
The complexity of repetitive thermal cycles
makes diffusion reaction kinetics difficult to
determine accurately, and approaches are
being developed to address the nonisothermal
nature of these reactions and the combined
effect of precipitation kinetics (Ref 33, 34). It
should also be noted that complicated scan
paths used to produce 3D shapes and changes
in heat flow as the build proceeds can result
in variability in the thermal response through-
out the build geometry, which could influence
the local progression and establishment of
microstructure. When these aspects of the DED
process are combined with the potential for
development of aligned microstructures, such
as directional solidification of large columnar
grains, the possibility exists of variation in
microstructure and properties throughout the
build and anisotropy of properties based on ori-
entation within the part (Ref 12, 35, 36).

Postprocessing

Postprocessing is usually required to ac-
hieve the intended functionality of a part pro-
duced by using the DED process, including
thermal treatment and thermal treatment with
hydrostatic stress (hot isostatic pressing, or
HIP), machining, and surface finishing. Because
all DED processes inherently create relatively
high levels of thermally induced stress during

processing, thermal stress relief typically is
used after DED. For many alloys, postprocess
heat treatment is used to establish a more
uniform and appropriate microstructure in the
DED-produced material, thus producing gre-
ater uniformity of properties throughout the
part. Thermal processes include annealing to
adjust the phases present or the grain size (to
control strength and ductility), solutionizing
or solution annealing followed by precipitation
or aging treatments to achieve high strength,
and postprocess aging to increase strength
by growth of precipitates. Controlled environ-
ments are used during heat treatment of alloys
sensitive to absorption of gaseous species, such
as vacuum heat treatment for titanium alloys, or
alloys susceptible to elevated-temperature oxi-
dation, such as heat treating tool steels in an inert
gas atmosphere. In critical applications requiring
minimal potential defects and greater assurance
of material quality, HIP is used to close or heal
internal defects, such as lack of fusion and poros-
ity, while also adjusting microstructure through
heat treatment. In many cases, heat treatment
and HIP also serve as thermal stress relief, but
part removal from the substrate or base plate,
which is typically conducted after stress relief,
must also be considered.
This discussion is a general description of

potential postprocess heat treatments applica-
ble to material produced by using DED. How-
ever, a suitable understanding of the alloy

system and established practices is necessary
to identify specific postprocess heat treatment
for an alloy. Several standards have also been
created for guidance and selection of heat
treatment practices for additive-manufactured
materials (Ref 37). Note that many current
heat treatment practices, especially those
used for solutionizing, were developed for
materials produced by using conventional
thermomechanical processing (e.g., casting,
elevated-temperature deformation proces-
sing, heat treating, and cold working), and
times at temperature may not be optimized
for addressing microsegregation that could
be present in the solidified microstructures
of material produced by using DED.
Various methods of postprocess machining

and surface finishing are used to prepare
DED components and structures for applica-
tion. While discussion of these processes is
not within the scope of this article, several
points related to these postprocess operations
are appropriate. In many instances, postprocess
machining of DED parts is required to achieve
geometric dimensions and tolerances as well as
the necessary surface condition to meet appli-
cation requirements, such as for mating sur-
faces and surfaces for fatigue-critical parts.
Sufficient additional material at surfaces to be
machined must be incorporated into the build
design as an overbuild dimension.
Hybrid additive manufacturing, which com-

bines additive (almost exclusively DED) and
subtractive (machining) processing within a
single integrated system, is expanding the
potential applications forDED.Although hybrid
additive manufacturing offers the opportunity
for much greater feature resolution and surface
finish while delivering higher deposition and
production rates characteristic of DED, post-
process thermal treatments are undesirable,
because final machining is completed during
the DED process. Also, hybrid additive manu-
facturing of larger components typically uses
local shielding instead of processing in a
controlled environment. Although the technol-
ogy offers substantial opportunities for DED,
these aspects of hybrid additive manufacturing
require close scrutiny of materials selected for
processing as well as management of thermal
stress that can be generated during processing.

