of the sintering process, there has been a long-standing
challenge for the determination of all the model parameters. Non-dimensionalized material properties were used in the majority of
the models, and it is difficult to derive the values for these non-dimensional material properties for a generic material that needs to be
modeled. To resolve this issue, Zhang et al. [732] used a new formulation of free energy density function based upon the solution
thermodynamics, in which all the dimensional material properties can be directly used. With this formulation, the model was used to
simulate the sintering process for the Copper-coated Iron particles. The simulations could capture the coalescence of large Iron
particles and small Copper particles as well as the diffusion of Copper element into the Iron lattice. With the same motivation,
Greenquist et al. [733] developed a grand potential phase-field model for the sintering process. The new formulation calculated the
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grand potential of the material system and incorporated the physics of sintering stress, GB/vacancy interactions, non-uniform dif-
fusion, and grain coarsening. The model was compared against sintering theory as well as experimental data of a generic material.

6. Challenges in production using binder jetting

During past two decades, the majority of academic and industrial research in binder jet 3D printing was focused on expanding the
type and material of powder that was able to be printed and post-processed to a final part. But the expansion of production scale in
terms of size and quantity of defect-free parts with required properties, geometric accuracy, and uniform and isotropic properties is
still a major challenge. Unfortunately, the majority of the published articles focused on microstructure and densification with limited
research on resulting properties of the binder jetted parts. It was also realized that two types of 3D printers (from ExOne and Z-Corp
Companies) were used in which structural materials were 3D printed by a machine (from ExOne) with hopper powder dispensing
system while ceramics were 3D printed by a machine (from Z-Corp) with roller spreading system. Therefore, many results are not
generalizable to other material systems/machines because there is insufficient understanding of the process physics. Thus, the in-
fluence of the machines, powders, binder, print head and other process variables cannot be fully predicted using current knowledge.

If binder jetting is going to be a manufacturing process of end use parts of large physical size and quantity, consistency and
predictability of each step of the process cycle is required. Reaching consistency in a process where each part is different is a major
hurdle for all AM processes because of the variation induced by the geometry on a large variety of process and part parameters. For
binder jetting, printing shapes that are highly variable do not pose an issue for the printing process, however, parts that are to be
sintered to full density as a single alloy currently require several exploratory sintering attempts to achieve the desired final geometry.
Even for infiltration where shrinkage is only about 1-2%, erosion and slumping are two main problems [612,734]. A binder jetted
and sintered part, however, will experience up to 25% shrinkage after sintering depending on green density, holding temperature
and, time that will result in the final density. Usually, shrinkage is similar in x- and y-directions while it is higher in z-direction due to
gravity and lower packing density between layers. Any variation in powder bed density within a layer or between layers results in
anisotropic properties in the green part and it will lead to additional distortion during sintering. Further, as the z-height increases, it
is possible that the weight of accumulating powder layers compresses the lower layers, altering packing density and displacing
powder or changing the z-dimension of the 3D printed part [675]. Thus, further research on complex geometry sintering (and if
desired infiltration) is needed. There are some studies on the fabrication of complex shapes overhang structures [402,424,560],
however, more studies are needed that explore different feature types as well as the effect of powder characteristics, print process
parameters and furnace conditions on geometry distortion.

A major factor that contributes to distortion during sintering is differential shrinkages rates within the part due to thermal
gradients. Any unpredictable shrinkage rate and distortion will result in final part with inaccurate geometry and undesirable
properties. To overcome this issue, slow temperature ramping is required. In addition, the part might be semi-solid or even liquid
phase may form at sintering temperature depending on materials composition and hot spots in the sintering sample. Thus, shape
retention and prediction becomes even more difficult for binder jet 3D printed parts. One practical way to minimize the thermal
gradient is covering parts with non-reactive powder (e.g. alumina powder). It is also suggested to use reactive binder in which
nanocrystalline structures form interparticle bridges during initial stage sintering and enhance part strength and shape retention
[735]. Theoretical modeling can be used to predict part distortion to simulate sintering and shrinkage [10]. It has also been found
that shrinkage and slumping could be minimized by addition of nanoparticles [266,267,433,531,736].

Even after post-processing a part to full density while achieving the desired shape, defects may be present within the part that
render the part non-usable. Recently, micro-computed tomograpgy has been used to understand pore evolution during post-pro-
cessing step [152,737]. During the binder jetting process, a major form of defect is residual porosity or voids within the part even
after “successful” sintering or infiltration. Porosity and voids are generally induced by defects in the original print that can be created
in a variety of ways. During printing, powder segregation may occur (either in feedstock, during handling, and/or spreading) such
that many large particles group together and form an area of larger porosity that does not sinter to full density like the rest of the part.
The formation of voids and cavities in the printed layers (also known as cavity type layering defects) indicates that particles on the
top surface peeled from the smooth powder-layer surface along with the free flow of powder particles, leaving hollow spaces on the
powder bed surface and spatial relationship between pores can help to model pore behavior [738]. Moreover, part shifting is another
main layering defect in which undesirable part dragging takes place within the powder bed and layer locations slightly alter from
layer to layer. Some studies evaluated the influence of powder and printing process on binder jetted parts, such as the effect of
particle sizes [166], layer thickness, and binder saturation [190,739]; layer thickness and printing direction [297,739]; and the effect
of printing parameters on the layering defects formation [195]. Besides, binder effects such as powder-binder interaction [254] and
powder-binder impact [704] leading to powder ejection due to the high-velocity binder can remove ultra-fine powder from the top
surface of the powder bed, thereby producing voids and improper binder spreading. Meanwhile, powder effects such as print head
and re-coater speed, satellite particles, and changing packing density throughout the powder bed can affect green part density and
postpone the densification process [467,740]. Recently, there have been a few attempts to replace the organic binder with nano-
particle suspension, in which the process is called “binderless jetting”. Nanoparticle suspensions may have some advantages such as
(1) no need of accurate and sophisticate sintering profiles for proper binder burn out and degassing, (2) absence of binder carbon
residuals that may affect final part properties, and (3) no debinding step is needed. However, inkjet nozzle clogging, particle sedi-
mentation and surface oxidation are still a few challenges if nanoparticle suspensions are used. Overall, virtually all steps in the
printing process can create defects in the final part, so exploring these causes of defects and working to eliminate them is needed
[266,267,269,433,531,734,736,741].
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Fig. 100. Additive manufacturing costs for titanium (a) Dollar/cm® and (b) Dollar/kg [743].

7. Summary and outlook

Binder Jetting has numerous advantages over other forms of AM depending on the requirements, especially when it comes to the
significantly improved speed and resolution that can be obtained with BJP, with parts that have no residual thermal stress and
isotropic microstructure and properties. BJP will not take over other forms of AM, but let AM encroach into other areas of manu-
facturing, specifically ones dominated by MIM and press and sinter because they will share size and geometry details like wall
thickness to be able to get the binder out and successfully sinter to density.

The densification (e.g. sintering and/or infiltration) of binder jet parts is similar to those in traditional powder metallurgy
methods, meaning many of the same processing parameters and techniques can be leveraged. The productivity of a binder jetting
system can be higher than powder bed fusion systems of the same size since print heads typically work faster than laser, or electron
beams, but BJP is more susceptible to downstream sintering processes to obtain density, whereas PBF systems achieve that after the
print stage (even though post processing is needed in PBF to reduce thermal stresses and anisotropic microstructures). In addition to
the AM machine cost, operating costs of binder jetting equipment are much lower in terms of part file preparation, machine initiation
and resetting, and waste products produced during the process [197,742]. As a reference, cost model for 5 prominent metal AM
processes are presented in Fig. 100. Further, the BJP can show higher productivity in addition because parts can be floated in layers
and the need for support structures is minimized or eliminated.

A final advantage of binder jetting over other AM processes is the ability to operate at ambient temperature and atmosphere
during the shaping process, which has two distinct benefits. BJP is more agnostic to materials because it is a solid-state process. This
means that castable, weldable, high melting temperature, segregation prone alloys all can be processes with BJP due to the solid-state
conditions. The printing, binder and sintering parameters have to be optimized for each material but BJP is far more flexible than
other AM processes with materials. Without the need to control atmosphere during production, the build chamber is much more
scalable and therefore larger parts can be produced.

Despite its advantages and the fact that binder jetting is one of the oldest of the additive technologies, the amount of research
dedicated to the process thus far points to the technology still being in its infancy. This paper comprehensively reviewed recent
progress in binder jet 3D printing research and identifies the opportunities and challenges in the areas of powder, binder, print
process parameters, post-processing, materials development, and safety for binder jet 3D printing. Here, the significant process
factors and their correlations with production quality are summarized:

(1). Powder

e Morphology — Morphology or shape of the powder determines the flow and spreadability along with the natural packing and
packing density of the powder. The powder in combination with a roller, if employed, and the binder dispersion then affect the
density and consistency of the preform. Although spherical particles historically have been used (for flowability and spread-
ability reasons) for 3D printing, it is cheaper to produce powder using water atomization, powder attrition and milling. Highly
irregular powders like water atomized do not pack well and also have much less powder-to-powder contact as spherical powders
for the same size, so sintering of these powders is a challenge. However, in terms of the printing process itself, the use of a
counter-rotating roller means that irregular shape powder such as angular ceramic powders can be shaped with binder jetting.

® Mean size and distribution are two properties that can also affect powder flowability and packing density (due to interparticle
forces governed by particle size and PSD), powder-binder interaction (smaller particles show higher ejected powder and higher
interaction depth), layer thickness (which is 3 times larger than the mean particle size), binder saturation (which is higher for
fine powders), sinterability (fine powders sinter faster). Overall, smaller powders sinter better while larger powders pack better.
Powders as small as 5pum can be processed with binder jet, but powder below that size is not typically used due to safety
concerns.
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® Segregation is the separation of the different sizes of powders in a mixture and is likely to occur in various steps including (i)
feedstock preparation, (ii) feeding feedstock into printer, and (iii) spreading powder to the build area using roller. To better
understand how segregation occurs and how it can be minimized, one needs to be aware of influential factors on segregation
namely (i) materials, (ii) handling, (iii) operational, and (iv) environmental parameters. During handling powder to refill re-
servoir, it is necessary to remix powder. Since there are two powder spreading methods including oscillation of hopper followed
by roller compaction and/or powder dispensing method using roller, it is possible that powder segregation occurs in the build
box area [675], in which the former spreading technique results in lower powder segregation

(2) Binder

The binder used in binder jetting is central to the process functionality and affects many aspects of shaping and densification.
There are a few aspects in binder jetting that the binder itself affects including:

® Binder deposition — The interactions between powder and binder are intricated and affect the bonding among powder particles,
part integrity and surface quality. When a high velocity binder is jetted from the print head, it disrupts the bed of powder,
forming parallel elevated tracks on the powder bed. Due to binder penetration, the bonding with previous layers might be
affected by excessive binders. Since there is capillary action contributing to the infiltration of binder to neighboring powder, it is
important to apply sufficient binder during printing otherwise excessive binder would cause overspreading, leading to a dete-
riorated surface finish and poor dimensional accuracy. In contrast, insufficient binder results in a poor powder and layer bonding
and 3D printed green parts will delaminate and break during depowdering and handling.

® Drying time during printing — After the binder is deposited into the powder bed, a heat lamp is passed over the layer to dry the
binder. This step is necessary because a binder that is wet enough to be deposited via an inkjet nozzle is also wet enough to wick
into the layer of powder that is spread on top of it. The drying must be tuned for the powder and binder as too much drying will
create delamination between the layers and too little drying will cause powder to stick to the roller. For monomer binders, the
heat lamp serves to drive polymerization and solidification of the binder, and for polymer binders, the heat lamp serves to
evaporate the solvent in which the polymer is dissolved. So, the overall print speed is affected by the amount of fluid in the binder
that must be evaporated or solidified (i.e. cured) between layers by a heat lamp. In either case, the time to complete this step can
range from several seconds to a minute per layer depending on the saturation of the binder and the amount of energy required to
dry.

e Curing time is affected by the amount of time and energy the binder needs to cure during and after the print. To speed up the
binder jet process, future development of binder systems should focus on faster curing times. Because of the time required during
and after the build to cure the binder, an ideal binder would set instantaneously upon impact with the print bed. Some two-part
binders for casting can achieve this; however, the powder feedstock must be pre-mixed with one part of the binder prior to
printing. This pre-mixing step adds a considerable amount of matter to the powder and can greatly affect the chemistry, so
arguably, this is not a suitable technique for metal printing. Another way to develop a binder that sets immediately would be to
use a solvent that evaporates at a lower temperature or a monomer that solidifies at a lower energy level. The problem with either
of these approaches is that the binder could then prematurely solidify and the inkjet nozzles would be at increased risk of
clogging. Typically, solvents used in binder systems have evaporation temperatures multiple times greater than normal operating
or shipping conditions to avoid the binder prematurely curing. Despite these challenges, solutions should be explored to speed up
binder cure time.

e Green part strength is another aspect of printing that the binder affects after the build box is cured. At this stage, metal binder jet
parts have similar strength to a piece of chalk and since the metal powder is heavy, removing the part from the powder bed
requires some care. This is especially true of parts with fine features or thin walls, which can easily break during depowdering.
Thus, the geometric limits of what can be printed and sintered in binder jet is essentially due to the strength that the binder gives
to the preform [744]. Further improving the green part strength of binder jet parts is critical to increasing the process’s reliability
as handling parts between printing and densification is expensive and currently must be done entirely by manual labor. A
significant amount of part loss can be experienced for fragile geometries, driving up the cost of the process. To improve green
strength by developing new binders, many criteria must be met to be compatible with the process such as the binder system’s
viscosity, surface tension, stability, reactivity with the materials inside the inkjet print head, and compatibility with the printed
material itself. Many mechanisms of bonding between a polymer and a printed powder can be considered to optimize the system;
however, little work has been published in this area. Thus, more work is needed in the area of developing binders that are
compatible with the printing process but also increase the strength of the green part.

o Final part chemistry is an important concern for binder jetted parts since a more recent issue under investigation is the amount of
carbon added by the binder to the printed material. After curing, the part is placed in a furnace and heated to the appropriate
temperature for either sintering or infiltration. Below these processing temperatures for metals or ceramics, the polymers will
decompose or pyrolyze. Because the binders are typically organic polymers, the residue that remains after pyrolysis is a char or
basically pure carbon. For carbon-sensitive alloys like titanium and Inconel, the amount of carbon introduced into the material by
the binder invariably shifts the chemistry of the alloy outside of industry specifications, making the alloy useless in its appli-
cation. Thus, future work in binder development should focus on binders that leave less char during de-binding. Strategies that
could be enlisted include finding a binder that is stronger but has less mass so that less carbon is added to the print from the
beginning. Other approaches include de-bind cycles that remove carbon with the flow of certain gases; however, this approach is
not viable for parts with large cross-sections since the gas flow would have trouble reaching the deeper areas of the part.
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o Functionality — A final opportunity for advancement in binder jet through binder development is discovering binders that add
functionality to the print. With the high resolution, accuracy, and multi-material capability of inkjet, the opportunity exists to
deposit materials throughout the powder bed that help sintering, change the properties in different areas of the part, or allow for
added functionality like electrical conductance to a sensor. For example, sintering aides carried by the binder would mostly
involve nano powders, which have a much lower sintering temperature than the build powders and can drive necking and
densification. Also, highly conductive materials can be placed within the print to change thermal or electrical properties. Overall,
many opportunities exist to add functionality to the print using the controlled deposition of inkjet.

(3) Print process parameters

e Three main print processing parameters are layer thickness (between 20 and 300 pm), binder saturation (between 40 and 200%),
and drying time (between 0 and 60 s) and all are affected by powder characteristics and binder. For instance, if a fine powder
particle (e.g. < 20 um) is binder jetted, the layer thickness should be > 40 pm. In addition, higher binder saturation and drying
time is needed for binder jetting of fine powders compared to coarse particles assuming layer thickness is similar during printing.
High binder saturation causes excessive powder joining to the printing part and results in an undesirable geometry; while low
binder saturation significantly affects green part strength (delamination of printed part) and the surface finish. Bleeding due to
high binder saturation can be reduced by enhancing binder evaporation via prolonging drying time or using a viscous binder
which may cause dispensing problems and shorten the print-head service life. Additionally, the size of the droplet determines
process accuracy in which smaller droplets and thinner layer thickness result in higher dimensional accuracy. It is worth noting
that the majority of past research used a fixed number for binder saturation and layer thickness (60% and 100 um, respectively)
since these numbers were mainly suggested for standard spherical powder with a PSD of 16-63 um.

o In addition, the powder spreading process is comprised of recoat speed, oscillator speed, roller speed and roller traverse speed,
and is the major factor in determining overall print speed. The powder spreading process is a critical step since it is also affecting
green part strength and density. In fact, the underlying physical aspects in terms of the dynamic flow behavior (which is in-
terparticle effect and the roller compaction) of the powder during printing step are rather complex. Therefore, further attention is
required to attain optimum conditions based on powder characteristics. For powder with different morphology, mean size and
PSD print and postprocess optimization needs to be performed. Recently, ExOne Company developed an ultrasound dispensing
method followed by a double roller spreading which resulted in an acceptable green density (with standard deviation of < 1%)
for fine powders.

(4) Post-processing

~

Post-processing mainly includes curing and densification processes and the following concerns and challenges are needed to be
taken into account:

® Curing — After printing is completed, the binder still requires extra curing in order to be able to depowder the part while
maintaining the part’s geometry. Without this extra curing step, the part has the consistency of wet clay and can be easily
deformed. To cure the build, the entire build box must be removed from the printer and put in the curing oven without disturbing
the powder bed. The time spent in the curing oven is determined by the amount of energy required to fully set the binder and can
range from one to several hours.

e Sintering is an important area for research in single alloy binder jetting since sintering parameters influence and define final part
microstructure, porosity, and properties. Many variables exist in a sintering cycle including atmosphere, time, temperature, ramp
rates and general profile. Because binder jetting produces larger and lower-density preforms than other PM processes, the sin-
tering schedules for these parts will be unique. Further, since the preforms are less dense, particles have less contact with their
neighbors, so solid state sintering may not be a viable option. This means that higher temperatures might need to be used to
leverage supersolidus liquid phase sintering. Simulation tools such as ThermoCalc and FactSage can predict the liquid phase
temperatures for materials, which can be used to establish the maximum sintering temperature [745]. However, the temperature
ranges for supersolidus liquid phase sintering are typically narrow and staying within these ranges can be challenging for
commercial processes. Two additional challenges related to sintering are shrinkage and distortion. The amount of shrinkage and
distortion that occurs during sintering of binder jet printed parts poses a unique challenge in geometry control. Sintering powder
preforms to full density requires that the geometries shrink up to 40% or more depending on the starting density. During this
shrinkage, gravity can draw certain features downward, causing warping in the geometry. Further, differences in wall thicknesses
or position in the furnace can cause differences in shrinkage rates, which also contribute to distortion. Some precedence in
dealing with distortion of powdered metal parts comes from the PM industry, but the green part starting densities differ sig-
nificantly (PM parts are pressed to densities upward of 80% while binder jet parts are typically less than 60% dense). Metal
injection molding (MIM) produces preforms that have similar density to binder jet parts, so sintering schemes from MIM can be
leveraged for binder jetting of single alloys. However, MIM parts are typically small because of the large amounts of shrinkage
and distortion that are required to reach full density, so binder jetting of single alloys might be similarly limited. Two areas of
development that can work to combat these challenges are sintering distortion prediction capability and sintering binder jetted
single alloys to full density. Recently, microwave sintering was applied on binder jetted parts and the entire sintering time was
reduced by a factor of three to four time when compared to conventional sintering [427,746]. Using microwave sintering, faster
and more stable heating rates were attained. Additionally, the HIP post-process may extend the range of suitable powders and
binders to be used, as they may not influence part density at the end [466]. As for single alloy sintering, distortion prediction is a
major need as binder jet parts increase in size. Further, understanding the kinetics of sintering the low-density powder preforms
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created by binder jeting would allow the use of a wider variety of metal alloys or at least allow a better understanding of the
limits in sintering.
(5) Materials development for binder jetting

One opportunity in binder jeting research is distinguishing between materials that are suitable and not suitable for low-density
sintering. Such a “map” of materials would help manufacturers clearly understand what opportunities for printing and sintering exist.
For example, it is known that some steels and nickel alloys have enough driving force for sintering from low density to create fully
dense parts, but other materials like carbides or ceramics require a much denser preform than binder jetting can provide to reach full
density without additional hipping. We believe that binder jetting has significant potential for part production including but not
limited to metals, ceramics and composite materials with the ability to create final parts with a wide range of densities. For instance,
porous structures are desirable for biomedical application, implants, scaffolds, membranes, electrodes, struts and so on.

Metal parts composed of steels, nickel superalloys, copper, titanium, magnetic and shape memory alloys were 3D printed via
binder jetting. The majority of these studies focused on densification of the final product and microstructural observations, however,
there are limited reports on the mechanical performance of the consolidated samples. In fact, more effort is needed to understand how
printing and post-processing can affect final density and resultant properties of the 3D printed metal alloys [747].

Ceramics parts made with binder jetting have limitations because of powder morphology and post-processing. There are few
types of ceramic powder that can be binder jetted. In terms of oxide, nitride, and carbide ceramics, the only group that can be
processed solely with solid state sintering after printing are oxide ceramics. Because of the inherent porosity and large particle size
with binder jetting, it is even a challenge to sinter oxide ceramics to full density [62,432]. Recently, spray freeze drying has been
applied on ceramic powder to prepare granules from angular powders to improve powder flowability and sinterability [206,748]. For
ceramic filters, sensors, and solid oxide fuel cells, the porosity is a benefit for liquid and gas permeability [749-751], so making
porous filters and other devices out of oxide ceramics is beneficial. In addition, bio-ceramics can be porous or fully dense depending
on the application and required mechanical strength. For biomedical applications, obtaining bone substitute implants with improved
osteogenic capacity, biodegradability, bone repair capacity, and osteoinductive activity by optimizing the composition and structure
are required.

Metal Matrix Composites made with powders in binder jetting are beginning to draw considerable interest because of the
throughput and complexity it offers for composites, and the design and fabrication is going in the right direction. There are two types
of metal matrix composites that can be fabricated with powders or particulates: one is a metal-metal composite and the other is a
ceramic-metal (cermet) composite [752]. Again, there are two approaches for fabricating these types of materials: one is printing the
composite powder with subsequent sintering and the other is printing of the reinforcement with subsequent melt infiltration of the
matrix material. Binder jetting is a great method for making powder based MMCs, but the design for the materials and the process
must be carefully considered. For the best MMCs, careful consideration of the composition of the matrix and the solubility of the
reinforcement in the molten matrix material is vital to direct the end user to printing composite powder and sintering versus printing
the reinforcement and infiltrating the matrix material. In terms of convenience in the binder jetting of MMCs, it is feasible to obtain
porous preforms of the reinforcement material and finish the processing with melt infiltration of the matrix material. For infiltrating
cermet MMCs, the matrix material provides the challenges because the molten material can dissolve the printed reinforcement,
thereby causing slumping and distortion, but if it does not dissolve the reinforcement in high amounts, the infiltration can be
successful.

(6) Numerical Modeling

The numerical modeling for the binder jetting process is still in its infancy. There are a variety of challenges that need to be
tackled to enable more efficient and reliable simulations of binder jetting to assist the scientific understanding and engineering
practice of this process.

® Modeling of powder spreading: The DEM method has been widely used to predict the powder spreading process. The models,
after certain calibration, can provide reasonable predictions regarding the general powder behavior during spreading as well as
the packing density and surface roughness of the final powder beds. However, a better understanding and more sophisticated
models are still needed to capture the particle-particle interaction, especially for the powder with non-ideal surface conditions
(e.g., rough, oxidized, or electrically discharged). The effect of these conditions on the surface material properties and hence the
particle-particle interaction forces should be well understood and captured.

® Modeling of binder-powder interaction: First, the current models for the dynamic wetting have been primarily focused on the
planar surfaces. As the powder size used in the binder jetting processes is usually on the magnitude of micro-meter, the powder
surface curvature is very large. It is not clear whether those theories for the planar surfaces apply to the very curved powder
surface. Systematic investigations are needed on this topic. Second, the powder rearrangement and spattering driven by the
binder impact is a critical physics that affect the green part quality. It should be considered in the process models to faithfully
reflect the actual dynamics during binder jetting, but have not been included in any of the current models. More comprehensive
models are needed to incorporate the liquid-driven particle motion in the process simulations.

® Modeling of sintering: While the phase-field method provides a powerful approach to simulate the kinetics of powder densifi-
cation and grain growth during the sintering process, the phase-field formulation should be improved to be more thermo-
dynamically consistent. Specifically, the free energy density function and the relevant model parameters should have more
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explicit physical meanings and can be directly related to the actual material properties. Besides, the de-binding process before
sintering is an important step for the sintered microstructure. The residual binder on the powder particle surface can introduce
noticeable changes to the contact condition and surface properties (especially for the early stage of sintering), which can have a
significant impact on the densification kinetics. The de-binding process can be particularly important for the sintering of the
binder jetted green parts, which contain a considerably higher volume/weight percentage of the binder compared with the green
parts in the conventional powder metallurgy processes.

(7) Safety

Due to continuous movement of dry powders to the powder reservoir of the printer and injection of resin-like binder fluid during
printing, binder jetting 3D printers are a potential emission source of fine particulate matters and volatile organic compounds
[741,753-755]. Enclosing the system inside a proper cabinet, operating next to a ventilation hood or open windows, wearing ap-
propriate respiratory protection if room ventilation is not sufficient, and storing the resin-like solution inside the fume hood when the
printer is turned off are some recommended strategies to reduce the exposure risk [754].

Conclusion - Although 3D printing is capable of fabricating parts from various materials (e.g. metal powders, polymers, cera-
mics, and sand), developing new materials for binder jet printers requires a number of steps including (1) formulating powder
composition, morphology and size distribution, (2) formulating the liquid binder, choosing a binding method, and evaluating its
suitability for printing and interaction with the particles; (3) optimizing binder jet processing parameters; and (4) a densification
strategy. Furthermore, future experimental, theoretical, modelling and simulation studies are needed to better understand and
predict the influence of printing, curing, and post-processing parameters on the green density, final part density and deformation and
resultant properties (e.g. mechanical, corrosion, magnetic, biocompatibility, wear resistance etc.). Additionally, in-situ high-speed
camera or X-ray imaging equipment can provide better opportunity to visually capture the transient dynamics of powder spreading
and the binder-powder interaction during printing. With all this in mind, current gaps will be filled, and the performance of binder
jetted parts in various industrial applications will be evaluated. Finally, while binder jet 3D printing will not replace other AM
production methods, it will be able to take some market share from traditional manufacturing methods that currently cannot take
advantage of other established AM methods, be it because of a larger variability of powders, faster and more cost-effective printing,
solid-state form giving and non-existent residual thermal stresses.

Declaration of Competing Interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgement

AM acknowledges startup funding from Mechanical, Materials and Aerospace Engineering Department at Illinois Institute of
Technology at Chicago, Illinois. Further, AM thanks support from the postdoctoral research fellowship program of the Manufacturing
Futures Initiative at Carnegie Mellon University (CMU).The authors would like to acknowledge Olivia Shafer’s assistance with for-
matting, editing, and constructive comments during preparation of this manuscript. AM and MC would like to acknowledge funding
agencies supporting binder jet 3D printing studies at the University of Pittsburgh including partial funding by the Air Force Research
Laboratory under agreement number FA8650-12-2-7230, the Commonwealth of Pennsylvania, acting through the Pennsylvania
Department of Community and Economic Development, under contract number C000053981, and NSF award 1727676 (including
REU supplements). FL. and WT would like to thank the financial support from the National Science Foundation under grant CMMI-
1752218. This material is based upon work supported by the U.S. Department of Energy, Office of Energy Efficiency and Renewable
Energy, Office of Advanced Manufacturing, under contract number DE-AC05-000R22725. The authors would also like to ac-
knowledge the tremendous role of the reviewers and their valuable comments and suggestions that helped shape this manuscript.