Properties of Metallic Materials
Produced by Using Directed-Energy
Deposition

Mechanical properties of a material produced
by using DED can vary widely based on the pro-
cess used for deposition, the orientation of the
test direction, and the postprocessing applied to
the material after deposition. Based on these
considerations, reporting test results must
include sufficient information that enables estab-
lishing the pedigree of the material and process.
The static strength of three alloys produced by
using various DED processes is presented in
Table 4 (Ref 38), which provides minimum

20 µm 20 µm

20 µm 20 µm

20 µm 20 µm

Fig. 22 Micrographs of material representing the first layer after production of five successive layers of Ti-6Al-4V
alloy, and a schematic showing the probable phases that have been formed. Source: Ref 18
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properties for 316L (UNS S31603), IN-718
(UNS N07718), and Ti-6Al-4V (UNS R56400)
wrought products (Ref 39–41) as well as
reported properties of these alloys produced by
using several DED techniques and representing
as-built and postprocess heat treated conditions
(Ref 42–49). It should be noted that these data
are presented for initial comparative purposes
and are not sufficient to provide a statistical basis
for expected properties.
An important aspect of the data is the potential

of material produced using the DED process to
achieve strength comparable to its wrought
counterpart, and these data suggest that strength
can be achieved for the alloys described in the
table, depending on the DED process and post-
processing. As discussed previously, the resul-
tant microstructure—and mechanical properties
associated with themicrostructure—formaterial
produced by the DED process is dependent on
processing and postprocessing conditions. The
data in Table 4 also show the effect of postpro-
cess heat treatment compared with as-built
material. This is especially true for alloys that
react metallurgically to thermal treatments for
increasing strength, such as IN-718, which was
designed to respond to solution annealing and
precipitation strengthening. Processing condi-
tions can also influence mechanical properties.
The potential for preferential grain growth in
the direction of the build (z-orientation) can also
affect strength. This is illustrated by the data for
Ti-6Al-4V in Table 4. In this case, tensile
strength in the z-orientation is lower than mate-
rial tested in the x- or y-orientations, which
represents material in the horizontal plane of
the build (Ref 50). The data in Table 4 are
intended to reinforce the importance of process
and processing conditions on the strength of
material produced by DED. These results illus-
trate the significant variation of tensile strength

based on the process, postprocessing, and test
orientation of IN-718 and Ti-6Al-4V alloys.
Data from Razavi and Berto (Ref 51) shown

in Fig. 23 describe results of high-cycle fatigue
in terms of maximum stress and cycles to fail-
ure under axial loading (R = 0.01 and f = 10 Hz)
for wrought and DED-produced material for
Ti-6Al-4V. The DED specimens, representing
the z-orientation, were produced using powder
feedstock, with a postprocess stress relief at
600 �C (1110 �F) for 1 h followed by air cooling,
and machined to produce smooth, notched geo-
metries. Wrought specimens were taken from
plate in the mill-annealed condition and
machined to produce smooth, notched geome-
tries. Test results indicate that fatigue perfor-
mance of smooth, semicircular-notched DED
and wrought specimens was similar, with DED
material outperformingwroughtmaterial in some
cases, which was believed to be due to the finer
grain size in the DED material. However, DED
material did not perform as well as wrought

material in V-notched specimens, which was
attributed to a smaller region of material at the
crack tip exhibiting fewer grains having favor-
able grain orientation for crack initiation.
Although grain size and orientation undoubtedly
impact fatigue performance, the potential pres-
ence of small internal defects, such as lack of
fusion, unmelted powder, and pores, can also
influence fatigue (Ref 52). This was substan-
tiated by evaluations regarding the use of post-
process HIP to reduce internal defects for
improved fatigue performance of Ti-6Al-4V
(Ref 53–55).
Research is underway to better understand the

development of microstructure and resultant
mechanical properties for the various alloys
and processes being used for additive manu-
facturing. This work is not only addressing
the need for additional data concerning the
numerous static and dynamic mechanical prop-
erties required for designing engineered compo-
nents but is also directed at other properties

1000

(a) (b)

145

14.5100
104 105

Cycles to failure (Nf)