References

[1] Lipson H, Kurman M. Fabricated: the new world of 3D printing. Indianapolis, Indiana: John Wiley and Sons, Inc.; 2013.
[2] Giannatsis J, Dedoussis V. Additive fabrication technologies applied to medicine and health care: A review. Int J Adv Manuf Technol 2009;40:116-27.
[3] Dawood A, Marti BM, Sauret-Jackson V, Darwood A. 3D printing in dentistry. Br Dent J 2015;219:521-9.
[4] Guo N, Leu MC. Additive manufacturing: Technology, applications and research needs. Front Mech Eng 2013;8:215-43.
[5] Javaid M, Haleem A. Current status and challenges of Additive manufacturing in orthopaedics: An overview. J Clin Orthop Trauma 2018;8:289-302.
[6] Murr LE, Martinez E, Amato KN, Gaytan SM, Hernandez J, Ramirez D, et al. Fabrication of metal and alloy components by additive manufacturing: examples of
3D materials science. J Mater Res Technol 2012;1:42-54.
[7] Frazier WE. Metal additive manufacturing: a review. J Mater Eng Perform 2014;23:1917-28. https://doi.org/10.1007/s11665-014-0958-z.
[8] Ngo TD, Kashani A, Imbalzano G, Nguyen KTQ, Hui D. Additive manufacturing (3D printing): A review of materials, methods, applications and challenges.
Compos Part B 2018;143:172-96. https://doi.org/10.1016/j.compositesb.2018.02.012.
[9] Wang X, Jiang M, Zhou Z, Gou J, Hui D. 3D printing of polymer matrix composites : A review and prospective. Compos Part B 2017;110:442-58. https://doi.
org/10.1016/j.compositesb.2016.11.034.
[10] Schmutzler C, Stiehl TH, Zaeh MF. Empirical process model for shrinkage-induced warpage in 3D printing. Rapid Prototyp J 2019:RPJ-04-2018-0098.
[11] Meteyer S, Xu X, Perry N, Zhao YF. Energy and material flow analysis of binder-jetting additive manufacturing processes. Procedia CIRP 2014;15:19-25.
[12] De Schutter G, Lesage K, Mechtcherine V, Nerella VN, Habert G, Agusti-Juan I. Vision of 3D printing with concrete — Technical, economic and environmental
potentials. Cem Concr Res 2018;112:25-36.

119


http://refhub.elsevier.com/S0079-6425(20)30071-2/h0010
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0015
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0020
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0025
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0030
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0030
https://doi.org/10.1007/s11665-014-0958-z
https://doi.org/10.1016/j.compositesb.2018.02.012
https://doi.org/10.1016/j.compositesb.2016.11.034
https://doi.org/10.1016/j.compositesb.2016.11.034
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0055
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0060
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0060

A. Mostafaei, et al. Progress in Materials Science xxx (xxxx) Xxxx

[13]
[14]

[15]

[16]
[17]

[18]
[19]

[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]

[36]
[37]

[38]
[39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]
[47]

[48]
[49]

[50]
[51]

[52]
[53]

[54]
[55]
[56]
[57]
[58]
[59]
[60]
[61]
[62]

[63]
[64]

[65]

Cerdas F, Juraschek M, Thiede S, Herrmann C. Life cycle assessment of 3D printed products in a distributed manufacturing system. J Ind Ecol 2017;21:580-93.
Weller C, Kleer R, Piller FT. Economic implications of 3D printing: Market structure models in light of additive manufacturing revisited. Int J Prod Econ
2015;164:43-56.

Rayna T, Striukova L. From rapid prototyping to home fabrication: How 3D printing is changing business model innovation. Technol Forecast Soc Change
2016;102:214-24.

Buswell RA, Leal de Silva WR, Jones SZ, Dirrenberger J. 3D printing using concrete extrusion: A roadmap for research. Cem Concr Res 2018;112:37-49.
Sames WJ, List FA, Pannala S, Dehoff RR, Babu SS. The metallurgy and processing science of metal additive manufacturing. Int Mater Rev 2016;61:315-60.
https://doi.org/10.1080/09506608.2015.1116649.

Lima P, Zocca A, Acchar W, Giinster J. 3D printing of porcelain by layerwise slurry deposition. J Eur Ceram Soc 2018;38:3395-400.

Zhang B, Pei X, Song P, Sun H, Li H, Fan Y, et al. Porous bioceramics produced by inkjet 3D printing: Effect of printing ink formulation on the ceramic macro and
micro porous architectures control. Compos Part B Eng 2018;155:112-21.

DebRoy T, Wei HL, Zuback JS, Mukherjee T, Elmer JW, Milewski JO, et al. Additive manufacturing of metallic components — Process, structure and properties.
Prog Mater Sci 2018;92:112-224.

Yeh CC, Chen YF. Critical success factors for adoption of 3D printing. Technol Forecast Soc Change 2018;132:209-16.

Eyers DR, Potter AT. Industrial additive manufacturing: A manufacturing systems perspective. Comput Ind 2017;92-93:208-18.

Mellor S, Hao L, Zhang D. Additive manufacturing: A framework for implementation. Int J Prod Econ 2014;149:194-201.

Bogers M, Hadar R, Bilberg A. Additive manufacturing for consumer-centric business models: Implications for supply chains in consumer goods manufacturing.
Technol Forecast Soc Change 2016;102:225-39.

Rejeski D, Zhao F, Huang Y. Research needs and recommendations on environmental implications of additive manufacturing. Addit Manuf 2018;19:21-8.
https://doi.org/10.1016/j.addma.2017.10.019.

Attaran M. The rise of 3-D printing: The advantages of additive manufacturing over traditional manufacturing. Bus Horiz 2017;60:677-88.

Gebler M, Schoot Uiterkamp AJM, Visser C. A global sustainability perspective on 3D printing technologies. Energy Policy 2014;74:158-67.

Smith B. The ExOne Company Reports 2016 First Quarter Results; n.d.

Linnenman A. Faster Steel — And the Innovative Process That Made It Possible. ShapewaysCom; 2017.

Ford S, Despeisse M. Additive manufacturing and sustainability: an exploratory study of the advantages and challenges. J Clean Prod 2016;137:1573-87.
Murr LE, Gaytan SM, Ramirez DA, Martinez E, Hernandez J, Amato KN, et al. Metal fabrication by additive manufacturing using laser and electron beam
melting technologies. J Mater Sci Technol 2012;28:1-14. https://doi.org/10.1016/51005-0302(12)60016-4.

Korner C. Additive manufacturing of metallic components by selective electron beam melting — A review. Int Mater Rev 2016;61:361-77. https://doi.org/10.
1080/09506608.2016.1176289.

Kirka MM, Nandwana P, Lee Y, Dehoff RR. Solidification and solid-state transformation sciences in metals additive manufacturing. Scr Mater 2017;135:130-4.
https://doi.org/10.1016/j.scriptamat.2017.01.005.

Cordero ZC, Meyer HM, Nandwana P, Dehoff RR. Powder bed charging during electron-beam additive manufacturing. Acta Mater 2017;124:437-45. https://
doi.org/10.1016/j.actamat.2016.11.012.

Mostafaei A, Kimes KA, Stevens EL, Toman J, Krimer YL, Ullakko K, et al. Microstructural evolution and magnetic properties of binder jet additive manufactured
Ni-Mn-Ga magnetic shape memory alloy foam. Acta Mater 2017;131:482-90.

Sachs EM, Haggerty JS, Cima MJ, Williams PA. Three-Dimensional Printing Techniques, US5340656 A; 1993.

Gibson I, Rosen D, Stucker B. Additive manufacturing technologies: 3D printing, rapid prototyping, and direct digital manufacturing. 2nd ed. New York:
Springer; 2015.

Michaels S, Sachs EM, Cima M. Metal parts generation by three dimensional printing. Solid Free Fabr Symp 1992:244-50.

Wohlers T. Wohlers report 2014: 3D printing and additive manufacturing state of the industry; 2014. ISBN 978-0-9913332-0-2.

Manufacturing Guidelines for 420 Stainless Steel/Bronze. ExOne; 2016.

Industry Grade Materials. ExOne; 2017.

Hwa LC, Rajoo S, Noor AM, Ahmad N, Uday MB. Recent advances in 3D printing of porous ceramics: A review. Curr Opin Solid State Mater Sci 2017;21:323-47.
Ngo TD, Kashani A, Imbalzano G, Nguyen KTQ, Hui D. Additive manufacturing (3D printing): A review of materials, methods, applications and challenges.
Compos Part B Eng 2018;143:172-96. https://doi.org/10.1016/j.compositesb.2018.02.012.

Wang X, Jiang M, Zhou Z, Gou J, Hui D. 3D printing of polymer matrix composites: A review and prospective. Compos Part B Eng 2017;110:442-58. https://doi.
org/10.1016/j.compositesb.2016.11.034.

Liu W, Li Y, Liu J, Niu X, Wang Y, Li D. Application and performance of 3D printing in nanobiomaterials. J Nanomater 2013;2013.

Ho CMB, Ng SH, Yoon YJ. A review on 3D printed bioimplants. Int J Precis Eng Manuf 2015;16:1035-46.

Harun WSW, Kamariah MSIN, Muhamad N, Ghani SAC, Ahmad F, Mohamed Z. A review of powder additive manufacturing processes for metallic biomaterials.
Powder Technol 2018;327:128-51.

Bose S, Ke D, Sahasrabudhe H, Bandyopadhyay A. Additive manufacturing of biomaterials. Prog Mater Sci 2017;93:45-111.

Elahinia M, Shayesteh Moghaddam N, Taheri Andani M, Amerinatanzi A, Bimber BA, Hamilton RF. Fabrication of NiTi through additive manufacturing: A
review. Prog Mater Sci 2016;83:630-63.

Bhushan B, Caspers M. An overview of additive manufacturing (3D printing) for microfabrication. Microsyst Technol 2017;23:1117-24.

Sachs E, Cima M, Cornie J, Brancazio D, Bredt J, Curodeau A, et al. Three-dimensional printing: the physics and implications of additive manufacturing. Ann
CIRP 1993;42:257-60.

Elliott AM, Love LJ. Overview of additive manufacturing technologies for the rapid equipping Force: Final Report; 2014.

Utela B, Storti D, Anderson R, Ganter M. A review of process development steps for new material systems in three dimensional printing (3DP). J Manuf Process
2008;10:96-104.

Mostafaei A, Stevens EL, Ference JJ, Schmidt DE, Chmielus M. Binder jet printing of partial denture metal framework from metal powder. Mater Sci Technol
2017:289-91.

Shivpuri R, Cheng X, Agarwal K, Babu S. Evaluation of 3D printing for dies in low volume forging of 7075 aluminum helicopter parts. Rapid Prototyp J
2005;11:272-7. https://doi.org/10.1108/13552540510623576.

Utela B, Anderson RL, Kuhn H. Advanced ceramic materials and processes for three-dimensional printing (3DP). Solid Free Fabr Symp 2006:290-303.
ASTM. ASTM F2792 - 12a. Standard Terminology for Additive Manufacturing Technologies. ASTM F2792-10el 2013:2-4. 10.1520/F2792-12A.2.

Zhang F, Wei M, Viswanathan VV, Swart B, Shao Y, Wu G, et al. 3D printing technologies for electrochemical energy storage. Nano Energy 2017;40:418-31.
Azhari A, Marzbanrad E, Yilman D, Toyserkani E, Pope MA. Binder-jet powder-bed additive manufacturing (3D printing) of thick graphene-based electrodes.
Carbon N Y 2017;119:257-66.

Miyanaji H, Akbar JM, Yang L. Fabrication and characterization of Graphite/Nylon 12 composite via binder Jetting additive manufacturing process. Solid Free
Fabr Symp — An Addit Manuf Conf 2017:593-604.

Gaytan SM, Cadena M, Aldaz M, Herderick E, Medina F, Wicker R. Analysis of ferroelectric ceramic fabricated by binder jetting technology. 24th Int. SFF Symp -
An Addit Manuf Conf SFF 2013, 2013,:859-68.

Gaytan SM, Cadena MA, Karim H, Delfin D, Lin Y, Espalin D, et al. Fabrication of barium titanate by binder jetting additive manufacturing technology. Ceram
Int 2015;41:6610-9.

Holland S, Foster T, Tuck C. Creation of Food Structures Through Binder Jetting. vol. 1867. Elsevier Inc.; 2019.

Holland S, Foster T, MacNaughtan W, Tuck C. Design and characterisation of food grade powders and inks for microstructure control using 3D printing. J Food
Eng 2018;220:12-9.

Holland S, Tuck C, Foster T. Selective recrystallization of cellulose composite powders and microstructure creation through 3D binder jetting. Carbohydr Polym

120


http://refhub.elsevier.com/S0079-6425(20)30071-2/h0065
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0070
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0070
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0075
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0075
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0080
https://doi.org/10.1080/09506608.2015.1116649
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0090
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0095
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0095
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0100
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0100
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0105
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0110
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0115
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0120
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0120
https://doi.org/10.1016/j.addma.2017.10.019
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0130
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0135
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0150
https://doi.org/10.1016/S1005-0302(12)60016-4
https://doi.org/10.1080/09506608.2016.1176289
https://doi.org/10.1080/09506608.2016.1176289
https://doi.org/10.1016/j.scriptamat.2017.01.005
https://doi.org/10.1016/j.actamat.2016.11.012
https://doi.org/10.1016/j.actamat.2016.11.012
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0175
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0175
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0190
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0210
https://doi.org/10.1016/j.compositesb.2018.02.012
https://doi.org/10.1016/j.compositesb.2016.11.034
https://doi.org/10.1016/j.compositesb.2016.11.034
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0225
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0230
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0235
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0235
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0240
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0245
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0245
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0250
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0255
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0255
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0265
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0265
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0270
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0270
https://doi.org/10.1108/13552540510623576
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0280
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0290
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0295
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0295
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0300
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0300
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0305
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0305
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0310
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0310
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0320
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0320
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0325

A. Mostafaei, et al. Progress in Materials Science xxx (xxxx) Xxxx

[66]
[67]

[68]
[69]

[70]
[71]
[72]
731
[74]
[75]
[76]
[77]
[78]
[79]
[80]
[81]

[82]
[83]

[84]
[85]
[86]
[87]

[88]
[89]

[90]
[91]
[92]

[93]
[94]

[95]
[96]
[971
[98]
[99]
[100]
[101]
[102]
[103]
[104]
[105]

[106]
[107]

[108]

[109]

2018;200:229-38.

Manogharan G, Kioko M, Linkous C. Binder jetting: a novel solid oxide fuel-cell fabrication process and evaluation. Jom 2015;67:660-7.

Deng C, Kang J, Shangguan H, Hu Y, Huang T, Liu Z. Effects of hollow structures in sand mold manufactured using 3D printing technology. J Mater Process
Technol 2018;255:516-23.

Shangguan H, Kang J, Deng C, Yi J, Hu Y, Huang T. 3D-printed rib-enforced shell sand mold for aluminum castings. Int J Adv Manuf Technol 2018;96:2175-82.
Maravola M, Conner B, Walker J, Cortes P. Epoxy infiltrated 3D printed ceramics for composite tooling applications. Addit Manuf 2019;25:59-63. https://doi.
org/10.1016/j.addma.2018.10.036.

Kim DH, Lee J, Bae J, Park S, Choi J, Lee JH, et al. Mechanical analysis of ceramic/polymer composite with mesh-type lightweight design using binder-jet 3D
printing. Materials (Basel) 2018;11.

Kong L, Ostadhassan M, Hou X, Mann M, Li C. Microstructure characteristics and fractal analysis of 3D-printed sandstone using micro-CT and SEM-EDS. J Pet
Sci Eng 2019;175:1039-48.

Snelling D, Williams C, Druschitz A. Mechanical and material properties of castings produced via 3d printed molds. Addit Manuf 2019;27:199-207. https://doi.
0rg/10.1016/j.addma.2019.03.004.

Chhabra M, Singh R. Obtaining desired surface roughness of castings produced using ZCast direct metal casting process through Taguchi’s experimental
approach. Rapid Prototyp J 2012;18:458-71. https://doi.org/10.1108/13552541211272009.

Hodder KJ, Chalaturnyk RJ. Bridging additive manufacturing and sand casting: utilizing foundry sand. Addit Manuf 2019. https://doi.org/10.1016/j.addma.
2019.06.008.

Vangapally S, Agarwal K, Sheldon A, Cai S. Effect of lattice design and process parameters on dimensional and mechanical properties of binder jet additively
manufactured stainless steel 316 for bone scaffolds. Procedia Manuf 2017;10:750-9.

Mitra S, E1 M, Rodriguez A, Castro D, Costin M. Study of the evolution of transport properties induced by additive processing sand mold using X-ray computed
tomography. J Mater Process Tech 2019;277:116495https://doi.org/10.1016/j.jmatprotec.2019.116495.

Rojas-Nastrucci EA, Nussbaum JT, Crane NB, Weller TM. Ka-band characterization of binder jetting for 3-D printing of metallic rectangular waveguide circuits
and antennas. IEEE Trans Microw Theory Tech 2017;65:3099-108. https://doi.org/10.1109/TMTT.2017.2730839.

Huang GL, Zhou SG, Yuan T. Development of a wideband and high-efficiency waveguide-based compact antenna radiator with binder-jetting technique. IEEE
Trans Compon Packag Manuf Technol 2017;7:254-60. https://doi.org/10.1109/TCPMT.2016.2646386.

Rojas-Nastrucci EA, Nussbaum J, Weller TM, Crane NB. Metallic 3D printed Ka-band pyramidal horn using binder jetting. LAMC 2016 - IEEE MTT-S Lat Am
Microw Conf 2017:2-4. https://doi.org/10.1109/LAMC.2016.7851297.

Ingaglio J, Fox J, Naito CJ, Bocchini P. Material characteristics of binder jet 3D printed hydrated CSA cement with the addition of fine aggregates. Constr Build
Mater 2019;206:494-503.

Lowke D, Dini E, Perrot A, Weger D, Gehlen C, Dillenburger B. Particle-bed 3D printing in concrete construction — Possibilities and challenges. Cem Concr Res
2018;112:50-65.

Xia M, Sanjayan J. Method of formulating geopolymer for 3D printing for construction applications. Mater Des 2016;110:382-90.

Feng P, Meng X, Chen J-F, Ye L. Mechanical properties of structures 3D printed with cementitious powders. Constr Build Mater 2015;93:486-97. https://doi.
0rg/10.1016/j.conbuildmat.2015.05.132.

Nematollahi B, Xia M, Sanjayan J. Enhancing strength of powder-based 3D printed geopolymers for digital construction applications. Int Conf Rheol Process
Constr Mater 2019:417-25.

Xia M, Nematollahi B, Sanjayan J. Post-processing techniques to enhance strength of portland cement mortar digitally fabricated using powder-based 3D
printing process. Int Conf Rheol Process Constr Mater 2019:457-64.

Zeidler H, Klemm D, Bottger-Hiller F, Fritsch S, Le Guen MJ, Singamneni S. 3D printing of biodegradable parts using renewable biobased materials. Procedia
Manuf 2018;21:117-24.

Mancuso E, Alharbi N, Bretcanu OA, Marshall M, Birch MA, McCaskie AW, et al. Three-dimensional printing of porous load-bearing bioceramic scaffolds. Proc
Inst Mech Eng Part H J Eng Med 2017;231:575-85.

Du W, Ma C, Ren X, Pe Z. Binder jetting additive manufacturing of ceramics: a literature. Review Proc ASME 2017 Int Mech Eng Congr Expo 2017:1-12.
Shirazi SFS, Gharehkhani S, Mehrali M, Yarmand H, Metselaar HSC, Adib Kadri N, et al. A review on powder-based additive manufacturing for tissue en-
gineering: Selective laser sintering and inkjet 3D printing. Sci Technol Adv Mater 2015;16:1-20.

Brunello G, Sivolella S, Meneghello R, Ferroni L, Gardin C, Piattelli A, et al. Powder-based 3D printing for bone tissue engineering. Biotechnol Adv
2016;34:740-53.

Shakor P, Sanjayan J, Nazari A, Nejadi S. Modified 3D printed powder to cement-based material and mechanical properties of cement scaffold used in 3D
printing. Constr Build Mater 2017;138:398-409.

Suwanprateeb J, Chumnanklang R. Three-dimensional printing of porous polyethylene structure using water-based binders. J Biomed Mater Res Part B Appl
Biomater 2006;78:138-45.

Lam CXF, Mo XM, Teoh SH, Hutmacher DW. Scaffold development using 3D printing with a starch-based polymer. Mater Sci Eng C 2002;20:49-56.

Liravi F, Toyserkani E. A hybrid additive manufacturing method for the fabrication of silicone bio-structures: 3D printing optimization and surface char-
acterization. Mater Des 2017.

Liravi F, Vlasea M. Data related to the experimental design for powder bed binder jetting additive manufacturing of silicone. Data Br 2018;18:1477-83.
Liravi F, Vlasea M. Powder bed binder jetting additive manufacturing of silicone structures. Addit Manuf 2018;21:30008-13.

Rabinskiy L, Ripetsky A, Sitnikov S, Solyaev Y, Kahramanov R. Fabrication of porous silicon nitride ceramics using binder jetting technology. IOP Conf Ser
Mater Sci Eng 2016;140. https://doi.org/10.1088/1757-899X/140/1/012023.

Vogler D, Walsh SDC, Dombrovski E, Perras MA. A comparison of tensile failure in 3D-printed and natural sandstone. Eng Geol 2017;226:221-35.

Squelch A. 3D printing rocks for geo-educational, technical, and hobbyist pursuits. Geosphere 2017;14:360-6.

Shammas D, Bernhard M, Dillenburger B. Printing Whisper Dishes: Large Scale Binder Jetting for Outdoor Installations. In: ACADIA 2018 Recalibration
Imprecision Infidelity Proc 38th Annu Conf Assoc Comput Aided Des Archit 2018:328-35.

Rahman Z, Charoo NA, Kuttolamadom M, Asadi A, Khan MA. Printing of personalized medication using binder jetting 3D printer. Elsevier Inc.; 2020. 10.1016/
B978-0-12-819178-1.00046-0.

Naitoh M, Kubota Y, Katsumata A, Ohsaki C, Ariji E. Dimensional accuracy of a binder jet model produced from computerized tomography data for dental
implants. J Oral Implantol 2006;32:273-6.

Lichtenberger JP, Tatum PS, Gada S, Wyn M, Ho VB, Liacouras P. Using 3D printing (additive manufacturing) to produce low-cost simulation models for
medical training. Mil Med 2018;183:73-7.

Akmal JS, Salmi M, Mikitie A, Bjorkstrand R, Partanen J. Implementation of industrial additive manufacturing: Intelligent implants and drug delivery systems.
J Funct Biomater 2018; 9.

Infanger S, Haemmerli A, Iliev S, Baier A, Stoyanov E, Quodbach J. Powder bed 3D-printing of highly loaded drug delivery devices with hydroxypropyl
cellulose as solid binder. Int J Pharm 2019;555:198-206.

Wu BM, Borland SW, Giordano RA, Cima LG, Sachs EM, Cima MJ. Solid free-form fabrication of drug delivery devices. J Control Release 1996;40:77-87.
Diaz-Moreno CA, Lin Y, Hurtado-Macias A, Espalin D, Terrazas CA, Murr LE, et al. Binder jetting additive manufacturing of aluminum nitride components.
Ceram Int 2019. https://doi.org/10.1016/j.ceramint.2019.03.187.

Wilts E, Ma D, Bai Y, Williams CB, Long TE. Comparison of Linear and 4-arm Star Poly(vinyl pyrrolidone) for Aqueous Binder Jetting Additive Manufacturing of
Personalized Dosage Tablets. ACS Appl Mater Interfaces 2019: acsami.9b08116. 10.1021/acsami.9b08116.

Wilts EM, Ma D, Bai Y, Williams CB, Long TE. Comparison of linear and 4-arm star poly(vinyl pyrrolidone) for aqueous binder jetting additive manufacturing of
personalized dosage tablets. ACS Appl Mater Interfaces 2019. https://doi.org/10.1021/acsami.9b08116.

121


http://refhub.elsevier.com/S0079-6425(20)30071-2/h0325
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0330
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0335
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0335
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0340
https://doi.org/10.1016/j.addma.2018.10.036
https://doi.org/10.1016/j.addma.2018.10.036
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0350
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0350
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0355
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0355
https://doi.org/10.1016/j.addma.2019.03.004
https://doi.org/10.1016/j.addma.2019.03.004
https://doi.org/10.1108/13552541211272009
https://doi.org/10.1016/j.addma.2019.06.008
https://doi.org/10.1016/j.addma.2019.06.008
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0375
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0375
https://doi.org/10.1016/j.jmatprotec.2019.116495
https://doi.org/10.1109/TMTT.2017.2730839
https://doi.org/10.1109/TCPMT.2016.2646386
https://doi.org/10.1109/LAMC.2016.7851297
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0400
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0400
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0405
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0405
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0410
https://doi.org/10.1016/j.conbuildmat.2015.05.132
https://doi.org/10.1016/j.conbuildmat.2015.05.132
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0420
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0420
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0425
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0425
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0430
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0430
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0435
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0435
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0440
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0445
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0445
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0450
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0450
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0455
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0455
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0460
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0460
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0465
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0470
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0470
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0475
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0480
https://doi.org/10.1088/1757-899X/140/1/012023
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0490
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0495
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0510
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0510
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0515
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0515
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0525
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0525
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0530
https://doi.org/10.1016/j.ceramint.2019.03.187
https://doi.org/10.1021/acsami.9b08116

A. Mostafaei, et al. Progress in Materials Science xxx (xxxx) Xxxx

[110]

[111]
[112]

[113]
[114]
[115]
[116]
[117]
[118]
[119]
[120]
[121]
[122]
[123]
[124]
[125]
[126]
[127]
[128]
[129]
[130]
[131]
[132]
[133]
[134]
[135]

[136]
[137]

[138]
[139]
[140]
[141]
[142]
[143]
[144]
[145]

[146]
[147]

[148]
[149]

[150]
[151]
[152]

[153]

[154]
[155]

[156]

Wieland S, Petzoldt F. Binder Jet 3D-Printing for metal additive manufacturing: Applications and innovative approaches. CFI Ceram Forum Int
2016;93:E26-30.

ExOne Company; n.d, http://www.exone.com/Systems/Production-Printers.

Bai Y, Wagner G, Williams CB. Effect of particle size distribution on powder packing and sintering in binder jetting additive manufacturing of metals. J Manuf
Sci Eng 2017;139:081019.

Gibson I, Rosen D, Stucker B. Binder jetting. Addit Manuf Technol 2015:205-18.

Allen SM, Sachs EM. Three-dimensional printing of metal parts for tooling and other applications. Met Mater Int 2000;6:589-94.

Nandwana P, Elliott AMAM, Siddel D, Merriman A, Peter WHWH, Babu SSSS. Powder bed binder jet 3D printing of Inconel 718: Densification, microstructural
evolution and challenges. Curr Opin Solid State Mater Sci 2017;21. https://doi.org/10.1016/j.cossms.2016.12.002.

Paranthaman MP, Shafer CS, Elliott AM, Siddel DH, McGuire MA, Springfield RM, et al. Binder jetting: a novel NdFeB bonded magnet fabrication process. Jom
2016;68:1978-82.

Mostafaei A, Behnamian Y, Krimer YL, Stevens EL, Luo JL, Chmielus M. Effect of solutionizing and aging on the microstructure and mechanical properties of
powder bed binder jet printed nickel-based superalloy 625. Mater Des 2016;111:482-91.

Enneti RK, Prough KC, Wolfe TA, Klein A, Studley N, Trasorras JL. Sintering of WC-12%Co processed by binder jet 3D printing (BJ3DP) technology. Int J Refract
Met Hard Mater 2017;71:28-35.

Watters MP, Bernhard ML. Modified curing protocol for improved strength of binder-jetted 3D parts. Rapid Prototyp J 2004;10:5-6.

Garzé6n EO, Alves JL, Netvo RJ. Post-process influence of infiltration on binder jetting technology. Mater Des Appl Adv Struct Mater 2017; 65. Springer, Cham.
Levy A, Miriyev A, Elliott A, Babu SS, Frage N. Additive manufacturing of complex-shaped graded TiC/steel composites. Mater Des 2017;118:198-203.
Fang ZZ, editor. Sintering of advanced materials: Fundamentals and processes; 2010.

German RM, Suri P, Park SJ. Review: Liquid phase sintering. J Mater Sci 2009;44:1-39.

Kingery WD, Narasimhan MD, Kingrey WD, Kingery WD, Narasimhan MD. Densification during sintering in the presence of a liquid phase. II. Experimental. J
Appl Phys 1959;30:307-10.

Miyanaji H, Zhang S, Lassell A, Zandinejad A, Yang L. Process development of porcelain ceramic material with binder jetting process for dental applications.
Jom 2016;68:831-41.

Yap YL, Wang C, Sing SL, Dikshit V, Yeong WY, Wei J. Material jetting additive manufacturing: An experimental study using designed metrological benchmarks.
Precis Eng 2017;50:275-85.

Do T, Kwon P, Shin CS. Process development toward full-density stainless steel parts with binder jetting printing. Int J Mach Tools Manuf 2017;121:50-60.
Varotsis BA. How to design parts for Binder Jetting 3D printing. 3DHubsCom; 2018.

Kumbhar NN, Mulay AV. Post processing methods used to improve surface finish of products which are manufactured by additive manufacturing technologies:
a review. J Inst Eng Ser C 2018;99:481-7. https://doi.org/10.1007/540032-016-0340-z.

Castro MA, Rodriguez-Gonzalez P, Barreiro J, Fernandez-Abia Al. Behaviour of infiltrating materials on Calcium Sulphate hemihydrate parts made by 3D
printing. Procedia Manuf 2017;13:848-55.

Gokuldoss PK, Kolla S, Eckert J. Additive manufacturing processes: Selective laser melting, electron beam melting and binder jetting-selection guidelines.
Materials (Basel) 2017;10.