M
a
x
im

u
m

 s
tr

e
s
s
 (
r

m
a
x
),

 M
P

a

1000

100 14.5

145

M
a
x
im

u
m

 s
tr

e
s
s
 (
r

m
a
x
),

 M
P

a

M
a
x
im

u
m

 s
tr

e
s
s
 (
r

m
a
x
),

 k
s
i

M
a
x
im

u
m

 s
tr

e
s
s
 (
r

m
a
x
),

 k
s
i

LENS Wrought

Smooth

Semicircular notch
V-notch

Smooth

Semicircular notch

V-notch

106 107 104 105

Cycles to failure (Nf)

106 107

Fig. 23 Results of high-cycle fatigue tests for Ti-6Al-4V alloy representing smooth and notched specimens taken
from (a) stress-relieved laser-based directed-energy deposition material in the z-orientation and (b) mill-
annealed plate. LENS, laser-engineered net shaping. Source: Ref 51

Table 4 Tensile properties of directed-energy deposition (DED)-produced and wrought alloys

Alloy

DED process and

feedstock Condition of material

Specimen

orientation

Yield strength

Ultimate tensile

strength
Elongation,

% ReferenceMPa ksi MPa ksi

316L

(S31603)

Wrought plate Cold finished Longitudinal 255 min 37 min 525 min 76 min 30 min 39

Laser, powder DED as-built z 405–415 59–60 620–660 90–96 34–40 42

DED, heat treated 2 h at 1150 �C (2100 �F), air cooled z 325–355 47–51 600–620 87–90 42–43

IN-718

(N07718)

Wrought plate Solution annealed and precipitation hardened Longitudinal 1034 min 150 min 1275 min 185 min 8 min 40

Laser, powder DED, heat treated . . . 1034 150 1276 185 12 43

Laser, wire DED, solution annealed and precipitation hardened . . . 1098 159 1321 192 9.8 44

Electron beam, wire DED as-built x-y 655 95 978 142 . . . 45

y-x 699 101 936 136 . . .

DED, solution annealed and precipitation hardened x-y 986 143 1114 162 . . .

y-x 998 145 1162 169 . . .

Arc, wire DED as-built x-y 473 69 828 120 28 46

Ti-6Al-4V

(R56400)

Wrought plate Annealed at 730 �C (1345 �F) for 2 h, air cooled Longitudinal 827 min 120 min 893 min 130 min 10 min 41

Laser, powder DED, stress relieved 2 h at 700–730 �C (1290–1345 �F) x 1065 154 1109 161 4.9 47

y 1066 155 1112 161 5.5

z 832 121 832 121 0.8

DED, hot isostatic pressed 2 h at 900 �C (1650 �F) and

100 MPa (14.5 ksi)

x 946 137 1005 146 13.1

y 952 138 1007 146 13.0

z 899 130 1002 145 11.8

Laser, wire DED as-built x 1105 160 1163 169 4.0 48

DED, annealed at 950 �C (1740 �F) x 975 141 1053 153 7.5

Electron beam, wire DED, stress relieved 2 h at 650 �C (1200 �F) z 839 122 930 135 16.5 49(a)

(a) Data represent an average of 26 specimens in the z-direction, which were produced by using a power of 8.5 kW and a deposition rate of 6.9 kg/h (15.2 lb/h). Source: Ref 38
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and attributes, such as corrosion resistance, elec-
trical and thermal conductivity, andmachinabil-
ity, to name a few. In all cases, the need to
closely control and document all aspects of the
additive manufacturing process is necessary to
completely define the material representing
these properties.

Unique Materials for Directed-
Energy Deposition

The various DED processes are also being
applied to a wide variety of unique materials,
and, in many instances, the deposition and estab-
lishment of distinctive properties in these mate-
rials are taking advantage of the inherent
attributes of the process (Ref 56). This can
include the use of high-energy vacuum proces-
sing, electron-beam-based DED for producing
components in reactive and refractory metals
(Ref 57), and using the high solidification and
cooling rates of laser-based DED for surface
deposition on a component by usingmetal alloys
that exhibit amorphous characteristics (Ref 58).
One category of unique materials produced

by using the DED process that have been
adopted for use in commercial applications is
metal-matrix composites (MMCs) produced
by using laser-based deposition, primarily to
impart improved wear resistance on the surface
of components. This technique uses a powder
blend consisting of a matrix alloy and hard
particles. One of the first applications involved
the use of nickel-base alloys as the matrix
material, with tungsten carbide (WC) reinfor-
cing particles (Ref 59). The blend was found
experimentally to enable theWC to remain rela-
tively stable and not dissolve in the nickel-base

alloy molten pool, thus providing a composite
structure having hard particles in a ductile
matrix. The use of thermodynamic analysis to
predict phase stability of a matrix alloy with
other hard-particle systems has been applied to
the development of a martensitic stainless steel
alloy matrix containing titanium carbide (TiC)
particles (Ref 15, 60). Other MMC systems are
being developed for DED to locally enhance
properties and characteristics of components
through the use of advanced depositionmaterials
(Ref 61, 62).

Applications for Directed-Energy
Deposition Processes

The use of DED is rapidly expanding, based
on greater acceptance of these processes as a
reliable industrial practice and awareness of
the benefits of this additive manufacturing
technology. Applications are being developed
for DED processes in the aerospace, energy,
defense, and automotive industries, including
the use of DED processing for selective depo-
sition on existing and new components to
impart improved surface characteristics and to
create near-net and net-shaped parts.

Selective Deposition by Using
Directed-Energy Deposition

All DED processes have been used to selec-
tively add material onto an existing component
to restore geometric dimensions and to locally
enhance certain characteristics at the surfaces
of interest. In the case of restoration of dimen-
sions, the material added can be the same alloy
as that of the component or a different alloy
that is compatible with the base alloy and pro-
vides properties and characteristics similar to
those of the existing component. Metallurgical
compatibility between the added material and
the underlying substrate plays an important
role in selection. Metallurgical compatibility
is usually governed by the propensity of the
deposit or underlying material to crack during
or after solidification, which is strongly

influenced by the new composition created
from the alloy addition and the amount of
material melted from the substrate. This is
the same consideration when selecting a filler
metal during welding. However, the refined
microstructure and compressive stress result-
ing from high solidification rates exhibited in
many DED processes provide greater freedom
to select an alloy for deposition. Also, the orig-
inal surface of the component may have been
treated to improve surface characteristics, such
as chromium electroplating and surface nitrid-
ing, and these processes can hinder the ability
to create defect-free deposits. Under these con-
ditions, the original surface treatment must be
removed prior to deposition.
For many materials, such as medium-carbon

steels, austenitic stainless steels, nickel-base
alloys, and titanium alloys, the alloy used for
the DED process can be identical to the alloy
of the component. However, when the compo-
nent is produced from a material that could be
sensitive to cracking, a more compatible alloy
can be used for deposition. Examples include
the use of an aluminum alloy for repair that
is less prone to solidification cracking than
the component alloy, and the application of a
cobalt-chromium alloy onto a high-alloy steel
to restore a part requiring high hardness.
For DED processes used to enhance local

surface characteristics, the material added is
selected based on the performance requirements
of the component. The majority of these applica-
tions are for improving wear resistance and
corrosion resistance at the surface, and, in some
cases, both are required. Materials used exten-
sively in these applications include cobalt-
chromium alloys, nickel-base alloys, and mar-
tensitic stainless steels; examples for each sys-
tem are shown in Table 1.
Examples of using DED to selectively add

material to the surface of existing or new com-
ponents are shown in Fig. 24 to 26. In Fig. 24,
laser-based DED is used to add bosses along a
stainless steel cylindrical component used as a
directional drill bit for the oil and gas industry.
After deposition, the part is milled for insertion
of embedded sensors. An initial layer of

Fig. 24 Image of laser-based directed-energy
deposition process for selectively adding

features to a cylindrical component. Courtesy of
Synergy Additive Manufacturing LLC

Fig. 25 Image of laser-based directed-energy deposition process for depositing a wear-resistant material onto the
surface of a large die. Courtesy of Alabama Laser
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IN-625 alloy was deposited as a buffer for the
base alloy; subsequent layers were added by
using a powder blend of IN-625 with spherical
WC particles to impart high wear resistance.
Figure 25 shows laser-based deposition of a
wear-resistant alloy onto strategic areas of a
large die to help extend its useful life. Life
extension through refurbishment provides sig-
nificant cost-savings compared with the cost
of a new die. Figure 26 shows a laser-based
DED process used to deposit Ti-6Al-4V mate-
rial onto the surface of a Ti-6Al-4V shaft to
restore critical dimensions in worn bearing

areas. Low energy was used to minimize ther-
mal distortion of the part. The hardness of the
deposition material matched the substrate hard-
ness, and there was no change in shaft diameter
and concentricity from DED processing.