Anderson IE, White EMH, Dehoff R. Feedstock powder processing research needs for additive manufacturing development. Curr Opin Solid State Mater Sci
2018:1-8.

Valdek M, Helmo K, Pritt K, Besterci M. Characterization of powder particle. Methods 2001;7:22-34.

Samal PK, Newkirk JW. powder metallurgy, metal powder characterization, bulk properties of powders. ASM Handb 2015;7:93-168.

Sutton AT, Kriewall CS, Leu MC, Newkirk JW. Powders for additive manufacturing processes: characterization techniques and effects on part properties. Solid
Free Fabr Proc 2016:1004-30.

Antony LVM, Reddy RG. Processes for production of high-purity metal powders. Jom 2003;55:14-8.

Lagutkin S, Achelis L, Sheikhaliev S, Uhlenwinkel V, Srivastava V. Atomization process for metal powder. Mater Sci Eng A 2004;383:1-6. https://doi.org/10.
1016/j.msea.2004.02.059.

Seki Y, Okamoto S, Takigawa H, Kawai N. Effect of atomization variables on powder characteristics in the high-pressured water atomization process. Met
Powder Rep 1990;45:38-40. https://doi.org/10.1016/50026-0657(10)80014-1.

Contreras JM, Jiménez-Morales A, Torralba JM. Improvement of rheological properties of Inconel 718 MIM feedstock using tailored particle size distributions.
Powder Metall 2008;51:103-6.

Nobrega BN, Ristow Jr W, Machado R. MIM processing and plasma sintering of nickel base superalloys for aerospace and automotive applications. Powder
Metall 2008;51:107-10.

German RM. Powder metallurgy and particulate materials processing: the processes, materials, products, properties and applications. Metal Powder Industries
Federation; 2005.

Koseski RP, Suri P, Earhardt NB, German RM, Kwon Y-S. Microstructural evolution of injection molded gas- and water-atomized 316L stainless steel powder
during sintering. Mater Sci Eng A 2005;390:171-7.

Giilsoy HO, Ozbek S, Baykara T. Microstructural and mechanical properties of injection moulded gas and water atomised 17-4 PH stainless steel powder.
Powder Metall 2007;50:120-6.

Zhang L, Chen X, Li D, Chen C, Qu X, He X, et al. A comparative investigation on MIM418 superalloy fabricated using gas- and water-atomized powders. Powder
Technol 2015;286:798-806.

Li R, Shi Y, Wang Z, Wang L, Liu J, Jiang W. Densification behavior of gas and water atomized 316L stainless steel powder during selective laser melting. Appl
Surf Sci 2010;256:4350-6.

Rombouts M, Maes G, Mertens M, Hendrix W. Laser metal deposition of Inconel 625: Microstructure and mechanical properties. J Laser Appl 2012;24:052007.
Mostafaei A, Stevens E, Hughes E, Biery S, Hilla C, Chmielus M. Powder bed binder jet printed alloy 625: densification, microstructure and mechanical
properties. Mater Des 2016;108:126-35.

Ternovoi YF, Tsipunov AG, Kuratchenko SB, Kuimova OM, Kondakova KV. Pore formation in atomized powder. Sci York 1985;99:50-2.

Tan JH, Wong WLE, Dalgarno KW. An overview of powder granulometry on feedstock and part performance in the selective laser melting process. Addit Manuf
2017;18:228-55. https://doi.org/10.1016/j.addma.2017.10.011.

Mostafaei A, Hilla C, Stevens EL, Nandwana P, Elliott AM, Chmielus M. Comparison of characterization methods for differently atomized nickel-based alloy 625
powders. Powder Technol 2018;333:180-92. https://doi.org/10.1016/j.powtec.2018.04.014.

Heim K, Bernier F, Pelletier R, Lefebvre L-P. High resolution pore size analysis in metallic powders by X-ray tomography. Case Stud Nondestruct Test Eval
2016;6:45-52.

Ilogebe AB, Uzochukwu B, Elliot AM. Porosity determination and characterization of binder jet printed Structural Amorphous Metal (SAM) alloy parts using X-
Ray CT. Nanotechnol Appl 2019;2:1-6.

Zhang H, Mao X, Du Z, Jiang W, Han X, Zhao D, et al. Three dimensional printed macroporous polylactic acid/hydroxyapatite composite scaffolds for
promoting bone formation in a critical-size rat calvarial defect model. Sci Technol Adv Mater 2016;17:136-48. https://doi.org/10.1080/14686996.2016.
1145532.

Castilho M, Gouveia B, Pires I, Rodrigues J, Pereira M. The role of shell/core saturation level on the accuracy and mechanical characteristics of porous calcium
phosphate models produced by 3Dprinting. Rapid Prototyp J 2015;21:43-55.

Asadi-Eydivand M, Solati-Hashjin M, Abu Osman NA. Mechanical behavior of calcium sulfate scaffold prototypes built by solid free-form fabrication. Rapid
Prototyp J 2018;24:1392-400.

Mostafaei A, Neelapu SHVR, Kisailus C, Nath LM, Jacobs TDB, Chmielus M. Characterizing surface finish and fatigue behavior in binder-jet 3D-printed nickel-

122


http://refhub.elsevier.com/S0079-6425(20)30071-2/h0550
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0550
http://www.exone.com/Systems/Production-Printers
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0560
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0560
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0565
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0570
https://doi.org/10.1016/j.cossms.2016.12.002
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0580
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0580
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0585
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0585
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0590
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0590
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0595
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0605
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0615
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0620
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0620
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0625
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0625
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0630
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0630
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0635
https://doi.org/10.1007/s40032-016-0340-z
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0650
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0650
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0655
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0655
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0660
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0660
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0665
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0670
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0680
https://doi.org/10.1016/j.msea.2004.02.059
https://doi.org/10.1016/j.msea.2004.02.059
https://doi.org/10.1016/S0026-0657(10)80014-1
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0695
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0695
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0700
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0700
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0710
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0710
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0715
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0715
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0720
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0720
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0725
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0725
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0730
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0735
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0735
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0740
https://doi.org/10.1016/j.addma.2017.10.011
https://doi.org/10.1016/j.powtec.2018.04.014
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0755
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0755
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0760
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0760
https://doi.org/10.1080/14686996.2016.1145532
https://doi.org/10.1080/14686996.2016.1145532
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0770
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0770
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0775
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0775
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0780

A. Mostafaei, et al. Progress in Materials Science xxx (xxxx) Xxxx

[157]
[158]
[159]
[160]

[161]
[162]

[163]
[164]

[165]
[166]
[167]
[168]
[169]

[170]
[171]

[172]
[173]
[174]
[175]
[176]
[177]
[178]
[179]
[180]
[181]
[182]
[183]
[184]
[185]
[186]
[187]
[188]
[189]

[190]
[191]

[192]
[193]

[194]
[195]

[196]
[197]
[198]
[199]

[200]
[201]

[202]
[203]

[204]
[205]

based superalloy 625 Characterizing surface finish and fatigue behavior in binder-jet 3D-printed nickel-based superalloy 625. Addit Manuf 2018;24:200-9.
Sheydaeian E, Toyserkani E. Additive manufacturing functionally graded titanium structures with selective closed cell layout and controlled morphology. Int J
Adv Manuf Technol 2018;96:3459-69.

Barui S, Chatterjee S, Mandal S, Kumar A, Basu B. Microstructure and compression properties of 3D powder printed Ti-6Al-4V scaffolds with designed porosity:
Experimental and computational analysis. Mater Sci Eng C 2017;70:812-23. https://doi.org/10.1016/j.msec.2016.09.040.

Sheydaeian E, Fishman Z, Vlasea M, Toyserkani E. On the effect of throughout layer thickness variation on properties of additively manufactured cellular
titanium structures. Addit Manuf 2017;18:40-7.

Borjesson E, Karlsson J, Innings F, Trigardh C, Bergenstéhl B, Paulsson M. Entrapment of air during imbibition of agglomerated powder beds. J Food Eng
2017;201:26-35.

Zou RP, Gan ML, Yu AB. Prediction of the porosity of multi-component mixtures of cohesive and non-cohesive particles. Chem Eng Sci 2011;66:4711-21.
Zhou Z, Buchanan F, Mitchell C, Dunne N. Printability of calcium phosphate: Calcium sulfate powders for the application of tissue engineered bone scaffolds
using the 3D printing technique. Mater Sci Eng C 2014;38:1-10.

Hapgood KP, Litster JD, Biggs SR, Howes T. Drop penetration into porous powder beds. J Colloid Interface Sci 2002;253:353-66.

Miyanaji H, Zhang S, Yang L. A new physics-based model for equilibrium saturation determination in binder jetting additive manufacturing process. Int J Mach
Tools Manuf 2018;124:1-11.

Bredt JF. Binder stability and powderbinder interaction in three dimensional printing. Cambridge: Dept. of Mechanical Engineering Massachusetts Institute of
Technology; 1995.

Lu K, Hiser M, Wu W. Effect of particle size on three dimensional printed mesh structures. Powder Technol 2009;192:178-83.

German RM. Particle packing characteristics. Princeton N.J: Metal Powder Industries Federation; 1989.

Averardi A, Cola C, Zeltmann SE, Gupta N. Effect of particle size distribution on the packing of powder beds: A critical discussion relevant to additive
manufacturing. Mater Today Commun 2020;24:100964https://doi.org/10.1016/j.mtcomm.2020.100964.

Mostafaei A, Rodriguez De Vecchis P, Nettleship I, Chmielus M. Effect of powder size distribution on densification and microstructural evolution of binder-jet
3D-printed alloy 625. Mater Des 2019;162:375-83.

Sohn HY, Moreland C. The effect of particle size distribution on packing density. Can J Chem Eng 1968;46:162-7. https://doi.org/10.1002/cjce.5450460305.
Ziegelmeier S, Christou P, Wollecke F, Tuck C, Goodridge R, Hague R, et al. An experimental study into the effects of bulk and flow behaviour of laser sintering
polymer powders on resulting part properties. J Mater Process Technol 2015;215:239-50. https://doi.org/10.1016/j.jmatprotec.2014.07.029.

Bai Y, Wagner G, Williams CB. Effect of bimodal powder mixture on powder packing density and sintered density in binder jetting of metals. In: 2015 annu int
solid free fabr symp; 2015. p. 62.

Zhu HH, Fuh JYH, Lu L. The influence of powder apparent density on the density in direct laser-sintered metallic parts. Int J Mach Tools Manuf 2007;47:294-8.
Rahaman MN. Ceramic processing and sintering. 2nd edition, Taylor and Francis; 2003.

Spath S, Drescher P, Seitz H. Impact of particle size of ceramic granule blends on mechanical strength and porosity of 3D printed scaffolds. Materials (Basel)
2015;8:4720-32. https://doi.org/10.3390/ma8084720.

Benson JM, Snyders E. The need for powder characterisation in the additive manufacturing. South African J Ind Eng 2015;26:104-14.

Mao T, Kuhn DCS, Tran H. Spread and rebound of liquid droplets upon impact on flat surfaces. Aiche J 1997;43:2169-79.

McGEARY RK. Mechanical packing of spherical particles. J Am Ceram Soc 1961;44:513-22.

German RM. Prediction of sintered density for bimodal powder mixtures. Metall Trans A 1992;23:1455-65.

Egger G, Gygax PE, Glardon R, Karapatis NP. Optimization of powder layer density in selective laser sintering. Solid Free Fabr Symp 1999:255-63.

Dong K, Wang C, Yu A. A novel method based on orientation discretization for discrete element modeling of non-spherical particles. Chem Eng Sci
2015;126:500-16. https://doi.org/10.1016/j.ces.2014.12.059.

Jia X, Gan M, Williams RA, Rhodes D. Validation of a digital packing algorithm in predicting powder packing densities. Powder Technol 2007;174:10-3.
https://doi.org/10.1016/j.powtec.2006.10.013.

Lu G, Third JR, Miiller CR. Discrete element models for non-spherical particle systems: From theoretical developments to applications. Chem Eng Sci
2015;127:425-65. https://doi.org/10.1016/j.ces.2014.11.050.

Hohner D, Wirtz S, Scherer V. A study on the influence of particle shape on the mechanical interactions of granular media in a hopper using the Discrete
Element Method. Powder Technol 2015;278:286-305. https://doi.org/10.1016/j.powtec.2015.02.046.

Byholm T, Toivakka M, Westerholm J. Effective packing of 3-dimensional voxel-based arbitrarily shaped particles. Powder Technol 2009;196:139-46. https://
doi.org/10.1016/j.powtec.2009.07.013.

Chen H, Wei Q, Zhang Y, Chen F, Shi Y, Yan W. Powder-spreading mechanisms in powder-bed-based additive manufacturing: Experiments and computational
modeling. Acta Mater 2019;179:158-71. https://doi.org/10.1016/j.actamat.2019.08.030.

Elliott AMM, Nandwana P, Siddel D, Compto BG, Compton BG. A method for measuring powder bed density in binder jet additive manufacturing process and
the powder feedstock characteristics influencing the powder bed density. Solid Free Fabr Proc 2016;2016:1031-7.

Lanzetta M, Sachs E. Improved surface finish in 3D printing using bimodal powder distribution. Rapid Prototyp J 2003;9:157-66. https://doi.org/10.1108/
13552540310477463.

Doyle M, Agarwal K, Sealy W, Schull K. Effect of layer thickness and orientation on mechanical behavior of binder jet stainless steel 420 + bronze parts.
Procedia Manuf 2015;1:251-62.

Vaezi M, Chua CK. Effects of layer thickness and binder saturation level parameters on 3D printing process. Int J Adv Manuf Technol 2011;53:275-84.
Farzadi A, Solati-Hashjin M, Asadi-Eydivand M, Osman NAA. Effect of layer thickness and printing orientation on mechanical properties and dimensional
accuracy of 3D printed porous samples for bone tissue engineering. PLoS One 2014;9:1-14.

Enneti RK, Prough KC. Effect of binder saturation and powder layer thickness on the green strength of the binder jet 3D printing (BJ3DP) WC-12%Co powders.
Int J Refract Met Hard Mater 2019;104991. https://doi.org/10.1016/].ijrmhm.2019.104991.

Basalah A, Esmaeili S, Toyserkani E. On the influence of sintering protocols and layer thickness on the physical and mechanical properties of additive
manufactured titanium porous bio-structures. J Mater Process Technol 2016;238:341-51.

Lee S-JJ. Powder layer generation for three dimensional printing. Cambridge, MA: Massachusetts Institute of Technology; 1992.

Cao S, Qiu Y, Wei X-F, Zhang H-H. Experimental and theoretical investigation on ultra-thin powder layering in three dimensional printing (3DP) by a novel
double-smoothing mechanism. J Mater Process Technol 2015;220:231-42.
https://www.exone.com/en-US/3D-printing-systems/metal-3d-printers/X1-25PRO n.d.

Zwiren A, Murphy TF. Comparison of binder jetting additive manufacturing to press and sinter 316L stainless steel; n.d.

Partnership focuses on binder jetting tech. Met Powder Rep 2019; 74:264. doi:10.1016/j.mprp.2019.07.017.

Myers K, Paterson A, lizuka T, Klein A. the effect of print speed on surface roughness and density uniformity of parts produced using binder jet 3D printing.
Solid Free Fabr 2019 Proc 30th Annu Int 2019:122-33.

Standards, LI., ISO 4324:1977, Surface active agents - Powders and granules - Measurement of the angle of repose. ISO International Standards; 1977.
Aragén J, Benjumea E, Avila DA, Horta SD. Design and manufacture of a mechanical system for teaching the diffraction phenomenon. J Phys Conf Ser
2019;1219:012007https://doi.org/10.1088/1742-6596,/1219/1/012007.

Tobergte DR, Curtis S. Advances in SLS powder characterization. J Chem Inf Model 2013;53:1689-99. https://doi.org/10.1017/CB09781107415324.004.
Freeman R. Measuring the flow properties of consolidated, conditioned and aerated powders — A comparative study using a powder rheometer and a rotational
shear cell. Powder Technol 2007;174:25-33. https://doi.org/10.1016/j.powtec.2006.10.016.
2009-Effect-of-Atmospheric-Humidity-and-Temperature-on-the-Flowability-of-Lubricated-Powder-Metallurgy-Mixes.pdf; n.d.

Spath S, Seitz H. Influence of grain size and grain-size distribution on workability of granules with 3D printing. Int J Adv Manuf Technol 2014;70:135-44.
https://doi.org/10.1007/s00170-013-5210-8.

123


http://refhub.elsevier.com/S0079-6425(20)30071-2/h0780
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0785
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0785
https://doi.org/10.1016/j.msec.2016.09.040
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0795
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0795
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0800
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0800
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0805
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0810
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0810
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0815
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0820
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0820
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0825
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0825
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0830
https://doi.org/10.1016/j.mtcomm.2020.100964
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0845
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0845
https://doi.org/10.1002/cjce.5450460305
https://doi.org/10.1016/j.jmatprotec.2014.07.029
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0865
https://doi.org/10.3390/ma8084720
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0880
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0885
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0890
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0895
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0900
https://doi.org/10.1016/j.ces.2014.12.059
https://doi.org/10.1016/j.powtec.2006.10.013
https://doi.org/10.1016/j.ces.2014.11.050
https://doi.org/10.1016/j.powtec.2015.02.046
https://doi.org/10.1016/j.powtec.2009.07.013
https://doi.org/10.1016/j.powtec.2009.07.013
https://doi.org/10.1016/j.actamat.2019.08.030
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0935
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0935
https://doi.org/10.1108/13552540310477463
https://doi.org/10.1108/13552540310477463
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0945
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0945
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0950
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0955
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0955
https://doi.org/10.1016/j.ijrmhm.2019.104991
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0965
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0965
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0975
http://refhub.elsevier.com/S0079-6425(20)30071-2/h0975
https://www.exone.com/en-US/3D-printing-systems/metal-3d-printers/X1-25PRO
https://doi.org/10.1088/1742-6596/1219/1/012007
https://doi.org/10.1017/CBO9781107415324.004
https://doi.org/10.1016/j.powtec.2006.10.016
https://doi.org/10.1007/s00170-013-5210-8

A. Mostafaei, et al. Progress in Materials Science xxx (xxxx) Xxxx

[206]
[207]

[208]
[209]

[210]
[211]
[212]
[213]
[214]

[215]
[216]

[217]
[218]
[219]

[220]
[221]
[222]
[223]
[224]
[225]
[226]
[227]
[228]

[229]
[230]

[231]
[232]

[233]
[234]

[235]
[236]
[237]
[238]
[239]
[240]
[241]

[242]
[243]

[244]
[245]
[246]
[247]
[248]
[249]

[250]
[251]

[252]

[253]

Du W, Miao G, Liu L, Ma C, Pei Z. Binder jetting additive manufacturing of ceramics: comparison of flowability and sinterability between raw and granulated
powders. Proc ASME 2019 Int Manuf Sci Eng Conf 2019:MSEC2019-2983.

Moghadasi M, Du W, Li M, Pei Z, Ma C. Ceramic binder jetting additive manufacturing: Effects of particle size on feedstock powder and final part properties.
Ceram Int 2020. https://doi.org/10.1016/j.ceramint.2020.03.280.

Slotwinski JA, Garboczi EJ, Stutzman PE, Ferraris CF, Watson SS. Additive manufacturing. J Res Natl Inst Standars Technol 2014; 119:460-93.

Chan LCY, Page NW. Particle fractal and load effects on internal friction in powders. Powder Technol 1997;90:259-66. https://doi.org/10.1016/50032-
5910(96)03228-7.

DeCost BL, Jain H, Rollett AD, Holm EA. Computer vision and machine learning for autonomous characterization of AM powder feedstocks. JOM
2017;69:456-65.

DeCost BL, Holm EA. Characterizing powder materials using keypoint-based computer vision methods. Comput Mater Sci 2017;126:438-45. https://doi.org/
10.1016/j.commatsci.2016.08.038.

Smith LN, Midha PS. Computer simulation of morphology and packing behaviour of irregular particles, for predicting apparent powder densities. Comput Mater
Sci 1997;7:377-83. https://doi.org/10.1016/50927-0256(97)00003-7.

Chen H, Wei Q, Wen S, Li Z, Shi Y. Flow behavior of powder particles in layering process of selective laser melting: Numerical modeling and experimental
verification based on discrete element method. Int J Mach Tools Manuf 2017;123:146-59.

Schade CT, Murphy TF, Walton C. Development of atomized powders for additive manufacturing. In: World congr powder metall part mater PM 2014, May 18,
2014 - May 22, 2014; 2014. p. 215-26.

Effect T. I S Weight 1989;15:1577-600.

Hirschberg C, Sun CC, Risbo J, Rantanen J. Effects of water on powder flowability of diverse powders assessed by complimentary techniques. J Pharm Sci
2019:1-8. https://doi.org/10.1016/j.xphs.2019.03.012.

Fagih AMN, Mehrotra A, Hammond SV, Muzzio FJ. Effect of moisture and magnesium stearate concentration on flow properties of cohesive granular materials.
Int J Pharm 2007;336:338-45. https://doi.org/10.1016/j.ijpharm.2006.12.024.

Klisiewicz P, Roberts JA, Pohlman NA. Segregation of titanium powder with polydisperse size distribution: Spectral and correlation analyses. Powder Technol
2015;272:204-10. https://doi.org/10.1016/j.powtec.2014.11.029.

Haeri S, Wang Y, Ghita O, Sun J. Discrete element simulation and experimental study of powder spreading process in additive manufacturing. Powder Technol
2017;306:45-54. https://doi.org/10.1016/j.powtec.2016.11.002.

Tang P, Puri VM. Methods for minimizing segregation: A review. Part Sci Technol 2004;22:321-37. https://doi.org/10.1080/02726350490501420.

Mosby J, de Silva SR, Enstad GG. Segregation of particulate materials — Mechanisms and testers. KONA Powder Part J 1996;14:31-43. doi:10.14356/kona.
1996008.

Williams JC. The segregation of particulate materials. A review. Powder Technol 1976;15:245-51.

NFPA. 61: Standard for the prevention of fires and dust explosions in agricultural and food processing. Facilities 2017.

Fuge C. Additive manufacturing is changing the rules on safety. Addit Manuf 2015.

Jacobson Murray, Cooper Austin R. Nagy, J Explosibility o Metal Powders; 1964.

Bredt JF, Anderson TC, Russell DB. Three dimensional printing material system and method. US6610429 B2; 2003.

Bredt JF, Clark S, Gilchrist G. Three dimensional printing material system and method. US7087109 B2, 2006.

Caradonna MA, Cima MJ, Grau J, Moon J, Sachs EM, Saxton PC, et al. Jetting layers of powder and the formation of fine powder beds thereby. EP1009614 A1;
2000.

Khoshnevis B. Selective inhibition of bonding of power particles for layered fabrication of 3-D objects. US6589471 B1; 2003.

McCarthy DL. Creating complex hollow metal geometries using additive manufacturing and metal plating. Virginia Polytechnic Institute and State University;
2012.

Kernan BD, Sachs EM, Oliveira MA, Cima MJ. Three-dimensional printing of tungsten carbide-10 wt% cobalt using a cobalt oxide precursor. Int J Refract Met
Hard Mater 2007;25:82-94.

Sachs E, Cima M, Williams P, Brancazio D, Cornie J. Three dimensional printing: rapid tooling and prototypes directly from a CAD model. J Eng Ind
1992;114:481-8. https://doi.org/10.1115/1.2900701.

Bai Y, Williams CB. Binder jetting additive manufacturing with a particle-free metal ink as a binder precursor. Mater Des 2018;147:146-56.

Sachs Emanuel M, Hadjiloucas Constantinos, Samuel Allen HJY. Metal and ceramic containing parts produced from powder using binders derived from salt;
1998.

Sachs E, Allen S, Guo H, Banos J, Cima M, Serdy J, et al. Progress on tooling by 3D printing; conformal cooling, dimensional control, surface finish and
hardness. Proc Solid Free Fabr Symp 1997:115-23.

Yoo J, Cima MJ, Khanuja S, Sachs EM. Structural ceramic components by 3D printing. Solid Free Fabr Symp 1993;Austin, TX: 40-50.

Lewis RM. Powder binder interactions in 3D inkjet printing. Chalmers University of Technology; 2014.

Wei Q, Wang Y, Chai W, Zhang Y, Chen X. Molecular dynamics simulation and experimental study of the bonding properties of polymer binders in 3D powder
printed hydroxyapatite bioceramic bone scaffolds. Ceram Int 2017;43:13702-9. https://doi.org/10.1016/j.ceramint.2017.07.082.

Bai JG, Creehan KD, Kuhn HA. Inkjet printable nanosilver suspensions for enhanced sintering quality in rapid manufacturing. Nanotechnology
2007;18:185701.

Reis N, Ainsley C, Derby B. Ink-jet delivery of particle suspensions by piezoelectric droplet ejectors. J Appl Phys 2005;97:94903. https://doi.org/10.1063/1.
1888026.

Huoping Z, Chunsheng Y, Shuhua X, Zitian F, Longzhi Z. Fabricating an effective calcium zirconate layer over the calcia grains via binder-jet 3D-printing for
improving the properties of calcia ceramic cores. Addit Manuf 2020;ADDMA:101025https://doi.org/10.1016/j.dnarep.2019.102702.

Derby B, Reis N. I nkjet printing of highly loaded particulate suspensions. MRS Bull 2003:815-8.

Dini F, Ghaffari SA, Jafar J, Hamidreza R, Marjan S. A review of binder jet process parameters; powder, binder, printing and sintering condition. Met Powder
Rep 2019. https://doi.org/10.1016/j.mprp.2019.05.001.

Derby B. Inkjet printing of functional and structural materials: fluid property requirements, feature stability, and resolution. Annu Rev Mater Res
2010;40:395-414.

Duineveld PC, de Kok MM, Buechel M, Sempel A, Mutsaers KAH, van de Weijer P, et al. Ink-jet printing of polymer light-emitting devices. Org Light Mater
Devices V 2003;4464:59. https://doi.org/10.1117/12.457460.

Song JH, Nur HM. Defects and prevention in ceramic components fabricated by inkjet printing. J Mater Process Technol 2004;155-156:1286-92. https://doi.
org/10.1016/j.jmatprotec.2004.04.292.

Noguera R, Lejeune M, Chartier T. 3D fine scale ceramic components formed by ink-jet prototyping process. J Eur Ceram Soc 2005;25:2055-9.

Pond SF. Inkjet technology and product development strategies. Torrey Pines Res 2000.

Kwon KS, Kim W. A waveform design method for high-speed inkjet printing based on self-sensing measurement. Sensors Actuators, A Phys 2007;140:75-83.
https://doi.org/10.1016/j.sna.2007.06.010.

Sachs EM, Haggerty JS, Cima MJ, Williams PA. Three-dimensional printing Techniques; 1993.

Martin GD, Hoath SD, Hutchings IM. Inkjet printing — the physics of manipulating liquid jets and drops. J Phys Conf Ser 2008;105. https://doi.org/10.1088/
1742-6596,/105/1/012001.

Wagner JJ, Shu H, Kilambi R, Iii CFH. Experimental investigation of fluid-particle interaction in binder jet 3D Printing. In: Solid free Fabr 2019 proc 30th annu
int; 2019. p. 134-47.

Hutchings IM, Martin GD, Hoath SD. High speed imaging and analysis of jet and drop formation. J Imaging Sci Technol 2007;51:438-44. https://doi.org/10.
2352/J.ImagingSci.Technol. (2007)51:5(438).

124


https://doi.org/10.1016/j.ceramint.2020.03.280
https://doi.org/10.1016/S0032-5910(96)03228-7
https://doi.org/10.1016/S0032-5910(96)03228-7
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1050
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1050
https://doi.org/10.1016/j.commatsci.2016.08.038
https://doi.org/10.1016/j.commatsci.2016.08.038
https://doi.org/10.1016/S0927-0256(97)00003-7
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1065
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1065
https://doi.org/10.1016/j.xphs.2019.03.012
https://doi.org/10.1016/j.ijpharm.2006.12.024
https://doi.org/10.1016/j.powtec.2014.11.029
https://doi.org/10.1016/j.powtec.2016.11.002
https://doi.org/10.1080/02726350490501420
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1110
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1115
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1120
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1155
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1155
https://doi.org/10.1115/1.2900701
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1165
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1175
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1175
https://doi.org/10.1016/j.ceramint.2017.07.082
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1195
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1195
https://doi.org/10.1063/1.1888026
https://doi.org/10.1063/1.1888026
https://doi.org/10.1016/j.dnarep.2019.102702
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1210
https://doi.org/10.1016/j.mprp.2019.05.001
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1220
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1220
https://doi.org/10.1117/12.457460
https://doi.org/10.1016/j.jmatprotec.2004.04.292
https://doi.org/10.1016/j.jmatprotec.2004.04.292
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1235
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1240
https://doi.org/10.1016/j.sna.2007.06.010
https://doi.org/10.1088/1742-6596/105/1/012001
https://doi.org/10.1088/1742-6596/105/1/012001
https://doi.org/10.2352/J.ImagingSci.Technol. (2007)51:5(438)
https://doi.org/10.2352/J.ImagingSci.Technol. (2007)51:5(438)

A. Mostafaei, et al. Progress in Materials Science xxx (xxxx) Xxxx

[254]
[255]
[256]
[257]
[258]

[259]
[260]

[261]
[262]

[263]
[264]

[265]
[266]
[267]
[268]
[269]
[270]
[271]
[272]
[273]

[274]
[275]

[276]
[277]
[278]
[279]
[280]
[281]
[282]
[283]
[284]
[285]
[286]
[287]
[288]
[289]
[290]
[291]
[292]

[293]
[294]

[295]
[296]
[297]

[298]
[299]

[300]

Parab ND, Barnes JE, Zhao C, Cunningham RW, Rollett AD, Sun T. Real time observation of binder jetting printing process using high-speed X-ray imaging. Sci
Rep 2019:28-30.