Producing Shapes by Using Directed-
Energy Deposition

Opportunities for applying DED processes
are growing rapidly. In the case of DED, many
applications are taking advantage of decreased
processing time through higher deposition

rates, increased build envelope, and the poten-
tial for multiple material processing. This is
especially true for electron-beam-based DED,
which has the additional value of operating in
a vacuum environment to process reactive
materials that could be sensitive to low levels
of contamination. Although DED is considered
an additive manufacturing process capable of
high production rates at the cost of feature
quality (e.g., for producing near-net shapes),
the introduction of hybrid additivemanufacturing
that combines additive (deposition) processing
with subtractive (machining) technology within
an integrated system expands the capability of
DED to produce larger formats and net shape
quality.
Figure 27 shows the use of a laser-based

DED process to create a complex 400 mm
(16 in.) diameter near-net shape IN-718 casing,
which underwent postprocess thermal treat-
ment and machining. Deposition was con-
ducted in an argon atmosphere using five
axes of motion. The main wall of the casing
was built by using rotation, and a combination
of rotation and tilt was used to achieve
complex motion to produce overhanging fea-
tures without the need of support structures.
Figure 28 shows an example of using the elec-
tron-beam-based DED process to produce a
large near-net shape Ti-6Al-4V component
during deposition, the near-net shape after depo-
sition, and the completed structure after machin-
ing. The DED process was selected to
demonstrate the potential for achieving high-
quality parts and reducing cost by decreasing
the required amount of material, compared with
using traditional machining to form the part.
The electron-beam-based process is especially
applicable to titanium alloys, due to processing
in a vacuum to control oxygen levels within the
deposit. The use of hybrid processing is shown
in Fig. 29, combining a laser-basedDEDprocess
with a full range of machining capabilities to
produce net shape components. The process
shown in the figure uses five axes ofmotion, with
the ability of the machine turret to exchange
deposition heads and multiple machining tools
to produce relatively large, complex parts.
As the benefits of DED become apparent to

industry, the use of DED processes will continue
to grow. The potential advantages of DED in
shortening the manufacturing cycle, reducing
cost in time and materials, recouping high-value
components through repair, offering increased
product performance through unique designs,
and incorporating multiple materials will spur
further application of the technology. While
DED offers considerable promise, areas of tech-
nology and support that will help enable the
growth and bring the processes for industrial
applications to maturity include application of
advanced sensing techniques coupled with
improved data and process analysis to assist in
increasing DED reliability, and the coordinated
collection of mechanical property data for mate-
rials produced to establish expected properties
needed for design.

Fig. 27 Images of laser-based directed-energy deposition system applied to produce a complex IN-718 alloy
casing, which is also shown in the completed near-net form. Courtesy of RPM Innovations

Fig. 26 Image of laser-based directed-energy deposition process used to restore geometric dimensions on a
titanium shaft. Courtesy of the Center for Innovative Materials Processing through Direct Digital
Deposition, Pennsylvania State University
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Binder Jetting and Sintering in
Additive Manufacturing
Amy Elliott, Corson Cramer, Peeyush Nandwana, Oak Ridge National Laboratory