Kurz A, Bauer J, Wagner M. Piezo-plunger jetting technology: An experimental study on jetting characteristics of filled epoxy polymers. Fluids 2019; 4. 10.
3390/fluids4010023.

Soltman D, Subramanian V. Inkjet-printed line morphologies and temperature control of the coffee ring effect. Langmuir 2008;24:2224-31. https://doi.org/10.
1021/1a7026847.

Duineveld PC. The stability of ink-jet printed lines of liquid with zero receding contact angle on a homogeneous substrate. J Fluid Mech 2003;477:175-200.
https://doi.org/10.1017/50022112002003117.

Shen X, Naguib HE. A robust ink deposition system for binder jetting and material jetting. Addit Manuf 2019:100820. https://doi.org/10.1016/j.addma.2019.
100820.

Salehi M, Gupta M, Maleksaeedi S, Sharon NML. Inkjet based 3D additive manufacturing of metals. Mater Res Found 2018.

Miyanaji H, Orth M, Akbar JM, Yang L. Process development for green part printing using binder jetting additive manufacturing. Front Mech Eng
2018;13:504-12.

Basaran OA. Small-scale free surface flows with breakup: Drop formation and emerging applications. AIChE J 2002;48:1842-8. https://doi.org/10.1002/aic.
690480902.

Colton T, Liechty J, Mclean A, Crane N. Influence of drop velocity and droplet spacing on the equilibrium saturation level in binder jetting. 30th Annu Int Free
Fabr Symp. 2019. p. 99-108.

Peter R. Baker J. Three dimentional printing with fine powder; 1997.

Maleksaeedi S, Meenashisundaram G, Lu S, Salehi M, Jun W. Hybrid binder to mitigate feed powder segregation in the inkjet 3D printing of titanium metal
parts. Metals (Basel) 2018;8:322.

Zhao H, Ye C, Fan Z, Wang C. 3D printing of CaO-based ceramic core using nanozirconia suspension as a binder. J Eur Ceram Soc 2017;37:5119-25.

Bai Y, Williams CB. The effect of inkjetted nanoparticles on metal part properties in binder jetting additive manufacturing. Nanotechnology 2018;29.

Bai Y, Williams CB. Binderless jetting: additive manufacturing of metal parts via jetting nanoparticles. Solid Free Fabr Proc 2017:249-60.

Huang S, Ye C, Zhao H, Fan Z. Additive manufacturing of thin alumina ceramic cores using binder-jetting. Addit Manuf 2019;100802. https://doi.org/10.1016/
j-addma.2019.100802.

Godlinski D, Morvan S. Steel parts with tailored material gradients by 3D-printing using nano-particulate ink. Mater Sci Forum 2005;493:679-84. https://doi.
org/10.4028/www.scientific.net/MSF.492-493.679.

Bai Y, Wall C, Pham H, Esker A, Williams CB. Characterizing binder-powder interaction in binder jetting additive manufacturing via sessile drop goniometry. J
Manuf Sci Eng 2019;141:011005.

Agland S, Iveson SM. The impact of liquid drops on powder bed surfaces. Interface 1998.

Bechtel SE, Bogy DB, Talke FE. Impact of a liquid drop against a flat surface. Ibm J Res Dev 1981;25:963-71.

Pasandideh-Fard M, Qiao YM, Chandra S, Mostaghimi J. Capillary effects during droplet impact on a solid surface. Phys Fluids 1996;8:650-9. https://doi.org/
10.1063/1.868850.

Fan T. Droplet-Powder Impact Interaction in Three Dimensional Printing; 1995.

Lv X, Ye F, Cheng L, Fan S, Liu Y. Binder jetting of ceramics: Powders, binders, printing parameters, equipment, and post-treatment. Ceram Int 2019. https://
doi.org/10.1016/j.ceramint.2019.04.012.

Salehi M, Maleksaeedi S, Nai SML, Meenashisundaram GK, Goh MH, Gupta M. A paradigm shift towards compositionally zero-sum binderless 3D printing of
magnesium alloys via capillary-mediated bridging. Acta Mater 2019;165:294-306.

Emady HN, Kayrak-Talay D, Litster JD. Modeling the granule formation mechanism from single drop impact on a powder bed. J Colloid Interface Sci
2013;393:369-76. https://doi.org/10.1016/j.jcis.2012.10.038.

Emady HN, Kayrak-Talay D, Schwerin WC, Litster JD. Granule formation mechanisms and morphology from single drop impact on powder beds. Powder
Technol 2011;212:69-79. https://doi.org/10.1016/j.powtec.2011.04.030.

Oostveen MLM, Meesters GMH, van Ommen JR. Quantification of powder wetting by drop penetration time. Powder Technol 2015;274:62-6. https://doi.org/
10.1016/j.powtec.2014.09.021.

Mundozah AL, Cartwright JJ, Tridon CC, Hounslow MJ, Salman AD. Hydrophobic/hydrophilic static powder beds: Competing horizontal spreading and vertical
imbibition mechanisms of a single droplet. Powder Technol 2018;330:275-83. https://doi.org/10.1016/j.powtec.2018.02.032.

Forny L, Marabi A, Palzer S. Wetting, disintegration and dissolution of agglomerated water soluble powders. Powder Technol 2011;206:72-8. https://doi.org/
10.1016/j.powtec.2010.07.022.

Nguyen T, Shen W, Hapgood K. Drop penetration time in heterogeneous powder beds. Chem Eng Sci 2009;64:5210-21. https://doi.org/10.1016/j.ces.2009.08.
038.

Ashoke Raman K, Jaiman RK, Lee TS, Low HT. Lattice Boltzmann study on the dynamics of successive droplets impact on a solid surface. Chem Eng Sci
2016;145:181-95. https://doi.org/10.1016/j.ces.2016.02.017.

Weber S, Briens C, Berruti F, Chan E, Gray M. Agglomerate stability in fluidized beds of glass beads and silica sand. Powder Technol 2006;165:115-27. https://
doi.org/10.1016/j.powtec.2006.03.006.

Schaafsma SH, Vonk P, Segers P, Kossen NWF. Description of agglomerate growth. Powder Technol 1998;97:183-90. https://doi.org/10.1016/50032-5910(97)
03399-8.

Marston JO, Thoroddsen ST, Ng WK, Tan RBH. Experimental study of liquid drop impact onto a powder surface. Powder Technol 2010;203:223-36. https://doi.
org/10.1016/j.powtec.2010.05.012.

Marston JO, Sprittles JE, Zhu Y, Li EQ, Vakarelski IU, Thoroddsen ST. Drop spreading and penetration into pre-wetted powders. Powder Technol
2013;239:128-36. https://doi.org/10.1016/j.powtec.2013.01.062.

Miyanaji H, Momenzadeh N, Yang L. Effect of powder characteristics on parts fabricated via binder jetting process. Rapid Prototyp J 2018.

Miyanaji H, Momenzadeh N, Yang L. Effect of printing speed on quality of printed parts in Binder Jetting Process. Addit Manuf 2018;20:1-10.

Butscher A, Bohner M, Doebelin N, Galea L, Loeffel O, Miiller R. Moisture based three-dimensional printing of calcium phosphate structures for scaffold
engineering. Acta Biomater 2013;9:5369-78. https://doi.org/10.1016/j.actbio.2012.10.009.

Sachs EM, Cima MJ, Caradonna MA, Grau J, Serdy JG, Saxton PC, et al. Jetting layers of powder and the formation of fine powder beds thereby, Patent Number
CA2293638C; 2010.

Utela BR, Storti D, Anderson RL, Ganter M. Development process for custom Three-Dimensional Printing (3DP) material systems. J Manuf Sci Eng
2010;132:011008https://doi.org/10.1115/1.4000713.

Lu K, Reynolds WT. 3DP process for fine mesh structure printing. Powder Technol 2008;187:11-8.

Zhou Z, Mitchell CA, Buchanan FJ, Dunne NJ. Effects of heat treatment on the mechanical and degradation properties of 3D-printed calcium-sulphate-based
scaffolds. ISRN Biomater 2013;2013:1-10. https://doi.org/10.5402/2013/750720.

Bredt JF, Clark S, Gilchrist G. Three dimensional printing material system and method. U.S. Patent US7087109B2; 2006.

Simchi A. The role of particle size on the laser sintering of iron powder. Metall Mater Trans B 2004;35:937-48.

Zhang W, Melcher R, Travitzky N, Bordia RK, Greil P. Three-dimensional printing of complex-shaped alumina/ glass composites. Adv Eng Mater
2009;11:1039-43.

Shrestha S, Manogharan G. Optimization of binder jetting using Taguchi method. Jom 2017;69:491-7.

Mostafaei A, Toman J, Stevens EL, Hughes ET, Krimer YL, Chmielus M. Microstructural evolution and mechanical properties of differently heat-treated binder
jet printed samples from gas- and water-atomized alloy 625 powders. Acta Mater 2017;124:280-9.

Hoffmann AC, Finkers HJ. A relation for the void fraction of randomly packed particle beds. Powder Technol 1995;82:197-203.

125


http://refhub.elsevier.com/S0079-6425(20)30071-2/h1270
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1270
https://doi.org/10.1021/la7026847
https://doi.org/10.1021/la7026847
https://doi.org/10.1017/S0022112002003117
https://doi.org/10.1016/j.addma.2019.100820
https://doi.org/10.1016/j.addma.2019.100820
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1295
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1300
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1300
https://doi.org/10.1002/aic.690480902
https://doi.org/10.1002/aic.690480902
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1310
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1310
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1320
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1320
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1325
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1330
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1335
https://doi.org/10.1016/j.addma.2019.100802
https://doi.org/10.1016/j.addma.2019.100802
https://doi.org/10.4028/www.scientific.net/MSF.492-493.679
https://doi.org/10.4028/www.scientific.net/MSF.492-493.679
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1350
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1350
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1355
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1360
https://doi.org/10.1063/1.868850
https://doi.org/10.1063/1.868850
https://doi.org/10.1016/j.ceramint.2019.04.012
https://doi.org/10.1016/j.ceramint.2019.04.012
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1380
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1380
https://doi.org/10.1016/j.jcis.2012.10.038
https://doi.org/10.1016/j.powtec.2011.04.030
https://doi.org/10.1016/j.powtec.2014.09.021
https://doi.org/10.1016/j.powtec.2014.09.021
https://doi.org/10.1016/j.powtec.2018.02.032
https://doi.org/10.1016/j.powtec.2010.07.022
https://doi.org/10.1016/j.powtec.2010.07.022
https://doi.org/10.1016/j.ces.2009.08.038
https://doi.org/10.1016/j.ces.2009.08.038
https://doi.org/10.1016/j.ces.2016.02.017
https://doi.org/10.1016/j.powtec.2006.03.006
https://doi.org/10.1016/j.powtec.2006.03.006
https://doi.org/10.1016/S0032-5910(97)03399-8
https://doi.org/10.1016/S0032-5910(97)03399-8
https://doi.org/10.1016/j.powtec.2010.05.012
https://doi.org/10.1016/j.powtec.2010.05.012
https://doi.org/10.1016/j.powtec.2013.01.062
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1440
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1445
https://doi.org/10.1016/j.actbio.2012.10.009
https://doi.org/10.1115/1.4000713
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1465
https://doi.org/10.5402/2013/750720
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1485
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1485
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1490
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1495
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1495
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1500

A. Mostafaei, et al. Progress in Materials Science xxx (xxxx) Xxxx

[301]
[302]
[303]
[304]
[305]
[306]
[307]
[308]
[309]
[310]
[311]

[312]
[313]

[314]
[315]
[316]
[317]
[318]
[319]
[320]
[321]
[322]

[323]
[324]

[325]
[326]
[327]
[328]
[329]

[330]

[331]
[332]
[333]
[334]
[335]
[336]
[337]
[338]
[339]
[340]
[341]

[342]

[343]

Spierings AB, Levy G. Comparison of density of stainless steel 316L parts produced with selective laser melting using different powder grades. Solid Free Fabr
Proc 2009:342-53.

Cooke A, Slotwinski J. Properties of metal powders for additive manufacturing: A review of the state of the art of metal powder property testing. Addit Manuf
Mater Stand Test Appl 2015:21-48.

Jimenez EM, Ding D, Su L, Joshi AR, Singh A, Reeja-Jayan B, et al. Parametric analysis to quantify process input influence on the printed densities of binder
jetted alumina ceramics. Addit Manuf 2019;100864. https://doi.org/10.1016/j.semcancer.2019.07.023.

Heywood B. Design and manufacture of a powder deposition system for a powder bed on a three dimensional printer bachelor of science. US: Mechanical
Engineering, MIT; 1993.

Pruitt BL. The design of an automated powder deposition system for a three-dimensional printing. Machine 1991.

Parteli EJR, Poschel T. Particle-based simulation of powder application in additive manufacturing. Powder Technol 2016;288:96-102.

Shanjani Y, Toyserkani E, Wei C. Modeling and characterization of biomaterials spreading properties in powder-based rapid prototyping techniques Yaser. In:
Proc IMECE2007; 2007. p. 1-8.

Miyanaji H, Yang L. Equilibrium saturation in binder jetting additive manufacturing processes: theoretical model Vs. experimental observeations 27th annu int
solid free fabr symp. Addit Manuf 2016;i:1945-59.

Chen H, Zhao YF. Process parameters optimization for improving surface quality and manufacturing accuracy of binder jetting additive manufacturing process.
Rapid Prototyp J 2016;22:527-38.

Chen H, Chen H, Zhao YF, Zhao YF. Process parameters optimization for improv- ing surface quality and manufacturing accuracy of binder jetting additive
manufacturing process. Rapid Prototyp J 2016;22:527-38.

Fayazfar H, Salarian M, Rogalsky A, Sarker D, Russo P, Paserin V, et al. A critical review of powder-based additive manufacturing of ferrous alloys: Process
parameters, microstructure and mechanical properties. Mater Des 2018;144:98-128.

Hodder KJ, Nychka JA, Chalaturnyk RJ. Process limitations of 3D printing model rock. Prog Addit Manuf 2018;3:173-82.

Caputo M, Solomon CV, Nguyen P, Berkowitz AE. Electron microscopy investigation of binder saturation and microstructural defects in functional parts made
by additive manufacturing. Microsc Microanal 2016;22:1770-1.

Wang Y, Jia P, Yang W, Peng K, Zhang S. Simulation and experimental study of binder droplet infiltration in 3DP technology. Mod Phys Lett B
2018;32:1850272.

Kafara M, Kemnitzer J, Westermann H-H, Steinhilper R. Influence of binder quantity on dimensional accuracy and resilience in 3D-printing. Procedia Manuf
2018;21:638-46.

Patirupanusara P, Suwanpreuk W, Rubkumintara T, Suwanprateeb J. Effect of binder content on the material properties of polymethyl methacrylate fabricated
by three dimensional printing technique. J Mater Process Technol 2008;207:40-5.

Zhou Y, Tang Y, Hoff T, Garon M, Zhao FY. The verification of the mechanical properties of binder jetting manufactured parts by instrumented indentation
testing. Procedia Manuf 2015;1:327-42.

Vlasea M, Pilliar R, Toyserkani E. Control of structural and mechanical properties in bioceramic bone substitutes via additive manufacturing layer stacking
orientation. Addit Manuf 2015;6:30-8.

Asadi-Eydivand M, Solati-Hashjin M, Farzad A, Abu Osman NA. Effect of technical parameters on porous structure and strength of 3D printed calcium sulfate
prototypes. Robot Comput Integr Manuf 2016;37:57-67.

Li S, Cao S. Print parameters influence on parts’ quality and calibration with 3DP-part I: Print parameters influence on parts’ surface topography. Adv Mater Res
2012;399-401:1639-45. https://doi.org/10.4028/www.scientific.net/AMR.399-401.1639.

Shanjani Y, Hu Y, Pilliar RM, Toyserkani E. Mechanical characteristics of solid-freeform-fabricated porous calcium polyphosphate structures with oriented
stacked layers. Acta Biomater 2011;7:1788-96.

Castilho M, Dias M, Gbureck U, Groll J, Fernandes P, Pires I, et al. Fabrication of computationally designed scaffolds by low temperature 3D printing.
Biofabrication 2013;5:035012.

Yao AWL, Tseng YC. A robust process optimization for a powder type rapid prototyper. Rapid Prototyp J 2002;8:180-9.

Gardan J. Method for characterization and enhancement of 3D printing by binder jetting applied to the textures quality. Assem Autom 2017;37:162-9. https://
doi.org/10.1108/AA-01-2016-007.

Cox SC, Thornby JA, Gibbons GJ, Williams MA, Mallick KK. 3D printing of porous hydroxyapatite scaffolds intended for use in bone tissue engineering
applications. Mater Sci Eng C 2015;47:237-47. https://doi.org/10.1016/j.msec.2014.11.024.

Oh J-W, Nahm S, Kim B, Choi H. Anisotropy in green body bending strength due to additive direction in the binder-jetting additive manufacturing process.
Korean J Met Mater 2019;57:227-35. https://doi.org/10.3365/KJMM.2019.57.4.227.

Cao X, Li Z. Factors influencing the mechanical properties of three-dimensional printed products from magnesium potassium phosphate cement material.
Elsevier Inc.; 2019.

Tancred DC, McCormack BAO, Carr AJ. A synthetic bone implant macroscopically identical to cancellous bone. Biomaterials 1998;19:2303-11. https://doi.org/
10.1016/50142-9612(98)00141-0.

Cima MJ, James F, Khanuja S, Silbaugh PEH. Process for Removing Loose Powder Particles from Interior Passages of a Body; 1996.

Inaekyan K, Paserin V, Bailon-poujol I, Brailovski V. Presented at the AMPM 2016 conference on Additive Manufacturing, held with MPIF/APMI International
Conference on Powder Metallurgy & Particulate Materials in Binder-jetting additive manufacturing with water atomized iron powders. In: AMPM2016 Conf
AdditManuf, Boston, USA; 2016. p. 4-6.

MPIF Standard Test Method 41: Method for determination of transverse rupture strength of Powder Metallurgy (PM) materials; 2016.

ASTM B312 - Standard test method for green strength of specimens compacted from metal powders; 2014.

Tsugoshi T, Ito N, Nagaoka T, Watari K. Evolved gas analysis with skimmer interface and ion attachment mass spectrometry for burnout monitoring of organic
additives in ceramic processing. Talanta 2006;70:186-9.

Bohnlein-Mauf? J, Sigmund W, Wegner G, Meyer WH, HeRel F, Seitz K, et al. The function of polymers in the tape casting of alumina. Adv Mater 1992;4:73-81.
https://doi.org/10.1002/adma.19920040203.

Atre SV, Enneti RK, Park SJ, German RM. Master decomposition curve analysis of ethylene vinyl acetate pyrolysis: influence of metal powders. Powder Metall
2008;51:368-75. https://doi.org/10.1179/174329008X286622.

Baum MM, Becker RM, Lappas AM, Moss JA, Apelian D, Saha D, et al. Lubricant pyrolysis during sintering of powder metallurgy compacts. Metall Mater Trans
B 2004;35:381-92. https://doi.org/10.1007/s11663-004-0038-0.

Wen G, Cao P, Gabbitas B, Zhang D, Edmonds N. Development and design of binder systems for titanium metal injection molding: an overview. Metall Mater
Trans A 2013;44:1530-47. https://doi.org/10.1007/s11661-012-1485-x.

Yan H, Cannon WR, Shanefield DJ. Evolution of carbon during burnout and sintering of tape-cast aluminum nitride. J Am Ceram Soc 1993;76:166-72. https://
doi.org/10.1111/j.1151-2916.1993.tb03702.x.

Masia S, Calvert PD, Rhine WE, Bowen HK. Effect of oxides on binder burnout during ceramics processing. J Mater Sci 1989;24:1907-12. https://doi.org/10.
1007/BF02385397.

Levenfeld B, Vérez A, Torralba JM. Effect of residual carbon on the sintering process of M2 high speed steel parts obtained by a modified metal injection
molding process. Metall Mater Trans A 2002;33:1843-51. https://doi.org/10.1007/511661-002-0192-4.

Wu Y, German RM, Blaine D, Marx B, Schlaefer C. Effects of residual carbon content on sintering shrinkage, microstructure and mechanical properties of
injection molded 17-4 PH stainless steel. J Mater Sci 2002;37:3573-83. https://doi.org/10.1023/A:1016532418920.

Do T, Shin CS, Stetsko D, VanConant G, Vartanian A, Pei S, et al. Improving structural integrity with boron-based additives for 3D printed 420 stainless steel.
Procedia Manuf 2015;1:263-72.

Movrin D, Luzanin O, Guduric V. Using statistically designed experiment to optimize vacuum-assisted post-processing of binder jetted specimens. Rapid

126


http://refhub.elsevier.com/S0079-6425(20)30071-2/h1505
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1505
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1510
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1510
https://doi.org/10.1016/j.semcancer.2019.07.023
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1525
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1530
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1540
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1540
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1545
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1545
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1550
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1550
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1555
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1555
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1560
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1565
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1565
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1570
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1570
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1575
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1575
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1580
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1580
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1585
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1585
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1590
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1590
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1595
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1595
https://doi.org/10.4028/www.scientific.net/AMR.399-401.1639
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1605
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1605
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1610
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1610
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1615
https://doi.org/10.1108/AA-01-2016-007
https://doi.org/10.1108/AA-01-2016-007
https://doi.org/10.1016/j.msec.2014.11.024
https://doi.org/10.3365/KJMM.2019.57.4.227
https://doi.org/10.1016/S0142-9612(98)00141-0
https://doi.org/10.1016/S0142-9612(98)00141-0
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1665
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1665
https://doi.org/10.1002/adma.19920040203
https://doi.org/10.1179/174329008X286622
https://doi.org/10.1007/s11663-004-0038-0
https://doi.org/10.1007/s11661-012-1485-x
https://doi.org/10.1111/j.1151-2916.1993.tb03702.x
https://doi.org/10.1111/j.1151-2916.1993.tb03702.x
https://doi.org/10.1007/BF02385397
https://doi.org/10.1007/BF02385397
https://doi.org/10.1007/s11661-002-0192-4
https://doi.org/10.1023/A:1016532418920
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1710
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1710

A. Mostafaei, et al. Progress in Materials Science xxx (xxxx) Xxxx

[344]
[345]
[346]
[347]
[348]
[349]
[350]
[351]
[352]
[353]
[354]
[355]
[356]
[357]
[358]
[361]
[362]
[363]
[364]

[365]
[366]

[367]
[368]
[369]
[370]
[371]
[372]
[373]
[374]
[375]
[376]
[377]
[378]
[379]
[380]

[381]
[382]

[383]
[384]
[385]
[386]
[387]

[388]
[389]

[390]

[391]
[392]

[393]

Prototyp J 2019;25:653-63. https://doi.org/10.1108/RPJ-07-2018-0177.

Ayres TJ, Sama SR, Joshi SB, Manogharan GP. Influence of resin infiltrants on mechanical and thermal performance in plaster binder jetting additive man-
ufacturing. Addit Manuf 2019:100798. https://doi.org/10.1016/j.addma.2019.100798.

German RM. Coarsening in sintering: Grain shape distribution, grain size distribution, and grain growth kinetics in solid-pore systems. Crit Rev Solid State
Mater Sci 2010;35:263-305.

Rockland JGR. The determination of the mechanism of sintering. Acta Metall 1967;15:277-86.

Kuczynski G. The mechanism of densification during sintering of metallic particles. Acta Metall 1956;4:58-61.

Kingery WD, Narasimhan MD. Densification during sintering in the presence of a liquid phase. II. Experimental J Appl Phys 1959;30:307-10.

Wheat E, Vlasea M, Hinebaugh J, Metcalfe C. Sinter structure analysis of titanium structures fabricated via binder jetting additive manufacturing. Mater Des
2018;156:167-83.

Johnson JL, German RM. Theoretical modeling of densification during activated solid-state sintering. Metall Mater Trans A Phys Metall Mater Sci
1996;27:441-50.

Kornyushin Y. Thermodynamic theory of sintering and swelling. Metallofiz i Noveishie Tekhnologii 2007;29:949-70.

German RM. Thermodynamics of sintering. Sinter. Adv Mater 2010:3-32.

Kang S-JL. Sintering processes sinter — densif grain growth. Microstructure 2005:6-7.

Rahaman MN. Kinetics and mechanisms of densification. Sinter Adv Mater 2010:33-64.

Kingery WD, Berg M. Study of the initial stages of sintering by viscous flow, evaporation—condensation, and self-diffusion. Sinter Key Pap SE
1990;22(1160):367-82.

Frykholm R, Takeda Y, Andersson B-G, Carlstrom R. Solid state sintered 3-D printing component by using Inkjet (Binder) Method. J Japan Soc Powder Powder
Metall 2016;63:421-6.

Liu Y, Tandon R, German RM. Modeling of supersolidus liquid phase sintering: II. Densification. Metall Mater Trans A 1995;26:2423-30.

German RM. Supersolidus liquid-phase sintering of prealloyed powders. Metall Mater Trans A 1997;28:1553-67.

Defay R, Bellemans A, Prigogine I. Surface tension and adsorption; 1966.

Good RJ. Contact angle, wetting, and adhesion: a critical review. J Adhes Sci Technol 1992;6:1269-302. https://doi.org/10.1163/156856192X00629.
Sayuti M, Sulaiman S, Vijayaram TR, Baharudin BTH, Arifi MKA. Manufacturing and properties of quartz (SiO2) particulate reinforced Al-11.8%Si matrix
composites. Compos Their Prop, InTech 2012. https://doi.org/10.5772,/48095.

Susana L, Campaci F, Santomaso AC. Wettability of mineral and metallic powders: Applicability and limitations of sessile drop method and Washburn’s
technique. Powder Technol 2012;226:68-77. https://doi.org/10.1016/J.POWTEC.2012.04.016.

Young T. An essay on the cohesion of fluids. Philos Trans R Soc London n.d.;95:65-87. 10.2307/107159.

Konyashin I, Zaitsev AA, Sidorenko D, Levashov EA, Ries B, Konischev SN, et al. Wettability of tungsten carbide by liquid binders in WC-Co cemented carbides:
Is it complete for all carbon contents? Int J Refract Met Hard Mater 2017;62:134-48. https://doi.org/10.1016/J.1IJRMHM.2016.06.006.

Abu-Oqail A, Ghanim M, El-Sheikh M, El-Nikhaily A. Effects of processing parameters of tungsten—copper composites. Int J Refract Met Hard Mater
2012;35:207-12. https://doi.org/10.1016/J.JJRMHM.2012.02.015.

Ren Y, Zhou R, Zhu D, Zhang T. The reactive wetting kinetics of interfacial tension: a reaction-limited model. RSC Adv 2017;7:13003-9. https://doi.org/10.
1039/C6RA28628C.

Asthana R. Interface- and diffusion-limited capillary rise of reactive melts with a transient contact angle. Metall Mater Trans A 2002;33:2119-28. https://doi.
org/10.1007/5s11661-002-0043-3.

Leon CA, Lopez VH, Bedolla E, Drew RAL. Wettability of TiC by commercial aluminum alloys. J Mater Sci 2002;37:3509-14. https://doi.org/10.1023/
A:1016523408906.

Contreras A, Leén CA, Drew RAL, Bedolla E. Wettability and spreading kinetics of Al and Mg on TiC. Scr Mater 2003;48:1625-30. https://doi.org/10.1016/
$1359-6462(03)00137-4.

Karantzalis AE, Lekatou A, Georgatis E, Poulas V, Mavros H. Microstructural observations in a cast Al-Si-Cu/TiC composite. J Mater Eng Perform
2010;19:585-90.

Rambo CR, Travitzky N, Zimmermann K, Greil P. Synthesis of TiC/Ti-Cu composites by pressureless reactive infiltration of TiCu alloy into carbon preforms
fabricated by 3D-printing. Mater Lett 2005;59:1028-31. https://doi.org/10.1016/j.matlet.2004.11.051.

Ren S, He X, Qu X, Li Y. Effect of controlled interfacial reaction on the microstructure and properties of the SiCp/Al composites prepared by pressureless
infiltration. J Alloys Compd 2008;455:424-31. https://doi.org/10.1016/J.JALLCOM.2007.01.127.

Asthana R. Dissolutive capillary penetration with expanding pores and transient contact angles. J Colloid Interface Sci 2000;231:398-400. https://doi.org/10.
1006/JCIS.2000.7143.

Skrdla PJ. A simple model for complex dissolution kinetics: A case study of norfloxacin. J Pharm Biomed Anal 2007;45:251-6. https://doi.org/10.1016/J.JPBA.
2007.06.012.

Delannay F, Froyen L, Deruyttere A. The wetting of solids by molten metals and its relation to the preparation of metal-matrix composites composites. J Mater
Sci 1987;22:1-16. https://doi.org/10.1007/BF01160545.

Wannasin J, Flemings MC. Fabrication of metal matrix composites by a high-pressure centrifugal infiltration process. J Mater Process Technol 2005;169:143-9.
https://doi.org/10.1016/J.JMATPROTEC.2005.03.004.

Elomari S, Boukhili R, San Marchi C, Mortensen A, Lloyd D. Thermal expansion responses of pressure infiltrated SiC/Al metal-matrix composites. J Mater Sci
1997;32:2131-40. https://doi.org/10.1023/A:1018535108269.

Aghajanian MK, Rocazella MA, Burke JT, Keck SD. The fabrication of metal matrix composites by a pressureless infiltration technique. J Mater Sci
1991;26:447-54. https://doi.org/10.1007/BF00576541.

Washburn EW. The dynamics of capillary flow. Phys Rev 1921;17:273-83. https://doi.org/10.1103/PhysRev.17.273.

Dullien FA, El-Sayed M, Batra V. Rate of capillary rise in porous media with nonuniform pores. J Colloid Interface Sci 1977;60:497-506. https://doi.org/10.
1016/0021-9797(77)90314-9.

Martins GP, Olson DL, Edwards GR. Modeling of infiltration kinetics for liquid metal processing of composites. Metall Trans B 1988;19:95-101. https://doi.org/
10.1007/BF02666495.

Metal Binder Jetting. Xometry; 2017.

Art and Design 3D Printing with MoonRay. SprintRay Inc; 2017.

Movrin D, Luzanin O, Guduric V. Using statistically designed experiment to optimize vacuum-assisted post-processing of binder jetted specimens. Rapid
Prototyp J 2018.

Wood V, Panzer MJ, Chen J, Bradley MS, Halpert JE, Bawendi MG, et al. Inkjet-printed quantum dot-polymer composites for full-color AC-driven displays. Adv
Mater 2009;21:2151-5.

Steel Material Information. Shapeways; 2017.

Moon J, Grau JE, Knezevic V, Cima MJ, Sachs EM. Ink-jet printing of binders for ceramic components. J Am Ceram Soc 2004;85:755-62. https://doi.org/10.
1111/§.1151-2916.2002.tb00168.x.

Yang L, Miyanaji H, Janaki Ram D, Zandinejad A, Zhang S. Functionally graded ceramic based materials using additive manufacturing: review and progress.
Addit Manuf Strateg Technol Adv Ceram 2016;258:43-55. https://doi.org/10.1002/9781119236016.ch5.

DM P2500 — 3D metal printing at its best. Digit Met; n.d.

Elliott AM, Momen AM, Benedict M, Kiggans J. Experimental study of the maximum resolution and packing density achievable in sintered and non-sintered
binder-jet 3D printed steel microchannels. Proc ASME Int Mech Eng Congr Expo 2015;2A:2015.

Agarwal K, Vangapally S, Sheldon A. Binder jet additive manufacturing of stainless steel — tricalcium phosphate biocomposite for bone scaffold and implant

127


https://doi.org/10.1108/RPJ-07-2018-0177
https://doi.org/10.1016/j.addma.2019.100798
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1725
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1725
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1730
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1735
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1740
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1745
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1745
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1750
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1750
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1755
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1760
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1765
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1770
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1775
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1775
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1780
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1780
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1785
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1790
https://doi.org/10.1163/156856192X00629
https://doi.org/10.5772/48095
https://doi.org/10.1016/J.POWTEC.2012.04.016
https://doi.org/10.1016/J.IJRMHM.2016.06.006
https://doi.org/10.1016/J.IJRMHM.2012.02.015
https://doi.org/10.1039/C6RA28628C
https://doi.org/10.1039/C6RA28628C
https://doi.org/10.1007/s11661-002-0043-3
https://doi.org/10.1007/s11661-002-0043-3
https://doi.org/10.1023/A:1016523408906
https://doi.org/10.1023/A:1016523408906
https://doi.org/10.1016/S1359-6462(03)00137-4
https://doi.org/10.1016/S1359-6462(03)00137-4
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1860
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1860
https://doi.org/10.1016/j.matlet.2004.11.051
https://doi.org/10.1016/J.JALLCOM.2007.01.127
https://doi.org/10.1006/JCIS.2000.7143
https://doi.org/10.1006/JCIS.2000.7143
https://doi.org/10.1016/J.JPBA.2007.06.012
https://doi.org/10.1016/J.JPBA.2007.06.012
https://doi.org/10.1007/BF01160545
https://doi.org/10.1016/J.JMATPROTEC.2005.03.004
https://doi.org/10.1023/A:1018535108269
https://doi.org/10.1007/BF00576541
https://doi.org/10.1103/PhysRev.17.273
https://doi.org/10.1016/0021-9797(77)90314-9
https://doi.org/10.1016/0021-9797(77)90314-9
https://doi.org/10.1007/BF02666495
https://doi.org/10.1007/BF02666495
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1930
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1930
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1935
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1935
https://doi.org/10.1111/j.1151-2916.2002.tb00168.x
https://doi.org/10.1111/j.1151-2916.2002.tb00168.x
https://doi.org/10.1002/9781119236016.ch5
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1960
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1960
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1965

A. Mostafaei, et al. Progress in Materials Science xxx (xxxx) Xxxx

[394]
[395]
[396]
[397]
[398]
[399]
[400]
[401]
[402]
[403]

[404]
[405]

[406]
[407]
[408]
[409]
[410]
[411]
[412]
[413]
[414]
[415]
[416]
[417]
[418]
[419]
[420]
[421]

[422]

[423]
[424]

[425]
[426]
[427]
[428]
[429]
[430]
[431]
[432]

[433]
[434]

[435]
[436]

[437]

applications. Solid Free Fabr Proc 2017:2376-88.

Uduwage DSD. Binder jet additive manufacturing of stainless steel-hydroxyapatite bio-composite. Thesis-Minnesota State University — Mankato; 2015.
Vangapally S. Process parameter optimization with numerical modelling and experimentation design of binder jet. Addit Manuf 2017:89.

Kranz J, Herzog D, Emmelmann C. Design guidelines for laser additive manufacturing of lightweight structures in TiAl6V4. J Laser Appl 2015;27:514001-1-16.
10.2351/1.4885235.

Godbey BB, Angstadt DC. Improving surface finish quality of rapid tooling via surface contact infiltration of 3-D printed metal parts. Manuf Eng Text Eng
2006;2006:73-7.

Turker M, Godlinski D, Petzoldt F. Effect of production parameters on the properties of IN 718 superalloy by three-dimensional printing. Mater Charact
2008;59:1728-35.

Mostafaei A, Behnamian Y, Krimer YL, Stevens EL, Luo JL, Chmielus M. Brief data overview of differently heat treated binder jet printed samples made from
argon atomized alloy 625 powder. Data Br 2016;9:556-62.

Mostafaei A, Hughes ET, Hilla C, Stevens EL, Chmielus M. Data on the densification during sintering of binder jet printed samples made from water- and gas-
atomized alloy 625 powders. Data Br 2016;10:116-21. https://doi.org/10.1016/j.dib.2016.11.078.

Mostafaei A. Powder bed binder jet 3D printing of Alloy 625: Microstructural evolution, densification kinetics and mechanical properties (thesis). University of
Pittsburgh; 2018.

Caputo MP, Berkowitz AE, Armstrong A, Miillner P, Solomon CV. 4D printing of net shape parts made from Ni-Mn-Ga magnetic shape-memory alloys. Addit
Manuf 2018;21:579-88. https://doi.org/10.1016/j.addma.2018.03.028.

Caputo MP, Solomon CV. A facile method for producing porous parts with complex geometries from ferromagnetic Ni-Mn-Ga shape memory alloys. Mater Lett
2017;200:87-9.

Caputo M, Krizner M, Solomon CV. Investigation of 3D printing parametersof shape memory alloy powders; 2017.

Caputo M, Solomon CV. Microstructure and chemical composition analysis of additive manufactured Ni-Mn-Ga parts sintered in different conditions. Microsc
Microanal 2017;23:2078-9.

Caputo MP, Waryoba DR, Solomon CV. Sintering effects on additive manufactured Ni-Mn—-Ga shape memory alloys: a microstructure and thermal analysis. J
Mater Sci 2020. https://doi.org/10.1007/510853-020-04352-9.

Mostafaei A, Rodriguez De Vecchis P, Stevens EL, Chmielus M. Sintering regimes and resulting microstructure and properties of binder jet 3D printed Ni-Mn-Ga
magnetic shape memory alloys. Acta Mater 2018;154:355-64. https://doi.org/10.1016/j.actamat.2018.05.047.

Li L, Post B, Kunc V, Elliott AM, Paranthaman MP. Additive manufacturing of near-net-shape bonded magnets: Prospects and challenges. Scr Mater
2017;135:100-4.

Li L, Tirado A, Conner BS, Chi M, Elliott AM, Rios O, et al. A novel method combining additive manufacturing and alloy infiltration for NdFeB bonded magnet
fabrication. J Magn Magn Mater 2017;438:163-7.

Cramer CL, Nandwana P, Yan J, Evans SF, Elliott AM, Chinnasamy C, et al. Binder jet additive manufacturing method to fabricate near net shape crack-free
highly dense Fe-6.5 wt.% Si soft magnets. Heliyon 2019;5:e02804https://doi.org/10.1016/j.heliyon.2019.02804.

Wiria FE, Shyan JYM, Lim PN, Wen FGC, Yeo JF, Cao T. Printing of Titanium implant prototype. Mater Des 2010;31:5S101-5.

Wiria FE, Maleksaeedi S, He Z. Manufacturing and characterization of porous titanium components. Prog Cryst Growth Charact Mater 2014;60:94-8.
Maleksaeedi S, Wang JK, El-Hajje A, Harb L, Guneta V, He Z, et al. Toward 3D printed bioactive titanium scaffolds with bimodal pore size distribution for bone
ingrowth. Procedia CIRP 2013;5:158-63.

Basalah A, Shanjani Y, Esmaeili S, Toyserkani E. Characterizations of additive manufactured porous titanium implants. J Biomed Mater Res - Part B Appl
Biomater 2012;100 B:1970-9.

Wheat E, Vlasea M, Hinebaugh J, Metcalfe C. Data related to the sinter structure analysis of titanium structures fabricated via binder jetting additive man-
ufacturing. Data Br 2018;20:1029-38. open access.

Kumar A, Bai Y, Eklund A, Williams CB. Effects of hot isostatic pressing on copper parts fabricated via binder jetting. Procedia Manuf 2017;10:935-44. https://
doi.org/10.1016/j.promfg.2017.07.084.

Yegyan Kumar A, Bai Y, Eklund A, Williams CB. The effects of Hot Isostatic Pressing on parts fabricated by binder jetting additive manufacturing. Addit Manuf
2018;24:115-24.

Rishmawi I, Salarian M, Vlasea M. Tailoring green and sintered density of pure iron parts using binder jetting additive manufacturing. Addit Manuf 2018.
Ziaee M, Tridas EM, Crane NB. Binder-jet printing of fine stainless steel powder with varied final density. Jom 2017;69:592-6.

Verlee B, Dormal T, Lecomte-Beckers J. Density and porosity control of sintered 316L stainless steel parts produced by additive manufacturing. Powder Metall
2012;55:260-7.

Tang Y, Zhou Y, Hoff T, Garon M, Zhao YF. Elastic modulus of 316 stainless steel lattice structure fabricated via binder jetting process. Mater Sci Technol
2016;32:648-56.

Dourandish M, Simchi A, Godlinski D. Rapid manufacturing of Co-Cr-Mo implants by three-dimensional printing process for orthopedic applications. Iran J
Pharm Sci 2008;4:31-6.

Dourandish M, Godlinski D, Simchi A. 3D printing of biocompatible PM-materials. Prog Powder Metall Pts 12 2007;534-536:453-6.

Mostafaei A, De Vecchis PR, Buckenmeyer MJ, Wasule SR, Brown BN, Chmielus M. Microstructural evolution and resulting properties of differently sintered and
heat-treated binder jet 3D printed Stellite 6. Mater Sci Eng C 2019;102:276-88.

Vlasea M, Toyserkani E, Pilliar R. Effect of gray scale binder levels on additive manufacturing of porous scaffolds with heterogeneous properties. Int J Appl
Ceram Technol 2015;12:62-70.

Santos CFL, Silva AP, Lopes L, Pires I, Correia 1J. Design and production of sintered B-tricalcium phosphate 3D scaffolds for bone tissue regeneration. Mater Sci
Eng C 2012;32:1293-8.

Tarafder S, Balla VK, Davies NM, Bandyopadhyay A, Bose S. Microwave sintered 3D printed tricalcium phosphate scaffolds for bone tissue engineering. J Tissue
Eng Regen Med 2013;7:631-41.

Tarafder S, Dernell WS, Bandyopadhyay A, Bose S. SrO- and MgO-doped microwave sintered 3D printed tricalcium phosphate scaffolds: Mechanical properties
and in vivo osteogenesis in a rabbit model. J Biomed Mater Res — Part B Appl Biomater 2015;103:679-90.

Tarafder S, Davies NM, Bandyopadhyay A, Bose S. 3D printed tricalcium phosphate scaffolds: Effect of SrO and MgO doping on in vivo osteogenesis in a rat
distal femoral defect model. Biomater Sci 2013;1:1250-9.

Bertol LS, Schabbach R. Loureiro dos Santos LA. Different post-processing conditions for 3D bioprinted a-tricalcium phosphate scaffolds. J Mater Sci Mater Med
2017;28.. https://doi.org/10.1007/510856-017-5989-1.

Asadi-Eydivand M, Solati-Hashjin M, Shafiei SS, Mohammadi S, Hafezi M, Osman NAA. Structure, properties, and in vitro behavior of heat-treated calcium
sulfate scaffolds fabricated by 3D printing. PLoS One 2016;11:1-29.

Gonzalez JA, Mireles J, Lin Y, Wicker RB. Characterization of ceramic components fabricated using binder jetting additive manufacturing technology. Ceram
Int 2016;42:10559-64.

Kunchala P, Kappagantula K. 3D printing high density ceramics using binder jetting with nanoparticle densifiers. Mater Des 2018;155:443-50.

Miyanaji H, Yang L, Zhang S, Zandinejad A. A preliminary study of the graded dental porcelain ceramic structures fabricated via binder jetting 3D printing.
Solid Free Fabr Symp 2014:578-89.

Zhang S, Miyanaji H, Yang L, Ali Zandinejad A, Dilip J, Stucker B. An experimental study of ceramic dental porcelain materials using a 3D print (3DP) process.
Proc 25th annu int solid free fabr symp. 2014. p. 991-1011.

Sheydaeian E, Sarikhani K, Chen P, Toyserkani E. Material process development for the fabrication of heterogeneous titanium structures with selective pore
morphology by a hybrid additive manufacturing process. Mater Des 2017;135:142-50.

Sheydaeian E, Toyserkani E. A new approach for fabrication of titanium-titanium boride periodic composite via additive manufacturing and pressure-less

128


http://refhub.elsevier.com/S0079-6425(20)30071-2/h1965
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1975
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1985
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1985
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1990
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1990
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1995
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1995
https://doi.org/10.1016/j.dib.2016.11.078
https://doi.org/10.1016/j.addma.2018.03.028
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2015
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2015
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2025
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2025
https://doi.org/10.1007/s10853-020-04352-9
https://doi.org/10.1016/j.actamat.2018.05.047
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2040
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2040
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2045
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2045
https://doi.org/10.1016/j.heliyon.2019.e02804
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2055
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2060
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2065
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2065
https://doi.org/10.1016/j.promfg.2017.07.084
https://doi.org/10.1016/j.promfg.2017.07.084
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2085
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2085
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2090
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2095
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2100
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2100
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2105
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2105
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2110
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2110
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2120
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2120
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2125
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2125
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2130
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2130
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2135
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2135
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2140
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2140
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2145
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2145
https://doi.org/10.1007/s10856-017-5989-1
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2155
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2155
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2160
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2160
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2165
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2170
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2170
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2175
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2175
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2180
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2180
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2185

A. Mostafaei, et al. Progress in Materials Science xxx (xxxx) Xxxx

[438]

[439]
[440]

[441]
[442]
[443]
[444]
[445]
[446]

[447]
[448]

[449]
[450]
[451]
[452]
[453]
[454]
[455]
[456]
[457]

[458]
[459]

[460]
[461]
[462]
[463]
[464]
[465]
[466]
[467]
[468]

[469]
[470]

[471]

[472]
[473]

[474]
[475]

[476]
[477]
[478]
[479]
[480]

[481]

sintering. Compos Part B Eng 2018;138:140-8.

Dilip JJS, Miyanaji H, Lassell A, Starr TL, Stucker B. A novel method to fabricate TiAl intermetallic alloy 3D parts using additive manufacturing. Def Technol
2017;13:72-6.

Polozov 1, Sufiiarov V, Shamshurin A. Synthesis of titanium orthorhombic alloy using binder jetting additive manufacturing. Mater Lett 2019;243:88-91.
Yoozbashizadeh M, Yavari P, Khoshnevis B. Novel method for additive manufacturing of metal-matrix composite by thermal decomposition of salts. Addit
Manuf 2018;24:173-82. https://doi.org/10.1016/j.addma.2018.09.029.

Cordero ZC, Siddel DH, Peter WH, Elliott AM. Strengthening of ferrous binder jet 3D printed components through bronze infiltration. Addit Manuf
2017;15:87-92.

Sun L, Kim Y-H, Kim D, Kwon P. Densification and properties of 420 stainless steel produced by three-dimensional printing with addition of Si3N4 powder. J
Manuf Sci Eng 2009;131:061001.

Do T, Bauder TJ, Suen H, Rego K, Yeom J, Kwon P. Additively manufactured full-density stainless steel 316L with binder jet printing. Proceedings of the ASME
2018 13th international manufacturing science and engineering conference MSEC2018. 2018. p. 1-10.

Moon J, Caballero AC, Hozer L, Chiang Y-M, Cima MJ. Fabrication of functionally graded reaction infiltrated SiC-Si composite by three-dimensional printing
(3DP™) process. Mater Sci Eng A 2001;298:110-9.

Fleisher A, Zolotaryov D, Kovalevsky A, Muller G, Eshed E, Kazakin M, et al. Reaction bonding of silicon carbides by Binder Jet 3D-Printing, phenolic resin
binder impregnation and capillary liquid silicon infiltration. Ceram Int 2019. https://doi.org/10.1016/j.ceramint.2019.06.021.

Arnold JM, Cramer CL, Elliott AM, Nandwana P, Babu SS. Microstructure evolution during near-net-shape fabrication of NixAly-TiC cermets through binder jet
additive manufacturing and pressureless melt infiltration. Int J Refract Met Hard Mater 2019;84:104985https://doi.org/10.1016/j.ijrmhm.2019.104985.
Enneti RK, Prough KC. Wear properties of sintered WC-12%Co processed via Binder Jet 3D Printing (BJ3DP). Int J Refract Met Hard Mater 2018;78:228-32.
Enneti RK, Prough KC, Wolfe TA, Klein A, Studley N, Trasorras JL. Sintering of WC-12%Co processed by binder jet 3D printing (BJ3DP) technology. Int J Refract
Met Hard Mater 2018;71:28-35.

Zhang L, Li D, Qu X, Qin M, He X, Li Z. Microstructure and tensile properties optimization of MIM418 superalloy by heat treatment. J Mater Process Technol
2016;227:71-9.

Ozgiin O, Giilsoy HO, Yilmaz R, Findik F. Microstructural and mechanical characterization of injection molded 718 superalloy powders.pdf. J Alloys Compd
2013;576:140-53.

Ozgiin O, Giilsoy HO, Findik F, Yilmaz R. Microstructure and mechanical properties of injection moulded Nimonic-90 superalloy parts. Powder Metall
2012;55:405-14.

Ozgiin O, Yilmaz R, Ozkan Giilsoy H, Findik F. The effect of aging treatment on the fracture toughness and impact strength of injection molded Ni-625
superalloy parts. Mater Charact 2015;108:8-15.

Ozgiin O, Ozkan Giilsoy H, Yilmaz R, Findik F. Injection molding of nickel based 625 superalloy: Sintering, heat treatment, microstructure and mechanical
properties. J Alloys Compd 2013;546:192-207.

Zhang L, Li D, Chen X, Qu X, Qin M, He X, et al. Microstructure and mechanical properties of MIM213 superalloy. Mater Chem Phys 2016;168:18-26.
Tang CF, Pan F, Qu XH, Duan BH, He XB. Nickel base superalloy GH4049 prepared by powder metallurgy. J Alloys Compd 2009;474:201-5.

Behnamian Y, Mostafaei A, Kohandehghan A, Amirkhiz BS, Serate D, Sun Y, et al. A comparative study of oxide scales grown on stainless steel and nickel-based
superalloys in ultra-high temperature supercritical water at 800°C. Corros Sci 2016;106:188-207.

Jia Q, Gu D. Selective laser melting additive manufactured Inconel 718 superalloy parts: High-temperature oxidation property and its mechanisms. Opt Laser
Technol 2014;62:161-71.

Liu Y, Tandon R, German RM. Modeling of supersolidus liquid phase sintering: I. Capillary force. Metall Mater Trans A 1995;26:2415-22.

Mittra J, Dubey JS, Banerjee S. Acoustic emission technique used for detecting early stages of precipitation during aging of Inconel 625. Scr Mater
2003;49:1209-14.

Rai SK, Kumar A, Shankar V, Jayakumar T. Bhanu Sankara Rao K, Raj B. Characterization of microstructures in Inconel 625 using X-ray diffraction peak
broadening and lattice parameter measurements. Scr Mater 2004;51:59-63.

Sarkar A, Mukherjee P, Barat P, Jayakumer T, Mahadevan S, Rai SK. Lattice misfit measurement in Inconel 625 By X-ray diffraction technique. Int J Mod Phys B
2008;23:3977-85.

Dourandish M, Godlinski D, Simchi A, Firouzdor V. Sintering of biocompatible P/M Co-Cr-Mo alloy (F-75) for fabrication of porosity-graded composite
structures. Mater Sci Eng A 2008;472:338-46.

Karlsson D, Lindwall G, Lundbédck A, Amnebrink M, Bostrom M, Riekehr L, et al. Binder jetting of the AlICoCrFeNi alloy. Addit Manuf 2019.
$2214860419300247.

Anderson IE, Figliola RS, Morton H. Flow mechanisms in high pressure gas atomization. Mater Sci Eng A 1991;148:101-14.

Erickson GL. Polycrystalline cast superalloys, ASM Handbook: Properties and Selection: Irons, Steels, and High Performance Alloys. n.d.

Sicre-Artalejo J, Petzoldt F, Campos M, Torralba JM. High-density inconel 718: Three-dimensional printing coupled with hot isostatic pressing. Int J Powder
Met 2008;44:35-43.

Kimes K, Myers K, Klein A, Ahlfors M, Stevens E, Chmielus M. Binder jet 3D printing of 316L stainless steel: effects of HIP on Fatigue. Microsc Microanal
2019;25:2600-1. https://doi.org/10.1017/51431927619013734.

Enrique PD, Marzbanrad E, Mahmoodkhani Y, Jiao Z, Toyserkani E, Zhou NY. Surface modification of binder-jet additive manufactured Inconel 625 via
electrospark deposition. Surf Coatings Technol 2019;362:141-9.

Mandal K, Pal D, Scheerbaum N, Lyubina J, Gutfleisch O. Magnetocaloric effect in Ni — Mn — Ga alloys. IEEE Trans Magn 2008;44:2993-6.

Dey S, Singh S, Roy RK, Ghosh M, Mitra A, Panda AK. Influence of Mn incorporation for Ni on the magnetocaloric properties of rapidly solidified off-
stoichiometric NiMnGa ribbons. J Magn Magn Mater 2016;397:342-6.

Kaufmann S, Niemann R, Thersleff T, R6Bler UK, Heczko O, Buschbeck J, et al. Modulated martensite: Why it forms and why it deforms easily. New J Phys
2011;13:053029https://doi.org/10.1088/1367-2630/13/5/053029.

Fahler S. Why magnetic shape memory alloys? Adv Eng Mater 2012;14:521-2.

Chmielus M, Rolfs K, Wimpory R, Reimers W, Miillner P, Schneider R. Effects of surface roughness and training on the twinning stress of Ni-Mn-Ga single
crystals. Acta Mater 2010;58:3952-62.

Rolfs K, Chmielus M, Wimpory RC, Mecklenburg A, Miillner P, Schneider R. Double twinning in Ni-Mn-Ga-Co. Acta Mater 2010;58:2646-51.

Panda AK, Singh S, Roy RK, Ghosh M, Mitra A. Effect of Mn incorporation for Ni on the properties of melt spun off-stoichiometric compositions of NiMnGa
alloys. J Magn Magn Mater 2011;323:1161-9.

Soderberg O, Brown D, Aaltio I, Oksanen J, Syrén J, Pulkkinen H, et al. Microstructure and properties of Ni-Mn—-Ga alloys produced by rapid solidification and
pulsed electric current sintering. J Alloys Compd 2011;509:5981-7.

Dai Y, Hou L, Fautrelle Y, Li Z, Esling C, Ren Z, et al. Determination of structural and magnetic properties in directionally solidified Ni-Mn-Ga rod with an axial
compositional variation. Mater Des 2017;134:469-75.

Wang J, Jiang C, Techapiesancharoenkij R, Bono D, Allen SM, O’Handley RC. Microstructure and magnetic properties of melt spinning Ni-Mn-Ga. Intermetallics
2013;32:151-5.

Tian XH, Sui JH, Zhang X, Feng X, Cai W. Martensitic transformation, mechanical property and magnetic-field-induced strain of Ni-Mn-Ga alloy fabricated by
spark plasma sintering. J Alloys Compd 2011;509:4081-3.

Tian XH, Sui JH, Zhang X, Zheng XH, Cai W. Grain size effect on martensitic transformation, mechanical and magnetic properties of Ni-Mn-Ga alloy fabricated
by spark plasma sintering. J Alloys Compd 2012;514:210-3.

Tian B, Chen F, Tong Y, Li L, Zheng Y. Magnetic field induced strain and damping behavior of Ni-Mn-Ga particles/epoxy resin composite. J Alloys Compd
2014;604:137-41.

129


http://refhub.elsevier.com/S0079-6425(20)30071-2/h2185
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2190
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2190
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2195
https://doi.org/10.1016/j.addma.2018.09.029
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2205
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2205
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2210
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2210
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2215
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2215
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2220
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2220
https://doi.org/10.1016/j.ceramint.2019.06.021
https://doi.org/10.1016/j.ijrmhm.2019.104985
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2235
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2240
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2240
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2245
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2245
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2250
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2250
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2255
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2255
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2260
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2260
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2265
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2265
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2270
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2275
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2280
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2280
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2285
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2285
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2290
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2295
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2295
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2300
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2300
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2305
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2305
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2310
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2310
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2320
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2330
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2330
https://doi.org/10.1017/s1431927619013734
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2340
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2340
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2345
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2350
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2350
https://doi.org/10.1088/1367-2630/13/5/053029
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2360
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2365
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2365
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2370
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2375
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2375
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2380
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2380
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2385
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2385
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2390
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2390
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2395
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2395
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2400
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2400
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2405
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2405

A. Mostafaei, et al. Progress in Materials Science xxx (xxxx) Xxxx

[482]
[483]
[484]
[485]
[486]
[487]

[488]
[489]

[490]

[491]
[492]

[493]

[494]
[495]

[496]
[497]
[498]
[499]
[500]
[501]

[502]
[503]

[504]
[505]
[506]
[507]
[508]
[509]
[510]
[511]

[512]
[513]

[514]
[515]
[516]
[517]
[518]

[519]
[520]

[521]
[522]
[523]
[524]

[525]
[526]

[527]
[528]

[529]

Tian B, Tong YX, Chen F, Li L, Zheng YF. Microstructure, phase transformation and mechanical property of Ni-Mn-Ga particles/Mg composites. Mater Sci Eng A
2014;615:273-7.

Tian B, Cheng ZG, Tong YX, Li L, Zheng YF, Li QZ. Effect of enhanced interfacial reaction on the microstructure, phase transformation and mechanical property
of Ni-Mn-Ga particles/Mg composites. Mater Des 2015;82:77-83.

Nilsén F, Aaltio I, Ge Y, Soderberg O, Glavastkyy I, Lahelin M, et al. Properties of the pulsed electric current sintered Ni-Mn-Ga-Co-WC composites. J Alloys
Compd 2016;656:408-15.