ENCOMPASSED IN THE FIELD of addi-
tive manufacturing (AM) is a variety of
layer-wise manufacturing machines that use a
wide range of feedstock, deposition, and densi-
fication technologies (Ref 1). Unlike the well-
known laser technologies, binder jetting is a
powder bed-based additive manufacturing
technology that, in combination with inkjet
technology, produces bound-powder parts
(aka “green” parts) that can be densified in a
variety of ways (Ref 2). Most commonly, the
bound powder parts are infiltrated with either
a metal or polymer to give the printed parts
mechanical integrity (Ref 3). However, mod-
ern techniques focus on densifying the bound
powder parts completely to form fully dense,
single alloy (metal) artifacts very similar to
the technique used in metal injection molding
(MIM) (Ref 4, 5). Although many other varia-
tions and use cases for binder jetting exist, such
as prototyping with printed gypsum (Ref 6) and
plastic powder shaping with HP’s binder jet/
powder bed fusion hybrid system (Ref 7), this
article focuses on binder-jetting technologies
that produce metal artifacts either directly or
indirectly. The intent is not to avoid discussing
binder jetting of plastics, minerals, and other
nonmetals, but rather to focus on themost strate-
gic and widespread uses of the technology.
Binder jet technology is experiencing in-

creasing attention from manufacturing indus-
tries due to its low cost/high productivity
status compared with laser powder bed fusion
(Ref 8–10) and its potential to produce a vari-
ety of high-resolution (Ref 11), single-material
components with near-isotropic properties
(Ref 12). In terms of metal parts, binder jetting
has produced more metal AM parts than any of
the other AM processes combined (ExOne has
been producing metal parts for Shapeways for
years, for example (Ref 13)). However, as an
“indirect” AM process with the stigma asso-
ciated with the depowdering and sintering pro-
cess, binder jetting has lacked significant
research support compared with direct metal
technologies such as laser and electron beam.
These negative stereotypes are slowly being

overcome by demonstrations in MIM-replace-
ment production by ExOne and Digital Metal
(Ref 13, 14) However, many fundamental
challenges still await those who seek to expand
the technology to larger print sizes and new
industry-grade materials (Ref 15–17). This
article reviews some of the challenges and
opportunities for binder jetting technology.

History of Binder Jetting

Binder jetting has a history that dates to the
early 1990s in a small lab at Massachusetts
Institute of Technology (MIT) (Ref 18). The
inventors may have first used the technology
as a “parlor trick,” by taking powdered sugar
and binding it layer by layer into intricate
shapes to create elaborate “sugar cube” crea-
tions for sweetening beverages in style. The
first endeavor to commercialize the technology
came from the spinoff company Z Corp.,
which used a type of powdered gypsum as a
printing medium and a glucose-water mixture
as a binder (Ref 19). The technology was a
welcomed improvement from the very first
AM technology, stereolithography, which pro-
duced parts that sagged over time and only
came in an unattractive amber color. By using
the multicolor ability of standard inkjet print-
ing technology, Z Corp. machines could pro-
duce elaborate objects in full color. However,
the fragility of the parts reinforced the classifi-
cation of these early AM technologies as
“rapid-prototyping” techniques rather than the
manufacturing process they would later
become. As the identity of binder jetting
evolved, it became known by different terms
such as 3D printing, and as other technologies
emerged, it was specified as “indirect 3D print-
ing.” ASTM Committee F42 finally settled on
binder jetting, which differentiates the technol-
ogy from powder bed fusion andmaterial jetting,
as well as the seven other AM technologies.
In the background of Z Corp.’s success,

patents for the technology were filed around
printing metal powders that could be brazed

or infiltrated with other metals to reach full
density, and, therefore, reasonable mechanical
properties (Ref 20, 21). The patents were
acquired by Extrude Hone, a company in
Pennsylvania, which later was split from
Extrude Hone and renamed ExOne. ExOne
produced bronze-steel parts for decades using
binder jetting and is a world leader in metal
additive manufactured parts. The company
produces hundreds of thousands of parts per
year for service bureaus such as Shapeways
(Ref 22). With the expiration of the MIT
Patents, other companies are entering the mar-
ket with new binder-jet systems, such as
Desktop Metal, Digital Metal, HP, and GE
(Ref 23–26). These events, together with the
recognition of binder jetting as a viable metal
additive manufacturing technology, have led
to the expansion of binder jet machine design
space and pushed the boundaries in material
selection for binder jet prints. Binder jetting is
growing at a rapid pace and is poised to become
the leader among metal AM technologies.
The most recent revolution in binder jetting

focuses on fully dense single alloys; i.e., reach-
ing full density without infiltration to produce
single-alloy artifacts with mechanical properties
of the base alloy. Through careful selection of
powder feedstock and furnace cycles, the driving
forces of sintering can be leveraged to draw the
loosely bound particles of the preform together,
shrinking the object into a smaller, but fully
dense version of the print. Currently, small fully
dense stainless steel parts are being demon-
strated on a size scale similar to that for MIM
(Ref 22). This strategy is limited in size due to
distortion during the shrinking process, which
is discussed later in this article.