Vinodh Kumar S, Singh RK, Seenithurai S, Bysakh S, Manivel Raja M, Mahendran M. Phase structure and magnetic properties of the annealed Mn-rich Ni-Mn-Ga
ferromagnetic shape memory thin films. Mater Res Bull 2015;61:95-100.

Sharma A, Mohan S, Suwas S. The effect of the deposition rate on the crystallographic texture, microstructure evolution and magnetic properties in sputter
deposited Ni-Mn-Ga thin films. Thin Solid Films 2016;616:530-42.

Aseguinolaza IR, Golub V, Salyuk OY, Muntifering B, Knowlton WB, Miillner P, et al. Self-patterning of epitaxial Ni-Mn-Ga/MgO(001) thin films. Acta Mater
2016;111:194-201.

Dunand DC, Miillner P. Size effects on magnetic actuation in Ni-Mn-Ga shape-memory alloys. Adv Mater 2011;23:216-32.

Chmielus M, Zhang XX, Witherspoon C, Dunand DC, Miillner P. Giant magnetic-field-induced strains in polycrystalline Ni-Mn-Ga foams. Nat Mater
2009;8:863-6.

Boonyongmaneerat Y, Chmielus M, Dunand D, Miillner P. Increasing magnetoplasticity in polycrystalline Ni-Mn-Ga by reducing internal constraints through
porosity. Phys Rev Lett 2007;99:247201.

Nilsén F, Lehtonen J, Ge Y, Aaltio I, Hannula SP. Highly porous spark plasma sintered Ni-Mn-Ga structures. Scr Mater 2017;139:148-51.

Zheng P, Kucza NJ, Wang Z, Miillner P, Dunand DC. Effect of directional solidification on texture and magnetic-field-induced strain in Ni-Mn-Ga foams with
coarse grains. Acta Mater 2015;86:95-101.

Toman J, Miillner P, Chmielus M. Properties of as-deposited and heat-treated Ni-Mn-Ga magnetic shape memory alloy processed by directed energy deposition.
J Alloys Compd 2018;752:455-63. https://doi.org/10.1016/].jallcom.2018.04.059.

Nilsén F, Aaltio I, Ge Y, Lindroos T, Hannula SP. Characterization of gas atomized Ni-Mn-Ga powders. Mater Today Proc 2015;2:S879-82.

Stevens E, Kimes K, Chernenko V, Wojcik A, Maziarz W, Toman J, et al. Characterization of direct laser deposited magnetocaloric Ni-Co-Mn-Sn. Mater Sci
Technol Conf Exhib 2017, MS&T 2017 2017;1:430-2. 10.7449/2017/MST_2017_430_432.

Moore JD, Klemm D, Lindackers D, Grasemann S, Tréger R, Eckert J. Selective laser melting of La (Fe Co, Si) 13 geometries for magnetic refrigeration. J Appl
Phys 2013;114:1-9. https://doi.org/10.1063/1.4816465.

Stevens E, Toman J, Kimes K, Chernenko V, Wojcik A, Chmielus M. Microstructural evaluation of magnetocaloric Ni-Co-Mn-Sn produced by directed energy
deposition. Microsccopy Microanal 2016;22:1774-5. https://doi.org/10.1017/51431927616009715.

Kimes K, Mostafaei A, Stevens E, Chmielus M. Binder jet additive manufacturing of magnetocaloric foams for high-efficiency cooling. Ingenium-Undergraduate
Res Swanson Sch Eng 2019;4:33-8.

Miyanaji H, Ma D, Atwater MA, Darling KA, Hammond VH, Williams CB. Binder jetting additive manufacturing of copper foam structures. Addit Manuf
2020;32:100960https://doi.org/10.1016/j.addma.2019.100960.

Stevens E, Salazar D, Kimes K, de Vecchis RR, Chernenko V, Chmielus M. Additive manufacturing of Ni-Mn-Cu-Ga: influence of sintering temperature on
magnetocaloric effect and microstructure. Microsc Microanal 2019;25:2578-9. https://doi.org/10.1017/5143192761901362x.

Heczko O, Lanska N, Soderberg O, Ullakko K. Temperature variation of structure and magnetic properties of Ni-Mn-Ga magnetic shape memory alloys. J Magn
Magn Mater 2002;242-245:1446-9.

Taylor SL, Shah RN, Dunand DC. Ni-Mn-Ga micro-trusses via sintering of 3D-printed inks containing elemental powders. vol. 143. Elsevier B.V.; 2018.
Taylor SL, Shah RN, Dunand DC. Microstructure and porosity evolution during sintering of Ni-Mn-Ga wires printed from inks containing elemental powders.
Intermetallics 2019;104:113-23.

Brown DN, Wu Z, He F, Miller DJ, Herchenroeder JW. Dysprosium-free melt-spun permanent magnets. J Phys Condens Matter 2014;26.

Brown D, Ma BM, Chen Z. Developments in the processing and properties of NdFeb-type permanent magnets. J Magn Magn Mater 2002;248:432-40.
Sugimoto S. Current status and recent topics of rare-earth permanent magnets. J Phys D Appl Phys 2011;44.

Hamada N, Mishima C, Mitarai H, Honkura Y. Development of Nd-Fe-B Anisotropic Bonded Magnet With 27 MGOe. IEEE Trans Magn 2003;39:2953-5.
Croat JJ, Introduction 1. Technology and Applications of Bonded Magnets Andrew Kim , Chairman Current status and future outlook for bonded neodymium
permanent magnets (invited) 1997;81:1-3.

Huber C, Abert C, Bruckner F, Groenefeld M, Muthsam O, Schuschnigg S, et al. 3D print of polymer bonded rare-earth magnets, and 3D magnetic field scanning
with an end-user 3D printer. Appl Phys Lett 2016;109.

Pham TQ, Mellak C, Suen H, Boehlert CJ, Muetze A, Kwon P, et al. Binder jet printed iron silicon with low hysteresis loss. In: 2019 IEEE Int Electr Mach Drives
Conf IEMDC 2019 2019. p. 1045-52. 10.1109/IEMDC.2019.8785256.

Nlebedim IC, Ucar H, Hatter CB, McCallum RW, McCall SK, Kramer MJ, et al. Studies on in situ magnetic alignment of bonded anisotropic Nd-Fe-B alloy
powders. J Magn Magn Mater 2017;422:168-73. https://doi.org/10.1016/j.jmmm.2016.08.090.

Bram M, Ebel T, Wolff M, Barbosa APC, Tuncer N. Applications of powder metallurgy in biomaterials. Adv Powder Metall 2013:520-54.

Ozbilen S, Liebert D, Beck T, Bram M. Fatigue behavior of highly porous titanium produced by powder metallurgy with temporary space holders. Mater Sci Eng
C 2016;60:446-57.

Chino Y, Dunand DC. Directionally freeze-cast titanium foam with aligned, elongated pores. Acta Mater 2008;55:105-13.

Baril E, Lefeb LP, Thomas Y. Interstitial elements in titanium powder metallurgy: Sources and control. Powder Metall 2011;54:183-7.

Teoh SH, Thampuran R, Seah WKH, Goh JCH. Effect of pore sizes and cholesterol-lipid solution on the fracture toughness of pure titanium sintered compacts.
Biomaterials 1993;14:407-12.

Lefebvre L-P, Baril E, de Camaret L. The effect of oxygen, nitrogen and carbon on the microstructure and compression properties of titanium foams. J Mater Res
2013;28:2453-60.

Lefebvre LP, Baril E, Bureau MN. Effect of the oxygen content in solution on the static and cyclic deformation of titanium foams. J Mater Sci Mater Med
2009;20:2223.

Oh I-H, Nomura N, Masahashi N, Hanada S. Mechanical properties of porous titanium compacts prepared by powder sintering. Scr Mater 2003;49:1197-202.
Giiden M, Celik E, Hizal A, Altindis M, Cetiner S. Effects of compaction pressure and particle shape on the porosity and compression mechanical properties of
sintered Ti6Al4V powder compacts for hard tissue implantation. J Biomed Mater Res B Appl Biomater 2007;85:547-55.

Qian M, Froes FH, editors. Titanium Powder Metallurgy. Elsevier Science; 2015.

Atkinson HV, Davies S. Fundamental Aspects of Hot Isostatic Pressing : An Overview 2000;m.

Qian M, Xu W, Brandt M, Tang HP. Additive manufacturing and postprocessing of Ti-6Al-4V for superior mechanical properties 2017:775-84.

Giiden M, Celik E, Hizal A, Altindis M, Cetiner S. Effects of compaction pressure and particle shape on the porosity and compression mechanical properties of
sintered Ti6Al4V powder compacts for hard tissue implantation. J Biomed Mater Res - Part B Appl Biomater 2008;85:547-55.

Sciammarella F, Gonser MJ, Styrcula M. Laser Additive Manufacturing of Pure Copper. Rapid; 2013.

Ramirez DA, Murr LE, Li SJ, Tian YX, Martinez E, Martinez JL, et al. Open-cellular copper structures fabricated by additive manufacturing using electron beam
melting. Mater Sci Eng A 2011;528:5379-86. https://doi.org/10.1016/j.msea.2011.03.053.

Colopi M, Caprio L, Demir AG, Previtali B. Selective laser melting of pure Cu with a 1 kW single mode fiber laser. Procedia CIRP 2018;74:59-63. https://doi.
org/10.1016/j.procir.2018.08.030.

Johnston S, Frame D, Anderson R, Storti D. Strain Analysis of Initial Stage Sintering of 316L SS Three Dimensionally Printed (3DPTM) Components 1
Introduction 2 Background on Current Initial Stage Sintering 2004:129-140 http://sffsymposium.engr.utexas.edu/Manus.

Bai Y, Williams CB. An exploration of binder jetting of copper. Rapid Prototyp J 2015;21:177-85.

130


http://refhub.elsevier.com/S0079-6425(20)30071-2/h2410
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2410
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2415
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2415
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2420
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2420
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2425
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2425
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2430
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2430
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2435
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2435
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2440
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2445
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2445
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2450
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2450
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2455
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2460
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2460
https://doi.org/10.1016/j.jallcom.2018.04.059
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2470
https://doi.org/10.1063/1.4816465
https://doi.org/10.1017/S1431927616009715
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2490
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2490
https://doi.org/10.1016/j.addma.2019.100960
https://doi.org/10.1017/s143192761901362x
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2505
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2505
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2515
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2515
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2520
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2525
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2530
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2535
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2545
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2545
https://doi.org/10.1016/j.jmmm.2016.08.090
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2560
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2565
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2565
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2570
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2575
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2580
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2580
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2585
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2585
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2590
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2590
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2595
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2600
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2600
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2620
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2620
https://doi.org/10.1016/j.msea.2011.03.053
https://doi.org/10.1016/j.procir.2018.08.030
https://doi.org/10.1016/j.procir.2018.08.030
http://sffsymposium.engr.utexas.edu/Manus
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2645

A. Mostafaei, et al. Progress in Materials Science xxx (xxxx) Xxxx

[530]
[531]
[532]
[533]
[534]
[535]
[536]
[537]

[538]
[539]

[540]
[541]

[542]
[543]

[544]

[547]
[548]

[549]
[550]
[551]
[552]
[553]
[554]
[555]
[556]
[557]
[558]
[559]
[560]
[561]
[562]
[563]
[564]
[565]
[566]
[567]
[568]
[569]
[570]
[571]
[572]
[573]
[574]
[575]

[576]

Kumar AY, Wang J, Bai Y, Huxtable ST. Williams CB. Impacts of process-induced porosity on material properties of copper made by binder jetting additive
manufacturing Ashwath. Mater Des 2019:108001. https://doi.org/10.1016/j.matdes.2019.108001.

Bailey A, Merriman A, Elliott A, Basti M. Preliminary Testing of Nanoparticle Effectiveness in Binder Jetting Applications. 27th annu int solid free fabr symp.
2016. p. 1069-77.

Zadi-Maad A, Rohib R, Irawan A. Additive manufacturing for steels: A review. IOP Conf Ser Mater Sci Eng 2018;285.
https://www.exone.com/Resources/Materials; n.d.

Mirzababaei S, Pasebani S. A review on binder jet additive manufacturing of 316L stainless steel. J Manuf Mater Process 2019;82:1-36.

Sufiiarov V, Polozov I, Kantykov A, Khaidorov A. Binder jetting additive manufacturing of 420 stainless steel: Densification during sintering and effect of heat
treatment on microstructure and hardness. Mater Today Proc 2020. https://doi.org/10.1016/j.matpr.2020.01.144.

Williams CB, Cochran JK, Rosen DW. Additive manufacturing of metallic cellular materials via three-dimensional printing. Int J Adv Manuf Technol
2011;53:231-9.

Inaekyan K, Paserin V, Bailon-poujol I, Brailovski V. Binder-jetting additive manufacturing with water atomized iron powders. In: AMPM2016 conf. addit.
manuf., Boston, USA, 2016. p. 1-7.

Wang Y, Zhao YF. Investigation of sintering shrinkage in binder jetting additive manufacturing process. Procedia Manuf 2017;10:779-90.

Rosalbino F, Scavino G. Corrosion behaviour assessment of cast and HIPed Stellite 6 alloy in a chloride-containing environment. Electrochim Acta
2013;111:656-62.

Kuznetsov VV, Filatova EA, Telezhkina AV, Kruglikov SS. Corrosion resistance of Co — Cr — W coatings obtained by electrodeposition 2018:2267-76.
Yingfei G, de Escalona PM, Galloway A. Influence of cutting parameters and tool wear on the surface integrity of cobalt-based stellite 6 alloy when machined
under a dry cutting environment. J Mater Eng Perform 2017;26:312-26.

Ozgiin O, Dinler 1. Production and characterization of WC-reinforced co-based superalloy matrix composites. Metall Mater Trans A 2018;49:1-13.
Rodriguez P, Mostafaei A, Chmielus M. Binder jet additive manufacturing of dental material from cobalt-chrome alloy. Ingenium-Undergraduate Res Swanson
Sch Eng 2019;4:63-7.

Shin JC, Doh JM, Yoon JK, Lee DY, Kim JS. Effect of molybdenum on the microstructure and wear resistance of cobalt-base Stellite hardfacing alloys. Surf
Coatings Technol 2003;166:117-26.

Giacchi JV, Morando CN, Fornaro O, Palacio HA. Microstructural characterization of as-cast biocompatible Co-Cr-Mo alloys. Mater Charact 2011;62:53-61.
Budzynski P, Kaminski M, Wiertel M, Pyszniak K, Drozdziel A. Mechanical properties of the stellite 6 cobalt alloy implanted with nitrogen ions. Acta Phys Pol A
2017;132:203-5.

Opris CD, Liu R, Yao MX, Wu XJ. Development of Stellite alloy composites with sintering/HIPing technique for wear-resistant applications. Mater Des
2007;28:581-91.

Giilsoy HO, Ozgiin O, Bilketay S. Powder injection molding of Stellite 6 powder: Sintering, microstructural and mechanical properties. Mater Sci Eng A
2016;651:914-24.

Patel B, Favaro G, Inam F, Reece MJ, Angadji A, Bon W, et al. Cobalt-based orthopaedic alloys : Relationship between forming route, microstructure and
tribological performance 2012;32:1222-9.

Mengucci P, Barucca G, Gatto A, Bassoli E, Denti L, Fiori F, et al. Effects of thermal treatments on microstructure and mechanical properties of a Co-Cr-Mo-W
biomedical alloy produced by laser sintering. J Mech Behav Biomed Mater 2016;60:106-17.

Kajima Y, Takaichi A, Kittikundecha N, Nakamoto T, Kimura T, Nomura N, et al. Effect of heat-treatment temperature on microstructures and mechanical
properties of Co—Cr—Mo alloys fabricated by selective laser melting. Mater Sci Eng A 2018;726:21-31.

LuY, Wu S, Gan Y, Zhang S, Guo S, Lin J, et al. Microstructure, mechanical property and metal release of As-SLM CoCrW alloy under different solution
treatment conditions. J Mech Behav Biomed Mater 2015;55:179-90.

Stoyanov P, Andre K, Prichard P, Yao M, Gey C. Microstructural and Mechanical Characterization of Mo-containing Stellite Alloys Produced by three
Dimensional Printing. Procedia CIRP 2016;45:167-70.

Godlinski D, Veltl G. Three dimensional printing of PM-tool steels. Euro PM2005 2005;3:49-54.

Sears JW, Allen C, Holliday A. Binder-Jet 3D direct metal printing of cobalt chrome moly alloy. In: AMPM 2019 Conf Phoenix, Arizona; 2019.

Zocca A, Colombo P, Gomes CM, Giinster J. Additive manufacturing of ceramics: issues, potentialities, and opportunities. J Am Ceram Soc 2015;98:1983-2001.
Jazayeri HE, Rodriguez-Romero M, Razavi M, Tahriri M, Ganjawalla K, Rasoulianboroujeni M, et al. The cross-disciplinary emergence of 3D printed bioceramic
scaffolds in orthopedic bioengineering. Ceram Int 2018;44:1-9.

Klammert U, Gbureck U, Vorndran E, Rodiger J, Meyer-Marcotty P, Kiibler AC. 3D powder printed calcium phosphate implants for reconstruction of cranial and
maxillofacial defects. J Cranio-Maxillofacial Surg 2010;38:565-70.

Igawa K, Mochizuki M, Sugimori O, Shimizu K, Yamazawa K, Kawaguchi H, et al. Tailor-made tricalcium phosphate bone implant directly fabricated by a three-
dimensional ink-jet printer. J Artif Organs 2006;9:234-40.

Vorndran E, Klarner M, Klammert U, Grover LM, Patel S, Barralet JE, et al. 3D powder printing of B-tricalcium phosphate ceramics using different strategies.
Adv Eng Mater 2008;10:67-71.

Habibovic P, Gbureck U, Doillon CJ, Bassett DC, van Blitterswijk CA, Barralet JE. Osteoconduction and osteoinduction of low-temperature 3D printed bio-
ceramic implants. Biomaterials 2008;29:944-53.

Gbureck U, Holzel T, Biermann I, Barralet JE, Grover LM. Preparation of tricalcium phosphate/calcium pyrophosphate structures via rapid prototyping. J Mater
Sci Mater Med 2008;19:1559-63. https://doi.org/10.1007/s10856-008-3373-x.

Butscher A, Bohner M, Roth C, Ernstberger A, Heuberger R, Doebelin N, et al. Printability of calcium phosphate powders for three-dimensional printing of tissue
engineering scaffolds. Acta Biomater 2012;8:373-85. https://doi.org/10.1016/j.actbio.2011.08.027.

Szucs TD, Brabazon D. Effect of saturation and post processing on 3D printed calcium phosphate scaffolds. Key Eng Mater 2009;396-398:663-6. https://doi.
org/10.4028/0-87849-353-0.663.

Lowmunkong R, Sohmura T, Suzuki Y, Matsuya S, Ishikawa K. Fabrication of freeform bone-filling calcium phosphate ceramics by gypsum 3D printing method.
J Biomed Mater Res - Part B Appl Biomater 2009;90 B:531-9. 10.1002/jbm.b.31314.

Sherwood JK, Riley SL, Palazzolo R, Brown SC, Monkhouse C, Coates M, et al. A three-dimensional osteochondral composite scaffold for articular cartilage
repair. Biomaterials 2002;23:4739-51.

Ke D, Bose S. Effects of pore distribution and chemistry on physical, mechanical, and biological properties of tricalcium phosphate scaffolds by binder-jet 3D
printing. Addit Manuf 2018;22:111-7.

Shanjani Y, Amritha De Croos JN, Pilliar RM, Kandel RA, Toyserkani E. Solid freeform fabrication and characterization of porous calcium polyphosphate
structures for tissue engineering purposes. J Biomed Mater Res - Part B Appl Biomater 2010;93:510-9.

Warnke PH, Seitz H, Warnke F, Becker ST, Sivananthan S, Sherry E, et al. Ceramic scaffolds produced by computer-assisted 3D printing and sintering:
Characterization and biocompatibility investigations. J Biomed Mater Res - Part B Appl Biomater 2010;93:212-7.

Leukers B, Gulkan H, Irsen SH, Milz S, Tille C, Schieker M, et al. Hydroxyapatite scaffolds for bone tissue engineering made by 3D printing. J Mater Sci Mater
Med 2005;16:1121-4. https://doi.org/10.1007/s10856-005-4716-5.

Irsen SH, Leukers B, Hockling C, Tille C, Seitz H. Bioceramic granulates for use in 3D printing: Process engineering aspects. Materwiss Werksttech
2006;37:533-7. https://doi.org/10.1002/mawe.200600033.

Chumnanklang R, Panyathanmaporn T, Sitthiseripratip K, Suwanprateeb J. 3D printing of hydroxyapatite: Effect of binder concentration in pre-coated particle
on part strength. Mater Sci Eng C 2007;27:914-21. https://doi.org/10.1016/j.msec.2006.11.004.

Dellinger JG, Eurell JAC, Jamison RD. Bone response to 3D periodic hydroxyapatite scaffolds with and without tailored microporosity to deliver bone mor-
phogenetic protein 2. J Biomed Mater Res - Part A 2006;76:366-76.

Seitz H, Rieder W, Irsen S, Leukers B, Tille C. Three-dimensional printing of porous ceramic scaffolds for bone tissue engineering. J Biomed Mater Res - Part B

131


https://doi.org/10.1016/j.matdes.2019.108001
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2655
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2655
https://www.exone.com/Resources/Materials
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2670
https://doi.org/10.1016/j.matpr.2020.01.144
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2680
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2680
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2690
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2695
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2695
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2705
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2705
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2710
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2715
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2715
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2720
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2720
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2735
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2740
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2740
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2745
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2745
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2750
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2750
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2760
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2760
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2765
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2765
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2770
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2770
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2775
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2775
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2790
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2795
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2795
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2800
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2800
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2805
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2805
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2810
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2810
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2815
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2815
https://doi.org/10.1007/s10856-008-3373-x
https://doi.org/10.1016/j.actbio.2011.08.027
https://doi.org/10.4028/0-87849-353-0.663
https://doi.org/10.4028/0-87849-353-0.663
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2840
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2840
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2845
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2845
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2850
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2850
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2855
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2855
https://doi.org/10.1007/s10856-005-4716-5
https://doi.org/10.1002/mawe.200600033
https://doi.org/10.1016/j.msec.2006.11.004
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2875
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2875
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2880

A. Mostafaei, et al. Progress in Materials Science xxx (xxxx) Xxxx

[577]

[578]
[579]

[580]
[581]
[582]
[583]
[584]
[585]

[586]
[587]

[588]

[589]
[590]

[591]
[592]
[593]
[594]
[595]

[596]
[597]

[598]
[599]
[600]
[601]
[602]
[603]
[604]
[605]
[606]
[607]
[608]
[609]
[610]
[611]
[612]
[613]
[614]
[615]
[616]

[617]
[618]

[619]

[620]

Appl Biomater 2005;74:782-8.

Goncalves EM, Oliveira FJ, Silva RF, Neto MA, Fernandes MH, Amaral M, et al. Three-dimensional printed PCL-hydroxyapatite scaffolds filled with CNTs for
bone cell growth stimulation. J Biomed Mater Res - Part B Appl Biomater 2016;104(1210-9):3432.

Qian C, Sun J. Fabrication of the porous hydroxyapatite implant by 3D printing. J Ceram Process Res 2013;14:513-6.

Suwanprateeb J, Thammarakcharoen F, Wasoontararat K, Suvannapruk W. Influence of printing parameters on the transformation efficiency of 3D-printed
plaster of paris to hydroxyapatite and its properties. Rapid Prototyp J 2012;18:490-9. https://doi.org/10.1108/13552541211272036.

Suwanprateeb J, Thammarakcharoen F, Hobang N. Enhancement of mechanical properties of 3D printed hydroxyapatite by combined low and high molecular
weight polycaprolactone sequential infiltration. J Mater Sci Mater Med 2016;27.. https://doi.org/10.1007/s10856-016-5784-4.

Wang Y en, Li X pei, Li C chuan, Yang M ming, Wei Q hua. Binder droplet impact mechanism on a hydroxyapatite microsphere surface in 3D printing of bone
scaffolds. J Mater Sci 2015;50:5014-23. 10.1007/s10853-015-9050-9.

Suwanprateeb J, Sanngam R, Panyathanmaporn T. Influence of raw powder preparation routes on properties of hydroxyapatite fabricated by 3D printing
technique. Mater Sci Eng C 2010;30:610-7. https://doi.org/10.1016/j.msec.2010.02.014.

Hernandez-Afonso L, Fernandez-Gonzalez R, Esparza P, Borges ME, Gonzalez SDi, Canales-Vazquez J, et al. Ceramic-Based 3D Printed Supports for
Photocatalytic Treatment of Wastewater. J Chem 2017;2017.

Zhou Z, Cunningham E, Lennon A, McCarthy HO, Buchanan F, Clarke SA, et al. Effects of poly (e-caprolactone) coating on the properties of three-dimensional
printed porous structures. J Mech Behav Biomed Mater 2017;70:68-83.

Du W, Ren X, Ma C, Pei Z. Ceramic binder jetting additive manufacturing: particle encapsulation for in-creasing powder sinterability and part strength. Mater
Lett 2019;234:327-30.

Miyanaji H, Zhang S, Lassell A, Zandinejad AA, Yang L. Optimal process parameters for 3D printing of porcelain structures. Procedia Manuf 2016;5:870-87.
Inzana JA, Olvera D, Fuller SM, Kelly JP, Graeve OA, Schwarz EM, et al. 3D printing of composite calcium phosphate and collagen scaffolds for bone
regeneration. Biomaterials 2014;35:4026-34.

Suwanprateeb J, Sanngam R, Suvannapruk W, Panyathanmaporn T. Mechanical and in vitro performance of apatite-wollastonite glass ceramic reinforced
hydroxyapatite composite fabricated by 3D-printing. J Mater Sci Mater Med 2009;20:1281-9.

Winkel A, Meszaros R, Reinsch S, Miiller R, Travitzky N, Fey T, et al. Sintering of 3D-printed glass/HAp composites. J Am Ceram Soc 2012;95:3387-93.
Myers K, Cortes P, Conner B, Wagner T, Hetzel B, Peters KM. Structure property relationship of metal matrix syntactic foams manufactured by a binder jet
printing process. Addit Manuf 2015;5:54-9.

Myers K, Juhasz M, Cortes P, Conner B. Mechanical modeling based on numerical homogenization of an A1203/Al composite manufactured via binder jet
printing. Comput Mater Sci 2015;108:128-35.

Fonseca Coelho AW, da Silva Moreira Thiré RM, Araujo AC. Manufacturing of gypsum-sisal fiber composites using Binder Jetting. Addit Manuf 2019. https://
doi.org/10.1016/j.addma.2019.100789.

Zocca A, Gomes CM, Bernardo E, Miiller R, Giinster J, Colombo P. LAS glass — ceramic scaffolds by three-dimensional printing. J Eur Ceram Soc
2013;33:1525-33. https://doi.org/10.1016/j.jeurceramsoc.2012.12.012.

Inzana JA, Olvera D, Fuller SM, Kelly JP, Graeve OA, Schwarz EM, et al. Biomaterials 3D printing of composite calcium phosphate and collagen scaffolds for
bone regeneration. Biomaterials 2014;35:4026-34. https://doi.org/10.1016/j.biomaterials.2014.01.064.

Klammert U, Reuther T, Jahn C, Kraski B, Ku AC. Cytocompatibility of brushite and monetite cell culture scaffolds made by three-dimensional powder printing.
Acta Biomater 2009;5:727-34. https://doi.org/10.1016/j.actbio.2008.08.019.

Yin X, A NT, Greil P. Near-Net-Shape Fabrication of Ti3AlG2-Based Composites. Int J Appl Ceram Technol 2007;190:184-90.

Melcher R, Travitzky N, Zollfrank C, Greil P. 3D printing of A1203/Cu-O interpenetrating phase composite. J Mater Sci 2011;46:1203-10. https://doi.org/10.
1007/s10853-010-4896-3.

Duan W, Fan Z, Wang H, Zhang J, Qiao T, Yin X. Electromagnetic interference shielding and mechanical properties of Si3N4-SiOC composites fabricated by 3D-
printing combined with polymer infiltration and pyrolysis. J Mater Res 2017;32:3394-401. https://doi.org/10.1557/jmr.2017.150.

Melcher R, Martins S, Travitzky N, Greil P. Fabrication of A1203-based composites by indirect 3D-printing. Mater Lett 2006;60:572-5. https://doi.org/10.
1016/j.matlet.2005.09.059.

Suwanprateeb J, Sanngam R, Suwanpreuk W. Fabrication of bioactive hydroxyapatite/bis-GMA based composite via three dimensional printing. J Mater Sci
Mater Med 2008;19:2637-45. https://doi.org/10.1007/510856-007-3362-5.

Khalyfa A, Vogt S, Weisser J, Grimm G, Rechtenbach A, Meyer W, et al. Development of a new calcium phosphate powder-binder system for the 3D printing of
patient specific implants. J Mater Sci Mater Med 2007;18:909-16.

Detsch R, Schaefer S, Deisinger U, Ziegler G, Seitz H, Leukers B. In vitro -osteoclastic activity studies on surfaces of 3D printed calcium phosphate scaffolds. J
Biomater Appl 2011;26:359-80.

Castilho M, Moseke C, Ewald A, Gbureck U, Groll J, Pires I, et al. Direct 3D powder printing of biphasic calcium phosphate scaffolds for substitution of complex
bone defects. Biofabrication 2014;6:015006https://doi.org/10.1088/1758-5082/6,/1/015006.

Fielding GA, Bandyopadhyay A, Bose S. Effects of silica and zinc oxide doping on mechanical and biological properties of 3D printed tricalcium phosphate tissue
engineering scaffolds. Dent Mater 2012;28:113-22.

Bergmann C, Lindner M, Zhang W, Koczur K, Kirsten A, Telle R, et al. 3D printing of bone substitute implants using calcium phosphate and bioactive glasses. J
Eur Ceram Soc 2010;30:2563-7.

Solis DM, Silva AV, Volpato N, Berti LF. Reaction-bonding of aluminum oxide processed by binder jetting. J Manuf Process 2019;41:267-72. https://doi.org/10.
1016/j.jmapro.2019.04.008.

Xia M, Nematollahi B, Sanjayan J. Printability, accuracy and strength of geopolymer made using powder-based 3D printing for construction applications.
Autom Constr 2019;101:179-89.

Bose S, Tarafder S, Banerjee SS, Davies NM, Bandyopadhyay A. Understanding in vivo response and mechanical property variation in MgO, SrO and SiO2doped
B-TCP. Bone 2011;48:1282-90.

Duan L, Lin W, Wang J, Yang G. Thermal properties of W-Cu composites manufactured by copper infiltration into tungsten fiber matrix. Int J Refract Met Hard
Mater 2014;46:96-100. https://doi.org/10.1016/J.IJRMHM.2014.05.022.

Ho PW, Li QF, Fuh JYH. Evaluation of W-Cu metal matrix composites produced by powder injection molding and liquid infiltration. Mater Sci Eng A
2008;485:657-63. https://doi.org/10.1016/J.MSEA.2007.10.048.

US20180236687A1 — Cemented carbide powders for additive manufacturing — Google Patents; n.d.

Kernan BD, Sachs EM, Allen SM, Lorenz A, Sachs C, Raffenbeul L, et al. Homogeneous steel infiltration. Metall Mater Trans A 2005;36:2815-27.

Sercombe TB, Schaffer GB. On the role of magnesium and nitrogen in the infiltration of aluminium by aluminium for rapid prototyping applications. Acta Mater
2004;52:3019-25.

Sercombe TB, Schaffer GB. Rapid Manufacturing of Aluminum Components. Science (80-) 2003;301:1225-7.

Jandeska WF, Hetzner JE. Aluminum/magnesium 3D-Printing rapid prototyping; 2006.

Snelling DA, Williams CB, Suchicital CTA, Druschitz AP. Binder jetting advanced ceramics for metal-ceramic composite structures. Int J Adv Manuf Technol
2017;92:531-45.

Snelling D, Williams C, Suchicital C, Druschitz A. Fabrication of cellular cordierite preforms via binder jetting. Virginia Tech Dep Mater Sci Eng 2015:1434-49.
Nan B, Yin X, Zhang L, Cheng L. Three-dimensional printing of Ti3SiC2-based ceramics. J Am Ceram Soc 2011;94:969-72. https://doi.org/10.1111/j.1551-
2916.2010.04257.x.

Mayara M, Carrijo M, Lorenz H, Filbert-demut I, Mariz G, Barra DO, et al. Fabrication of Ti3SiC2-based composites via three-dimensional printing: Influence of
processing on the final properties 2016;42:9557-64. 10.1016/j.ceramint.2016.03.036.

Myers K. Structure-property relationship of binder jetted fused silica preforms to manufacture ceramic-metallic interpenetrating phase composites; 2016.

132


http://refhub.elsevier.com/S0079-6425(20)30071-2/h2880
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2885
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2885
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2890
https://doi.org/10.1108/13552541211272036
https://doi.org/10.1007/s10856-016-5784-4
https://doi.org/10.1016/j.msec.2010.02.014
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2920
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2920
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2925
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2925
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2930
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2935
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2935
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2940
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2940
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2945
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2950
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2950
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2955
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2955
https://doi.org/10.1016/j.addma.2019.100789
https://doi.org/10.1016/j.addma.2019.100789
https://doi.org/10.1016/j.jeurceramsoc.2012.12.012
https://doi.org/10.1016/j.biomaterials.2014.01.064
https://doi.org/10.1016/j.actbio.2008.08.019
https://doi.org/10.1007/s10853-010-4896-3
https://doi.org/10.1007/s10853-010-4896-3
https://doi.org/10.1557/jmr.2017.150
https://doi.org/10.1016/j.matlet.2005.09.059
https://doi.org/10.1016/j.matlet.2005.09.059
https://doi.org/10.1007/s10856-007-3362-5
http://refhub.elsevier.com/S0079-6425(20)30071-2/h3005
http://refhub.elsevier.com/S0079-6425(20)30071-2/h3005
http://refhub.elsevier.com/S0079-6425(20)30071-2/h3010
http://refhub.elsevier.com/S0079-6425(20)30071-2/h3010
https://doi.org/10.1088/1758-5082/6/1/015006
http://refhub.elsevier.com/S0079-6425(20)30071-2/h3020
http://refhub.elsevier.com/S0079-6425(20)30071-2/h3020
http://refhub.elsevier.com/S0079-6425(20)30071-2/h3025
http://refhub.elsevier.com/S0079-6425(20)30071-2/h3025
https://doi.org/10.1016/j.jmapro.2019.04.008
https://doi.org/10.1016/j.jmapro.2019.04.008
http://refhub.elsevier.com/S0079-6425(20)30071-2/h3035
http://refhub.elsevier.com/S0079-6425(20)30071-2/h3035
http://refhub.elsevier.com/S0079-6425(20)30071-2/h3040
http://refhub.elsevier.com/S0079-6425(20)30071-2/h3040
https://doi.org/10.1016/J.IJRMHM.2014.05.022
https://doi.org/10.1016/J.MSEA.2007.10.048
http://refhub.elsevier.com/S0079-6425(20)30071-2/h3060
http://refhub.elsevier.com/S0079-6425(20)30071-2/h3065
http://refhub.elsevier.com/S0079-6425(20)30071-2/h3065
http://refhub.elsevier.com/S0079-6425(20)30071-2/h3080
http://refhub.elsevier.com/S0079-6425(20)30071-2/h3080
http://refhub.elsevier.com/S0079-6425(20)30071-2/h3085
https://doi.org/10.1111/j.1551-2916.2010.04257.x
https://doi.org/10.1111/j.1551-2916.2010.04257.x

A. Mostafaei, et al. Progress in Materials Science xxx (xxxx) Xxxx

[621]
[622]
[623]
[624]

[625]
[626]

[627]
[628]
[629]
[630]
[631]
[632]
[633]
[634]
[635]

[636]
[637]

[638]
[639]
[640]

[641]
[642]

[643]
[644]
[645]
[646]
[647]
[648]
[649]
[650]
[651]
[652]
[653]
[654]
[655]
[656]
[657]
[658]

[659]
[660]

[661]
[662]
[663]

[664]
[665]

[666]

Yadav P, Bock T, Fu Z, Lorenz H, Gotman I, Greil P, et al. Novel hybrid printing of porous TiC/Ti6Al4V composites. Adv Eng Mater 2019;1900336:4-11.
https://doi.org/10.1002/adem.201900336.

Sheydaeian E, Vlasea M, Woo A, Pilliar R, Hu E, Toyserkani E. Effect of glycerol concentrations on the mechanical properties of additive manufactured porous
calcium polyphosphate structures for bone substitute applications. J Biomed Mater Res - Part B Appl Biomater 2017;105:828-35.

Zhang C, Liu Y, Du Y, Peng Y, Wang J. Thermodynamic assessment of the Co-Mo-Ni and Mo-Ni-W ternary systems. Calphad 2016;55:243-51. https://doi.org/
10.1016/J.CALPHAD.2016.10.001.

Calvo M, Jakus AE, Shah RN, Spolenak R, Dunand DC. Microstructure and processing of 3D printed tungsten microlattices and infiltrated W — Cu composites.
Adv Eng Mater 2018;1800354:1-9.

Bose A. Netshaping concepts for tungsten alloys and composites. Powder Metall 2003;46:121-6. https://doi.org/10.1179/003258903225010569.

Stawovy MT, Myers K, Ohm S. Binder jet printing of tungsten heavy alloy. Int J Refract Met Hard Mater 2019:104981. https://doi.org/10.1016/j.ijrmhm.2019.
104981.

Lipke DW, Zhang Y, Liu Y, Church BC, Sandhage KH. Near net-shape/net-dimension ZrC/W-based composites with complex geometries via rapid prototyping
and Displacive Compensation of Porosity. J Eur Ceram Soc 2010;30:2265-77.

Chou D-T, Wells D, Hong D, Lee B, Kuhn H, Kumta PN. Novel processing of iron-manganese alloy-based biomaterials by inkjet 3-D printing. Acta Biomater
2013;9:8593-603.

Hong D, Chou D-TT, Velikokhatnyi OI, Roy A, Lee B, Swink I, et al. Binder-jetting 3D printing and alloy development of new biodegradable Fe-Mn-Ca/Mg
alloys. Acta Biomater 2016;45:1-12.

Guan DD, He XB, Qu XH. Fabrication of Si3N4 reinforced 316L stainless steel composites by powder injection moulding. Adv Mater Res 2012;535-537:133-8.
https://doi.org/10.4028/www.scientific.net/AMR.535-537.133.

Huang X, Bauder T, Do T, Suen H, Boss C, Kwon P, et al. A binder jet printed, stainless steel preconcentrator as an in-line injector of volatile organic compounds.
Sensors 2019;19:2748. https://doi.org/10.3390/519122748.

Juan H-L. Effect of temperature ratio (TS/TM) and time on the sintering behavior of metallic 316L stainless steel coupons coupons produced using jet-binder
technology; 2017.

Yuan YG, Ding JJ, Wang YK, Sun WQ. Fabrication of functionally gradient ultrafine-grained WC-Co composites. Appl Mech Mater 2013;423-426:885-9.
Kumar S. Process chain development for additive manufacturing of cemented carbide. J Manuf Process 2018;34:121-30.

Scheithauer U, Potschke J, Weingarten S, Schwarzer E, Vornberger A, Moritz T, et al. Droplet-based additive manufacturing of hard metal components by
thermoplastic 3D Printing (T3DP). J Ceram Sci Technol 2017;8:155-60.

Zhang X, Guo Z, Chen C, Yang W. Additive manufacturing of WC-20Co components by 3D gel-printing. Int J Refract Met Hard Mater 2018;70:215-23.
Cramer CL, Wieber NR, Aguirre TG, Lowden RA, Elliott AM. Shape retention and infiltration height in complex WC-Co parts made via binder jet of WC with
subsequent Co melt infiltration. Addit Manuf 2019;29:100828https://doi.org/10.1016/j.addma.2019.100828.

Cramer CL, Nandwana P, Lowden RA, Elliott AM. Infiltration studies of additive manufacture of WC with Co using binder jetting and pressureless melt method.
Addit Manuf 2019;28:333-43.

Cramer CL, Aguirre TG, Wieber NR, Lowden RA, Trofimov A, Wang H, et al. Binder jet printed WC infiltrated with pre-made melt of WC and Co. Cell Signal
2019:109410. https://doi.org/10.1016/j.cellsig.2019.109410.

Carrefio-Morelli E, Alveen P, Moseley S, Rodriguez-Arbaizar M, Cardoso K. Three-dimensional printing of hard materials. Int J Refract Met Hard Mater
2020;87:105110https://doi.org/10.1016/j.ijrmhm.2019.105110.

Omori M, Takei H. Pressureless sintering of SiC. J Am Ceram Soc 1982;65:¢92. https://doi.org/10.1111/j.1151-2916.1982.tb10460.x.

Zhang Z, Xu C, Du X, Li Z, Wang J, Xing W, et al. Synthesis mechanism and mechanical properties of TiB2-SiC composites fabricated with the B4C-TiC-Si
system by reactive hot pressing. J Alloys Compd 2015;619:26-30. https://doi.org/10.1016/J.JALLCOM.2014.09.030.

Goncharov IS, Hisamova LV, Saubanova LY, Polozov IA, Wang QS. Synthesis of the In Situ Nb-Si composites by binder jetting additive manufacturing tech-
nology. Key Eng Mater 2019;822:311-9. https://doi.org/10.4028/www.scientific.net/kem.822.311.

Lv X, Ye F, Cheng L, Fan S, Liu Y. Fabrication of SiC whisker-reinforced SiC ceramic matrix composites based on 3D printing and chemical vapor infiltration
technology. J Eur Ceram Soc 2019. https://doi.org/10.1016/j.jeurceramsoc.2019.04.043.

Popovich VA, Borisov EV, Popovich AA, Sufiiarov VS, Masaylo DV, Alzina L. Functionally graded Inconel 718 processed by additive manufacturing:
Crystallographic texture, anisotropy of microstructure and mechanical properties. Mater Des 2017;114:441-9. https://doi.org/10.1016/j.matdes.2016.10.075.
Tan C, Zhou K, Ma W, Min L. Interfacial characteristic and mechanical performance of maraging steel-copper functional bimetal produced by selective laser
melting based hybrid manufacture. Mater Des 2018;155:77-85. https://doi.org/10.1016/j.matdes.2018.05.064.

Hinojos A, Mireles J, Reichardt A, Frigola P, Hosemann P, Murr LE, et al. Joining of Inconel 718 and 316 Stainless Steel using electron beam melting additive
manufacturing technology. Mater Des 2016;94:17-27. https://doi.org/10.1016/j.matdes.2016.01.041.

Shah K. Laser direct metal deposition of dissimilar and functionally graded alloys, Thesis, University of Manchester; 2011.

Wang J, Shaw LL. Fabrication of functionally graded materials via Inkjet color printing. J Am Ceram Soc 2006;89:3285-9.

Kaweesa DV, Meisel NA. Quantifying fatigue property changes in material jetted parts due to functionally graded material interface design. Addit Manuf 2018.
Carroll BE, Otis RA, Borgonia JP, Suh JO, Dillon RP, Shapiro AA, et al. Functionally graded material of 304L stainless steel and inconel 625 fabricated by
directed energy deposition: Characterization and thermodynamic modeling. Acta Mater 2016;108:46-54. https://doi.org/10.1016/j.actamat.2016.02.019.
Tofail SAM, Koumoulos EP, Bandyopadhyay A, Bose S, O’Donoghue L, Charitidis C. Additive manufacturing: scientific and technological challenges, market
uptake and opportunities. Mater Today 2018;21:22-37. https://doi.org/10.1016/j.mattod.2017.07.001.

Kempton L, Pinson D, Chew S, Zulli P, Yu A. Simulation of macroscopic deformation using a sub-particle DEM approach. Powder Technol 2012. https://doi.org/
10.1016/j.powtec.2011.06.021.

Parteli EJR, Schmidt J, Bliimel C, Wirth KE, Peukert W, Poschel T. Attractive particle interaction forces and packing density of fine glass powders. Sci Rep 2014.
https://doi.org/10.1038/srep06227.

Computational Granular Dynamics; 2005. 10.1007/3-540-27720-x.

Shafer J, Dippel S, Wolf DE. Force schemes in simulations of granular materials. J Phys I 1996. https://doi.org/10.1051/jp1:1996129.

Kruggel-Emden H, Simsek E, Rickelt S, Wirtz S, Scherer V. Review and extension of normal force models for the Discrete Element Method. Powder Technol
2007. https://doi.org/10.1016/j.powtec.2006.10.004.

Kruggel-Emden H, Wirtz S, Scherer V. A study on tangential force laws applicable to the discrete element method (DEM) for materials with viscoelastic or
plastic behavior. Chem Eng Sci 2008. https://doi.org/10.1016/j.ces.2007.11.025.

Coetzee CJ. Calibration of the discrete element method and the effect of particle shape. Powder Technol 2016. https://doi.org/10.1016/j.powtec.2016.04.003.
Walton OR, Braun RL. Viscosity, granular-temperature, and stress calculations for shearing assemblies of inelastic, frictional disks. J Rheol (N Y N Y) 1986.
https://doi.org/10.1122/1.549893.

Di Renzo A, Paolo Di Maio F. An improved integral non-linear model for the contact of particles in distinct element simulations. Chem Eng Sci 2005. https://doi.
0rg/10.1016/j.ces.2004.10.004.

Tsuji Y, Tanaka T, Ishida T. Lagrangian numerical simulation of plug flow of cohesionless particles in a horizontal pipe. Powder Technol 1992. https://doi.org/
10.1016/0032-5910(92)88030-L.

Vu-Quoc L, Zhang X. Accurate and efficient tangential force-displacement model for elastic frictional contact in particle-flow simulations. Mech Mater 1999.
https://doi.org/10.1016/50167-6636(98)00064-7.

Surface energy and the contact of elastic solids. Proc R Soc London A Math Phys Sci; 1971. 10.1098/rspa.1971.0141.

Brilliantov NV, Albers N, Spahn F, Poschel T. Collision dynamics of granular particles with adhesion. Phys Rev E - Stat Nonlinear, Soft Matter Phys 2007.
https://doi.org/10.1103/PhysRevE.76.051302.

Barthel E. Adhesive elastic contacts: JKR and more. J Phys D Appl Phys 2008. https://doi.org/10.1088/0022-3727/41/16/163001.

133


https://doi.org/10.1002/adem.201900336
http://refhub.elsevier.com/S0079-6425(20)30071-2/h3110
http://refhub.elsevier.com/S0079-6425(20)30071-2/h3110
https://doi.org/10.1016/J.CALPHAD.2016.10.001
https://doi.org/10.1016/J.CALPHAD.2016.10.001
http://refhub.elsevier.com/S0079-6425(20)30071-2/h3120
http://refhub.elsevier.com/S0079-6425(20)30071-2/h3120
https://doi.org/10.1179/003258903225010569
https://doi.org/10.1016/j.ijrmhm.2019.104981
https://doi.org/10.1016/j.ijrmhm.2019.104981
http://refhub.elsevier.com/S0079-6425(20)30071-2/h3135
http://refhub.elsevier.com/S0079-6425(20)30071-2/h3135
http://refhub.elsevier.com/S0079-6425(20)30071-2/h3140
http://refhub.elsevier.com/S0079-6425(20)30071-2/h3140
http://refhub.elsevier.com/S0079-6425(20)30071-2/h3145
http://refhub.elsevier.com/S0079-6425(20)30071-2/h3145
https://doi.org/10.4028/www.scientific.net/AMR.535-537.133
https://doi.org/10.3390/s19122748
http://refhub.elsevier.com/S0079-6425(20)30071-2/h3165
http://refhub.elsevier.com/S0079-6425(20)30071-2/h3170
http://refhub.elsevier.com/S0079-6425(20)30071-2/h3175
http://refhub.elsevier.com/S0079-6425(20)30071-2/h3175
http://refhub.elsevier.com/S0079-6425(20)30071-2/h3180
https://doi.org/10.1016/j.addma.2019.100828
http://refhub.elsevier.com/S0079-6425(20)30071-2/h3190
http://refhub.elsevier.com/S0079-6425(20)30071-2/h3190
https://doi.org/10.1016/j.cellsig.2019.109410
https://doi.org/10.1016/j.ijrmhm.2019.105110
https://doi.org/10.1111/j.1151-2916.1982.tb10460.x
https://doi.org/10.1016/J.JALLCOM.2014.09.030
https://doi.org/10.4028/www.scientific.net/kem.822.311
https://doi.org/10.1016/j.jeurceramsoc.2019.04.043
https://doi.org/10.1016/j.matdes.2016.10.075
https://doi.org/10.1016/j.matdes.2018.05.064
https://doi.org/10.1016/j.matdes.2016.01.041
http://refhub.elsevier.com/S0079-6425(20)30071-2/h3245
http://refhub.elsevier.com/S0079-6425(20)30071-2/h3250
https://doi.org/10.1016/j.actamat.2016.02.019
https://doi.org/10.1016/j.mattod.2017.07.001
https://doi.org/10.1016/j.powtec.2011.06.021
https://doi.org/10.1016/j.powtec.2011.06.021
https://doi.org/10.1038/srep06227
https://doi.org/10.1051/jp1:1996129
https://doi.org/10.1016/j.powtec.2006.10.004
https://doi.org/10.1016/j.ces.2007.11.025
https://doi.org/10.1016/j.powtec.2016.04.003
https://doi.org/10.1122/1.549893
https://doi.org/10.1016/j.ces.2004.10.004
https://doi.org/10.1016/j.ces.2004.10.004
https://doi.org/10.1016/0032-5910(92)88030-L
https://doi.org/10.1016/0032-5910(92)88030-L
https://doi.org/10.1016/S0167-6636(98)00064-7
https://doi.org/10.1103/PhysRevE.76.051302
https://doi.org/10.1088/0022-3727/41/16/163001

A. Mostafaei, et al. Progress in Materials Science xxx (xxxx) Xxxx

[667]

[668]
[669]

[670]

[671]
[672]

[673]
[674]

[675]
[676]
[677]
[678]
[679]
[680]
[681]
[682]
[683]
[684]
[685]
[686]
[687]
[688]
[689]
[690]
[691]
[692]
[693]
[694]

[695]
[696]

[697]
[698]
[699]
[700]
[701]
[702]
[703]
[704]
[705]
[706]
[707]
[708]
[709]
[710]

[711]
[712]

[713]

Deng X, Scicolone JV, Davé RN. Discrete element method simulation of cohesive particles mixing under magnetically assisted impaction. Powder Technol 2013.
https://doi.org/10.1016/j.powtec.2013.03.043.

Luding S, Manetsberger K, Miillers J. A discrete model for long time sintering. J Mech Phys Solids 2005. https://doi.org/10.1016/j.jmps.2004.07.001.
Jiang MJ, Yu HS, Harris D. Bond rolling resistance and its effect on yielding of bonded granulates by DEM analyses. Int J Numer Anal Methods Geomech 2006.
https://doi.org/10.1002/nag.498.

Hervig J, Kleinhans U, Wieland C, Spliethoff H, Jensen AL, Sgrensen K, et al. On the adhesive JKR contact and rolling models for reduced particle stiffness
discrete element simulations. Powder Technol 2017. https://doi.org/10.1016/j.powtec.2017.07.006.

Hamaker HC. The London-van der Waals attraction between spherical particles. Physica 1937. https://doi.org/10.1016/50031-8914(37)80203-7.
Eggersdorfer ML, Kadau D, Herrmann HJ, Pratsinis SE. Fragmentation and restructuring of soft-agglomerates under shear. J Colloid Interface Sci 2010. https://
doi.org/10.1016/j.jcis.2009.10.062.

Israelachvili J. Intermolecular and Surface Forces; 2011. 10.1016/C2009-0-21560-1.

Gotzinger M, Peukert W. Dispersive forces of particle-surface interactions: Direct AFM measurements and modelling. Powder Technol 2003. https://doi.org/10.
1016/50032-5910(02)00234-6.

Meier C, Weissbach R, Weinberg J, Wall WA, Hart AJ. Critical influences of particle size and adhesion on the powder layer uniformity in metal additive
manufacturing. J Mater Process Technol 2019;266:484-501. https://doi.org/10.1016/j.jmatprotec.2018.10.037.

Wang L, Li EL, Shen H, Zou RP, Yu AB, Zhou ZY. Adhesion effects on spreading of metal powders in selective laser melting. Powder Technol 2020. https://doi.
org/10.1016/j.powtec.2019.12.048.

Miao G, Du W, Pei Z, Ma C. Binder jetting additive manufacturing of ceramics: analytical and numerical models for powder spreading process. ASME Int Manuf
Sci Eng Conf 2019:MSEC2019-2925.

De Souza EJ, Gao L, McCarthy TJ, Arzt E, Crosby AJ. Effect of contact angle hysteresis on the measurement of capillary forces. Langmuir 2008. https://doi.org/
10.1021/1a702188t.

Tselishchev YG, Val'tsifer VA. Influence of the type of contact between particles joined by a liquid bridge on the capillary cohesive forces. Kolloidn Zhurnal;
2003.

Yuan Y, Lee TR. Contact angle and wetting properties. Springer Ser Surf Sci 2013. https://doi.org/10.1007/978-3-642-34243-1 1.

Blake TD, Ruschak KJ. Wetting: static and dynamic contact lines. Liq Film Coat 1997. https://doi.org/10.1007/978-94-011-5342-3 3.

Dussan EB. On the spreading of liquids on solid surfaces: static and dynamic contact lines. Annu Rev Fluid Mech 1979. https://doi.org/10.1146/annurev.fl.11.
010179.002103.

Bracke M, Voeght F, Joos P. The kinetics of wetting: the dynamic contact angle. Trends Colloid Interface Sci IIT 2007. https://doi.org/10.1007/bfb0116200.
Sikalo S, Tropea C, Gani¢ EN. Dynamic wetting angle of a spreading droplet. Exp Therm Fluid Sci 2005. https://doi.org/10.1016/j.expthermflusci.2005.03.006.
Eral HB, 'T Mannetje DJCM, Oh JM. Contact angle hysteresis: A review of fundamentals and applications. Colloid Polym Sci 2013. 10.1007/s00396-012-
2796-6.

Erbil HY. The debate on the dependence of apparent contact angles on drop contact area or three-phase contact line: A review. Surf Sci Rep 2014. https://doi.
org/10.1016/j.surfrep.2014.09.001.

Yokoi K. Numerical studies of droplet splashing on a dry surface: Triggering a splash with the dynamic contact angle. Soft Matter 2011. https://doi.org/10.
1039/c1sm05336a.

Jiang M, Zhou B, Wang X. Comparisons and validations of contact angle models. Int J Hydrogen Energy 2018. https://doi.org/10.1016/j.ijhydene.2018.02.016.
He P, Yao CW. Simulating contact angle hysteresis using pseudo-line tensions. MRS Commun 2019. https://doi.org/10.1557 /mrc.2019.92.

Afkhami S, Bussmann M. Drop impact simulation with a velocity-dependent contact angle. Annu Conf Liq At Spray Syst 2006.

Van Mourik S, Veldman AEP, Dreyer ME. Simulation of capillary flow with a dynamic contact angle. Microgravity Sci Technol 2005. https://doi.org/10.1007/
BF02872093.

Goniva C, Kloss C, Deen NG, Kuipers JAM, Pirker S. Influence of rolling friction on single spout fluidized bed simulation. Particuology 2012. https://doi.org/10.
1016/j.partic.2012.05.002.

Kloss C, Goniva C, Hager A, Amberger S, Pirker S. Models, algorithms and validation for opensource DEM and CFD-DEM. Prog Comput Fluid Dyn 2012. https://
doi.org/10.1504/PCFD.2012.047457.

Zhu HP, Zhou ZY, Yang RY, Yu AB. Discrete particle simulation of particulate systems: Theoretical developments. Chem Eng Sci 2007. https://doi.org/10.1016/
j.ces.2006.12.089.

Zhang Z, Prosperetti A. A second-order method for three-dimensional particle simulation. J Comput Phys 2005. https://doi.org/10.1016/].jcp.2005.04.009.
Deen NG, Kriebitzsch SHL, van der Hoef MA, Kuipers JAM. Direct numerical simulation of flow and heat transfer in dense fluid-particle systems. Chem Eng Sci
2012. https://doi.org/10.1016/j.ces.2012.06.055.

Mukherjee A, Kandlikar SG. Numerical study of single bubbles with dynamic contact angle during nucleate pool boiling. Int J Heat Mass Transf 2007. https://
doi.org/10.1016/j.ijheatmasstransfer.2006.06.037.

Deganello D, Croft TN, Williams AJ, Lubansky AS, Gethin DT, Claypole TC. Numerical simulation of dynamic contact angle using a force based formulation. J
Nonnewton Fluid Mech 2011. https://doi.org/10.1016/j.jnnfm.2011.04.008.

Andersson M, Beale SB, Lehnert W. Dynamic contact angle modeling of droplet reattachment at the gas channel wall in polymer electrolyte fuel cells.
ETransportation 2019. https://doi.org/10.1016/j.etran.2019.100003.

Yamamoto Y, Higashida S, Tanaka H, Wakimoto T, Ito T, Katoh K. Numerical analysis of contact line dynamics passing over a single wettable defect on a wall.
Phys Fluids 2016. https://doi.org/10.1063/1.4961490.

Jiang TS, Soo-Gun OH, Slattery JC. Correlation for dynamic contact angle. J Colloid Interface Sci 1979. https://doi.org/10.1016/0021-9797(79)90081-X.
Seebergh JE, Berg JC. Dynamic wetting in the low capillary number regime. Chem Eng Sci 1992. https://doi.org/10.1016/0009-2509(92)8512.3-S.

Jiang M, Zhou B. Improvement and further investigation on Hoffman-function-based dynamic contact angle model. Int J Hydrogen Energy 2019. https://doi.
org/10.1016/j.ijhydene.2019.04.256.

Tan H. Three-dimensional simulation of micrometer-sized droplet impact and penetration into the powder bed. Chem Eng Sci 2016;153:93-107. https://doi.
org/10.1016/j.ces.2016.07.015.

Liu H, Krishnan S, Marella S, Udaykumar HS. Sharp interface Cartesian grid method II: A technique for simulating droplet interactions with surfaces of arbitrary
shape. J Comput Phys 2005. https://doi.org/10.1016/j.jcp.2005.03.032.

Yang J, Stern F. Sharp interface immersed-boundary/level-set method for wave-body interactions. J Comput Phys 2009. https://doi.org/10.1016/j.jcp.2009.
05.047.

Lepilliez M, Popescu ER, Gibou F, Tanguy S. On two-phase flow solvers in irregular domains with contact line. J Comput Phys 2016. https://doi.org/10.1016/j.
jcp.2016.06.013.

Sun X, Sakai M. Direct numerical simulation of gas-solid-liquid flows with capillary effects: An application to liquid bridge forces between spherical particles.
Phys Rev E 2016. https://doi.org/10.1103/PhysRevE.94.063301.

Washino K, Tan HS, Hounslow MJ, Salman AD. A new capillary force model implemented in micro-scale CFD-DEM coupling for wet granulation. Chem Eng Sci
2013. https://doi.org/10.1016/j.ces.2013.02.006.

Kan H, Nakamura H, Watano S. Numerical simulation of particle-particle adhesion by dynamic liquid bridge. Chem Eng Sci 2015. https://doi.org/10.1016/.
ces.2015.08.043.

Brackbill JU, Kothe DB, Zemach C. A continuum method for modeling surface tension. J Comput Phys 1992. https://doi.org/10.1016/0021-9991(92)90240-Y.
Uhlmann M. An immersed boundary method with direct forcing for the simulation of particulate flows. J Comput Phys 2005. https://doi.org/10.1016/j.jcp.
2005.03.017.

flow 3D; n.d. https://www.flow3d.com/products/flow3d-am/.

134


https://doi.org/10.1016/j.powtec.2013.03.043
https://doi.org/10.1016/j.jmps.2004.07.001
https://doi.org/10.1002/nag.498
https://doi.org/10.1016/j.powtec.2017.07.006
https://doi.org/10.1016/S0031-8914(37)80203-7
https://doi.org/10.1016/j.jcis.2009.10.062
https://doi.org/10.1016/j.jcis.2009.10.062
https://doi.org/10.1016/S0032-5910(02)00234-6
https://doi.org/10.1016/S0032-5910(02)00234-6
https://doi.org/10.1016/j.jmatprotec.2018.10.037
https://doi.org/10.1016/j.powtec.2019.12.048
https://doi.org/10.1016/j.powtec.2019.12.048
https://doi.org/10.1021/la702188t
https://doi.org/10.1021/la702188t
https://doi.org/10.1007/978-3-642-34243-1_1
https://doi.org/10.1007/978-94-011-5342-3_3
https://doi.org/10.1146/annurev.fl.11.010179.002103
https://doi.org/10.1146/annurev.fl.11.010179.002103
https://doi.org/10.1007/bfb0116200
https://doi.org/10.1016/j.expthermflusci.2005.03.006
https://doi.org/10.1016/j.surfrep.2014.09.001
https://doi.org/10.1016/j.surfrep.2014.09.001
https://doi.org/10.1039/c1sm05336a
https://doi.org/10.1039/c1sm05336a
https://doi.org/10.1016/j.ijhydene.2018.02.016
https://doi.org/10.1557/mrc.2019.92
http://refhub.elsevier.com/S0079-6425(20)30071-2/h3450
https://doi.org/10.1007/BF02872093
https://doi.org/10.1007/BF02872093
https://doi.org/10.1016/j.partic.2012.05.002
https://doi.org/10.1016/j.partic.2012.05.002
https://doi.org/10.1504/PCFD.2012.047457
https://doi.org/10.1504/PCFD.2012.047457
https://doi.org/10.1016/j.ces.2006.12.089
https://doi.org/10.1016/j.ces.2006.12.089
https://doi.org/10.1016/j.jcp.2005.04.009
https://doi.org/10.1016/j.ces.2012.06.055
https://doi.org/10.1016/j.ijheatmasstransfer.2006.06.037
https://doi.org/10.1016/j.ijheatmasstransfer.2006.06.037
https://doi.org/10.1016/j.jnnfm.2011.04.008
https://doi.org/10.1016/j.etran.2019.100003
https://doi.org/10.1063/1.4961490
https://doi.org/10.1016/0021-9797(79)90081-X
https://doi.org/10.1016/0009-2509(92)85123-S
https://doi.org/10.1016/j.ijhydene.2019.04.256
https://doi.org/10.1016/j.ijhydene.2019.04.256
https://doi.org/10.1016/j.ces.2016.07.015
https://doi.org/10.1016/j.ces.2016.07.015
https://doi.org/10.1016/j.jcp.2005.03.032
https://doi.org/10.1016/j.jcp.2009.05.047
https://doi.org/10.1016/j.jcp.2009.05.047
https://doi.org/10.1016/j.jcp.2016.06.013
https://doi.org/10.1016/j.jcp.2016.06.013
https://doi.org/10.1103/PhysRevE.94.063301
https://doi.org/10.1016/j.ces.2013.02.006
https://doi.org/10.1016/j.ces.2015.08.043
https://doi.org/10.1016/j.ces.2015.08.043
https://doi.org/10.1016/0021-9991(92)90240-Y
https://doi.org/10.1016/j.jcp.2005.03.017
https://doi.org/10.1016/j.jcp.2005.03.017
https://www.flow3d.com/products/flow3d-am/

A. Mostafaei, et al. Progress in Materials Science xxx (xxxx) Xxxx

[714]
[715]

[716]
[717]
[718]
[719]

[720]
[721]

[722]

[723]
[724]

[725]

[726]
[727]

[728]
[729]
[730]
[731]
[732]
[733]
[734]
[735]
[736]
[737]
[738]
[739]

[740]
[741]

[742]
[743]
[744]
[745]
[746]
[747]
[748]

[749]
[750]

[751]
[752]
[753]
[754]

[755]

Rao Madhavrao L, Rajagopalan R. Monte Carlo simulations for sintering of particle aggregates. J Mater Res 1989. https://doi.org/10.1557/JMR.1989.1251.
Mori K, Matsubara H, Noguchi N. Micro-macro simulation of sintering process by coupling Monte Carlo and finite element methods. Int J Mech Sci 2004.
https://doi.org/10.1016/j.ijmecsci.2004.06.003.

Chen S, Xu Y, Jiao Y. Modeling morphology evolution and densification during solid-state sintering via kinetic Monte Carlo simulation. Model Simul Mater Sci
Eng 2016. https://doi.org/10.1088,/0965-0393/24,/8/085003.

Zhu H, Averback RS. Sintering processes of two nanoparticles: A study by molecular dynamics simulations. Philos Mag Lett 1996. https://doi.org/10.1080/
095008396181073.

Ding L, Davidchack RL, Pan J. A molecular dynamics study of sintering between nanoparticles. Comput Mater Sci 2009. https://doi.org/10.1016/j.commatsci.
2008.09.021.

Yang L, Gan X, Xu C, Lang L, Jian Z, Xiao S, et al. Molecular dynamics simulation of alloying during sintering of Li and Pb metallic nanoparticles. Comput Mater
Sci 2019. https://doi.org/10.1016/j.commatsci.2018.09.032.

Cahn JW, Hilliard JE. Free energy of a nonuniform system. I. Interfacial free energy. J Chem Phys 1958. https://doi.org/10.1063/1.1744102.

Allen SM, Cahn JW. A microscopic theory for antiphase boundary motion and its application to antiphase domain coarsening. Acta Metall 1979. https://doi.
0rg/10.1016/0001-6160(79)90196-2.

Boettinger WJ, Warren JA, Beckermann C, Karma A. Phase-field simulation of solidification. Annu Rev Mater Sci 2002. https://doi.org/10.1146/annurev.
matsci.32.101901.155803.

Chen LQ. Phase-field models for microstructure evolution. Annu Rev Mater Sci 2002. https://doi.org/10.1146/annurev.matsci.32.112001.132041.

Wang YU. Computer modeling and simulation of solid-state sintering: A phase field approach. Acta Mater 2006. https://doi.org/10.1016/j.actamat.2005.10.
032.

Kumar V, Fang ZZ, Fife PC. Phase field simulations of grain growth during sintering of two unequal-sized particles. Mater Sci Eng A 2010. https://doi.org/10.
1016/j.msea.2010.08.061.

Deng J. A phase field model of sintering with direction-dependent diffusion. Mater Trans 2012. https://doi.org/10.2320/matertrans.M2011317.

Biswas S, Schwen D, Singh J, Tomar V. A study of the evolution of microstructure and consolidation kinetics during sintering using a phase field modeling based
approach. Extrem Mech Lett 2016. https://doi.org/10.1016/j.em1.2016.02.017.

Biswas S, Schwen D, Tomar V. Implementation of a phase field model for simulating evolution of two powder particles representing microstructural changes
during sintering. J Mater Sci 2018. https://doi.org/10.1007/510853-017-1846-3.

Biswas S, Schwen D, Wang H, Okuniewski M, Tomar V. Phase field modeling of sintering: Role of grain orientation and anisotropic properties. Comput Mater
Sci 2018. https://doi.org/10.1016/j.commatsci.2018.02.057.

Yang Y, Yi M, Xu B-X, Chen L-Q. Phase-field modeling of non-isothermal grain coalescence in the unconventional sintering techniques. ArXiv Prepr
ArXiv180602799; 2018.

Yang Y, Ragnvaldsen O, Bai Y, Yi M, Xu BX. 3D non-isothermal phase-field simulation of microstructure evolution during selective laser sintering. Npj Comput
Mater 2019. https://doi.org/10.1038/s41524-019-0219-7.

Zhang RJ, Chen ZW, Fang W, Qu XH. Thermodynamic consistent phase field model for sintering process with multiphase powders. Trans Nonferrous Met Soc
China (English Ed) 2014. https://doi.org/10.1016/51003-6326(14)63126-5.

Greenquist I, Tonks MR, Aagesen LK, Zhang Y. Development of a microstructural grand potential-based sintering model. Comput Mater Sci 2020. https://doi.
org/10.1016/j.commatsci.2019.109288.

Crane NB, Wilkes J, Sachs E, Allen SM, Crane NB, Allen SM. Improving accuracy of powder-based SFF processes by metal deposition from a nanoparticle
dispersion. Rapid Prototyp J 2006;12:266-74. https://doi.org/10.1108/13552540610707022.

Grant LO, Alameen MB, Carazzone JR, Higgs III CF, Cordero ZC. Mitigating distortion during sintering of binder jet printed ceramics. Solid Free Fabr Symp
2018:135-42.

James S, Navarro C. molecular dynamics simulation of nanoparticle infiltration during binder jet printing additive manufacturing process : a preliminary. ASME
Int Mech Eng Congr Expo Proc 2019:MSEC2019-2872.

Zhu Y, Wu Z, Hartley WD, Sietins JM, Williams CB, Yu HZ. Unraveling pore evolution in post-processing of binder jetting materials: X-ray computed tomo-
graphy. Comput Vision Mach Learn Addit Manuf 2020::101183https://doi.org/10.1016/j.addma.2020.101183.

Liu JP, Liu C, Bai Y, Rao P, Williams C. Layer-wise spatial modeling of porosity in additive manufacturing. IISE Trans 2018. https://doi.org/10.1080/24725854.
2018.1478169.

Fereshtenejad S, Song JJ. Fundamental study on applicability of powder-based 3D printer for physical modeling in rock mechanics. Rock Mech Rock Eng
2016;49:2065-74.

Stevens E, Schloder S, Bono E, Schmidt D, Chmielus M. Density variation in binder jetting 3D-printed and sintered Ti-6Al-4V. Addit Manuf 2018;22:746-52.
Kwon O, Yoon C, Ham S, Park J, Lee J, Yoo D, et al. Characterization and control of nanoparticle emission during 3D printing. Environ Sci Technol
2017;51:10357-68.

Bid to improve binder jetting AM. Met Powder Rep 2019;74:262. 10.2320/materia.58.181.
https://www.digitalalloys.com/blog/economics-metal-additive-manufacturing/; 2019.

Elliott A, Waters C. Additive manufacturing for designers: a primer. SAE Int 2019.

Nandwana P, Elliott A, Peter W, Babu S. Supersolidus Liquid Phase Sintering of Inconel 718. MS&T; 2016.

Salehi M, Maleksaeedi S, Sharon Nai ML, Gupta M. Towards additive manufacturing of magnesium alloys through integration of binderless 3D printing and
rapid microwave sintering. Addit Manuf 2019:100790. https://doi.org/10.1016/j.addma.2019.100790.

Du W, Ren X, Ma C, Pei Z. Binder jetting additive manufacturing of metals: A literature review. ASME Int Mech Eng Congr Expo Proc 2019;MSEC2019-
2994:BINDER. https://doi.org/10.1115/IMECE2017-70344.

Miao G, Du W, Pei Z, Ma C. Binder jetting additive manufacturing of ceramics: feedstock powder preparation by spray freeze granulation. ASME Int Manuf Sci
Eng Conf 2019:MSEC2019-3001.

Minh N. Solid oxide fuel cell technology?features and applications. Solid State Ionics 2004;174:271-7. https://doi.org/10.1016/].551.2004.07.042.

Chou K-S, Lee T-K, Liu F-J. Sensing mechanism of a porous ceramic as humidity sensor. Sensors Actuators B Chem 1999;56:106-11. https://doi.org/10.1016/
$0925-4005(99)00187-2.

Adler J. Ceramic diesel particulate filters. Int J Appl Ceram Technol 2005;2:429-39. https://doi.org/10.1111/j.1744-7402.2005.02044.x.

Zhang W. Rapid Prototyping of Ceramic/Metal Composites. Universitdt ErlangenNiirnberg. PhD Thesis (2010); 2010.

Azimi P, Fazli T, Stephens B. Predicting concentrations of ultrafine particles and volatile organic compounds resulting from desktop 3D printer operation and
the impact of potential control strategies. J Ind Ecol 2017;21:5107-19.

Afshar-Mohajer N, Wu CY, Ladun T, Rajon DA, Huang Y. Characterization of particulate matters and total VOC emissions from a binder jetting 3D printer. Build
Environ 2015;93:293-301.

Mendes L, Kangas A, Kukko K, Mglgaard B, Sddaménen A, Kanerva T, et al. Characterization of Emissions from a Desktop 3D Printer. J Ind Ecol
2017;21:594-106.

Further reading

[359]
[360]
[545]

German RM. An update on the theory of supersolidus liquid phase sintering. Proc Sinter 2003.
Liu J, Lal A, German RM. Densification and shape retention in supersolidus liquid phase sintering. Acta Mater 1999;47:4615-26.
Khoddamzadeh A, Liu R, Liang M, Yang Q. Novel wear-resistant materials — carbon fiber reinforced low-carbon Stellite alloy composites. Compos Part A Appl

135


https://doi.org/10.1557/JMR.1989.1251
https://doi.org/10.1016/j.ijmecsci.2004.06.003
https://doi.org/10.1088/0965-0393/24/8/085003
https://doi.org/10.1080/095008396181073
https://doi.org/10.1080/095008396181073
https://doi.org/10.1016/j.commatsci.2008.09.021
https://doi.org/10.1016/j.commatsci.2008.09.021
https://doi.org/10.1016/j.commatsci.2018.09.032
https://doi.org/10.1063/1.1744102
https://doi.org/10.1016/0001-6160(79)90196-2
https://doi.org/10.1016/0001-6160(79)90196-2
https://doi.org/10.1146/annurev.matsci.32.101901.155803
https://doi.org/10.1146/annurev.matsci.32.101901.155803
https://doi.org/10.1146/annurev.matsci.32.112001.132041
https://doi.org/10.1016/j.actamat.2005.10.032
https://doi.org/10.1016/j.actamat.2005.10.032
https://doi.org/10.1016/j.msea.2010.08.061
https://doi.org/10.1016/j.msea.2010.08.061
https://doi.org/10.2320/matertrans.M2011317
https://doi.org/10.1016/j.eml.2016.02.017
https://doi.org/10.1007/s10853-017-1846-3
https://doi.org/10.1016/j.commatsci.2018.02.057
https://doi.org/10.1038/s41524-019-0219-7
https://doi.org/10.1016/S1003-6326(14)63126-5
https://doi.org/10.1016/j.commatsci.2019.109288
https://doi.org/10.1016/j.commatsci.2019.109288
https://doi.org/10.1108/13552540610707022
http://refhub.elsevier.com/S0079-6425(20)30071-2/h3675
http://refhub.elsevier.com/S0079-6425(20)30071-2/h3675
https://doi.org/10.1016/j.addma.2020.101183
https://doi.org/10.1080/24725854.2018.1478169
https://doi.org/10.1080/24725854.2018.1478169
http://refhub.elsevier.com/S0079-6425(20)30071-2/h3695
http://refhub.elsevier.com/S0079-6425(20)30071-2/h3695
http://refhub.elsevier.com/S0079-6425(20)30071-2/h3700
http://refhub.elsevier.com/S0079-6425(20)30071-2/h3705
http://refhub.elsevier.com/S0079-6425(20)30071-2/h3705
https://www.digitalalloys.com/blog/economics-metal-additive-manufacturing/
http://refhub.elsevier.com/S0079-6425(20)30071-2/h3720
https://doi.org/10.1016/j.addma.2019.100790
https://doi.org/10.1115/IMECE2017-70344
https://doi.org/10.1016/j.ssi.2004.07.042
https://doi.org/10.1016/S0925-4005(99)00187-2
https://doi.org/10.1016/S0925-4005(99)00187-2
https://doi.org/10.1111/j.1744-7402.2005.02044.x
http://refhub.elsevier.com/S0079-6425(20)30071-2/h3765
http://refhub.elsevier.com/S0079-6425(20)30071-2/h3765
http://refhub.elsevier.com/S0079-6425(20)30071-2/h3770
http://refhub.elsevier.com/S0079-6425(20)30071-2/h3770
http://refhub.elsevier.com/S0079-6425(20)30071-2/h3775
http://refhub.elsevier.com/S0079-6425(20)30071-2/h3775
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1795
http://refhub.elsevier.com/S0079-6425(20)30071-2/h1800
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2725

A. Mostafaei, et al. Progress in Materials Science xxx (xxxx) Xxxx

Sci Manuf 2012;43:344-52.
[546] Ahmed R, Ashraf A, Elameen M, Faisal NH, El-Sherik AM, Elakwah YO, et al. Single asperity nanoscratch behaviour of HIPed and cast Stellite 6 alloys. Wear
2014;312:70-82.

Dr. Amir Mostafaei is an Assistant Professor in the Department of Materials, Mechanical and Aerospace Engineering at the Illinois
Institute of Technology, Chicago, since January 2020, with a Ph.D. in Materials Science and Engineering from the University of
Pittsburgh, PA, USA, a post-doc research fellow at the Manufacturing Futures Initiatives (MFI) Center at Carnegie Mellon University
between September 2018 and December 2019 and an M.Sc. degree in Corrosion and Materials Protection (Sahand University of
Technology, Iran). His Ph.D. research was primary on binder jet 3D printing of structural, bio-compatible, metal matrix composites and
magnetic shape memory alloys. Effects of print processing optimization during binder jetting as well as post-processing development
including sintering and surface treatment of the 3D printed parts were investigated on the microstructural evolution, phase formation,
and resulting properties of binder jetted parts. Additionally, he has been working on laser powder bed fusion of metallic materials and
evaluation of the processing parameters on the microstructure, porosity distribution, mechanical properties, and corrosion behavior of
various additive manufactured parts from aluminum, stainless steel, and nickel-based alloys. Dr. Mostafaei has published literature in
high temperature corrosion and failure analysis of stainless steels and nickel-based superalloys used in petroleum and nuclear power
plants, multi-functional organic coatings, welding metallurgy, and nanomaterials fabrication. Finally, Dr. Mostafaei’s research mainly
focuses on applying fundamental aspects of materials science and engineering to address the demands of various manufacturing in-
dustries via additive manufacturing.

Dr. Amy Elliott has served as the PI for Binder Jet Additive Manufacturing at Oak Ridge National Laboratory’s Manufacturing
Demonstration Facility (MDF) since 2014, leading over $4M in research in printed metal powder densification, modeling, and printing
along with binder development. As part of her role at the MDF, Dr. Elliott meets with industry around the world to consult on proper
application of binder jetting technology in manufacturing. Dr. Elliott’s current areas of focus include materials development for binder
jetting of heat exchangers in harsh environments, binder development for metal powders, computational modeling of sintering dis-
tortion, and development of new metal-matrix and ceramic-matrix composites for use in mining and fossil extraction, heat exchange,
armor, and neutron collimation.

Dr. John Barnes is the Founder of The Barnes Group Advisors and was Vice President of Advanced Manufacturing & Strategy at Arconic
where he worked with Airbus to qualify the first Titanium additively manufactured parts for series production on the A350. Prior to
Arconic, he was Director of the High-Performance Metals Program for the CSIRO, the national science agency for Australia where he
oversaw the R&D and Commercialization activities and investments in the program’s two principal areas: Metal Production and Additive
Manufacturing. His aerospace background includes lengthy positions at Honeywell Engines where he supported gas turbine Advanced
Technology and was Program Manager of Marine Engines programs and as Senior Manager for Manufacturing Exploration and
Development at Lockheed Martin Skunk Works. At Lockheed Martin, he was responsible for developments in advanced polymers,
composites, carbon nano tubes, novel titanium production and processing, additive manufacturing of both polymer and metallic systems
and low observable manufacturing methods. John has 12 patents issues or pending and has given numerous invited presentations is
published internationally. In 2014, he was awarded Purdue University’s Outstanding Materials Engineer of the Year and was given an
Adjunct professorship at RMIT. In 2017, the faculty of Carnegie Mellon University appointed him an Adjunct Professor of Materials
Engineering. John holds a B.S. in Materials Science and Engineering and an M.S. in Metallurgical Engineering from Purdue University.

Fangzhou Li is a Ph.D. student in the Department of Mechanical Engineering at the University of Utah. He currently works in the
Laboratory of Laser-based Manufacturing and focuses his research on the computational fluid dynamics and fluid-structure interaction in
various additive manufacturing process, including binder jetting, laser powder bed fusion, and direct energy deposition. Prior to this, he
worked in the Shanghai Key Laboratory of Digital Manufacture for Thin-Walled Structures in 2016-2018, where he investigated the
process-microstructure-property relationship in the novel metallic bump assisted resistance spot welding and the magnetic assisted
resistance spot welding technologies. He received his B.S. and M.S. degrees in mechanical engineering from Shanghai Jiao Tong
University.

136


http://refhub.elsevier.com/S0079-6425(20)30071-2/h2725
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2730
http://refhub.elsevier.com/S0079-6425(20)30071-2/h2730

A. Mostafaei, et al.

Progress in Materials Science xxx (xxxx) Xxxx

Dr. Wenda Tan is an Assistant Professor in the Department of Mechanical Engineering at the University of Utah. He is also the director of
the Laboratory of Laser-based Manufacturing. His major expertise lies in the areas of computational heat transfer, computational fluid
mechanics, and computational materials. He takes advantage of such expertise to investigate the fundamental science regarding the
process-microstructure-property relationship in various manufacturing processes, such as additive manufacturing, welding and joining,
and casting. He received his B.S. and M.S. degrees in Mechanical Engineering from Tsinghua University, China, and his Ph.D. degree in
Mechanical Engineering from Purdue University. He also received the prestigious CAREER award of National Science Foundation in
2018.

Dr. Corson L. Cramer is a post-doctoral research associate in the Binder Jet Additive Manufacturing Team at Oak Ridge National
Laboratory’s (ORNL) Manufacturing Demonstration Facility since 2017, where he has led projects on ceramics, ceramic composites, and
metal-ceramic composites. He has published literature in powder processing, thin-film processing, ceramics, semiconductors, and
thermoelectrics. He has several patent disclosures filed since working at ORNL. Dr. Cramer’s current areas of research include ceramic
and composite materials development for binder jetting, development of new metal-matrix and ceramic-matrix composites, processing of
ceramics, and novel processing and printing of ceramic materials. He is a member of SME and ACERS.

Dr. Peeyush Nandwana is a research staff member at Oak Ridge National Laboratory’s Manufacturing Demonstration Facility since
2014. He has worked on various additive manufacturing technologies such as powder bed electron beam melting, laser powder bed
fusion, laser wire deposition, and binder jet additive manufacturing of various materials such as titanium alloys, nickel-based super-
alloys, and steels. Dr. Nandwana leads the effort on densification of tool steels and other monolithic alloys deposited via binder jet
additive manufacturing with a focus on materials characterization and mechanical behavior. Further, Dr. Nandwana also leads the effort
on developing hot isostatic pressing cycles for additive manufacturing materials to improve mechanical properties such as fatigue
strength for these materials. Dr. Nandwana’s research focuses on applying materials science fundamentals to address the demands of
various manufacturing industries via additive manufacturing.

Dr. Markus Chmielus is an Associate Professor in the Mechanical Engineering and Materials Science Department since September 2013,
with a Ph.D. in Materials Science and Engineering from the Technical University of Berlin and the Helmholtz Center for Materials and
Energy, Germany, a post-doc at Cornell University 2010-13 and M.S. degrees in Aerospace Engineering (University of Stuttgart,
Germany) and Materials Science & Engineering (Boise State University). Dr. Chmielus’s Advanced Manufacturing and Magnetic Materials
Laboratory performs research on functional and structural metals on the influence of production and processing parameters on the
properties and microstructure. The lab focuses on additive manufacturing of metals and here especially, binder jet printing and the
influence on post-processing on microstructural evolution and properties. The second research area is fundamental research, manu-
facturing, and applications of functional, magnetic materials like Ni-Mn-Ga magnetic shape-memory alloys and magnetocaloric mate-
rials, especially the aspect of using additive manufacturing as a new avenue to produce these materials. A main interest here again is the
understanding of microstructural evolution during printing and post-processing and how different additive manufacturing methods and
processing affect the functional properties of functional magnetic materials. The overarching umbrella of all research activities is
quantitative characterization of microstructure, defects, mechanical, electrical, magnetic, and thermal properties on different length
scales using local, national, and international facilities including synchrotron and neutron diffraction and collaborations.

137



	Binder jet 3D printing – Process parameters, materials, properties, and challenges
	Introduction
	Need for the additive manufacturing
	Metal AM processes that use a powder bed
	Powder bed fusion
	Binder jetting additive manufacturing


	Binder jet 3D printing
	Process overview
	Influential factors in binder jet 3D printed parts
	Powder characteristics
	Powder morphology
	Particle mean size and powder size distribution
	Powder packing density
	Powder flow and spreadability
	Powder segregation
	Other powder qualities
	Binder
	Polymers versus monomers
	Rheology for inkjetting
	Print head types and drop generation
	Droplet Spacing/Line spacing
	Hybrid binder
	Interaction between binder and powder bed
	Print parameters
	Layer thickness
	Powder spread and print speed
	Binder saturation
	Drying time and heater power ratio
	Print orientation
	Post-Processing
	Sintering
	Sintering theory
	Sintering thermodynamics
	Sintering kinetics
	Infiltration
	Wetting theory
	Infiltration kinetics
	Selecting infiltration pairs


	Mechanical design for binder jetting
	Accuracy and resolution
	Minimum feature size
	Aspect ratio
	Powder removal from holes and cavities
	Infiltration runner design
	Features to avoid
	Surface finish

	Binder jet 3D printing of different material
	Single alloys
	Nickel-based superalloys
	Magnetic shape memory alloys
	Magnetic materials
	Titanium-based alloys
	Copper alloy
	Iron and stainless steel alloys
	Cobalt-based alloys

	Ceramics
	Calcium phosphate ceramics
	Tricalcium phosphate
	Hydroxyapatite
	Other CaPs
	Calcium sulphate
	Alumina
	Porcelain
	Ceramic composites

	Metal matrix composites
	Lightweight metal matrix composites
	Tungsten-based composites
	Stainless Steel-based composites
	Tungsten carbide-based composites
	Ceramic matrix composites and gradient materials


	Computational models for binder jetting
	Modeling of powder spreading
	Modeling of particle-particle interaction
	Non-attractive contact forces
	Attractive forces
	Consideration of spreaders
	Model-based investigation of powder spreading

	Modeling of binder-powder interaction
	Static modeling of Solid-liquid interaction
	Dynamic modeling of solid-liquid interaction
	Dynamic wetting
	Liquid-driven particles motion

	Modeling of post-printing sintering

	Challenges in production using binder jetting
	Summary and outlook
	Declaration of Competing Interest
	Acknowledgement
	References
	Further reading
	mk:H2_89