Overview of Binder Jetting Process

The major steps of the binder jet process
(Fig. 1) are:

1. Printing in the powder bed
2. Curing in a low-temperature oven
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3. Depowdering
4. Sintering/postprocessing

Printing involves the deposition of binder
into the powder bed layer by layer. The result
is basically a box of powder with binder
arranged in the shape of the 3D design files.
At this point, the binder is still wet, and the
parts in the powder bed are malleable like
wet clay. After the print is completed, tradi-
tional binder systems require a curing step, in
which the entire build volume is removed from
the printer and heated to a temperature around
200 �C (390 �F) in a curing oven to boil off the
solvent carrier in the binder system. The curing
step is a hands-off process, which usually takes
place overnight in a programmed oven. After
parts are fully cured and cooled to handling
temperatures, the next step is depowdering, in
which individual powder prints are removed
from the powder bed, brushed, and blown off.
At this stage, the part comprises loosely bound
powder (usually about 50% dense) with very
low mechanical strength. To reach usable
mechanical properties, the void space in the
part must be either eliminated by sintering or
filled by infiltration with another material.
Therefore, the final step is to process the parts
in a furnace. Parts are prepared by placing
them in a crucible with some other compo-
nents like infiltration runners or sintering
setters.
After removing infiltrated parts from the fur-

nace, their runners are removed, and they can
be tumble polished to improve surface finish
and inspected for quality. Each major step is
discussed in detail in the following sections.

Printing

As previously mentioned, the binder jet
printing process works by spreading layers of
powder and ink-jetting binder into each layer
to create a loosely bound powder preform
(Fig. 2a). Although the printing step seems
simple, there are many motions involved in
preparing the print layer and managing the
inkjet system during printing. Compared with
extrusion AM, which requires only a gantry
and nozzle, binder-jetting machines have a sig-
nificant number of components to make the
process work. In terms of mechanisms, the
major components of a binder-jet system are:

� Build box
� Build stage/Z axis
� Powder hopper/storage
� Powder dispenser
� Powder spreader
� Printhead
� Binder storage
� Heater
� Gantries for powder and printhead

One can start at the center of the action (the
build area) when going through the different
system components. The build area consists

of the build box with an inner stage known as
the build plate, build stage, or, as referred to
by most operators, the Z axis. The build stage
is the level surface that the powder rests on
as the layers of the build are deposited. With
each new layer, the build plate lowers into
the build box via actuation by the Z-axis sys-
tem, dropping deeper and deeper into the build
box (and further away from the print-head). It
should be noted that the build stage is different
from a starting plate, which is used in powder
bed fusion, in that the build stage in binder jet-
ting is not used to anchor the prints nor is it
always removed from the build box after print-
ing is complete. Therefore, the binder jet build
stage is not a consumable as it is in powder
bed fusion.
To begin the print, powder is dispensed

from the holding container. With a hopper sys-
tem, powder is held above the build area and is
gravity fed into a dispensing mechanism or
“recoater,” which deposits the material on top
of the build area. Other methods for dispensing
powders can be used (such as a feed area that
moves in reverse of the build area by pushing
material upward and into the path of the
roller), but the hopper and recoater system is
the most common. After the powder is dis-
pensed, it is pushed from one side to the other
by a powder spreading mechanism, which

is typically a counter-rotating roller (CRR).
CRRs are much better for powder packing than
wiper blades or combs used in powder bed
fusion, because they create more movement
in the powder (Ref 30). While they are ideal
for binder jetting, CRRs are not usually used
in powder bed fusion, because the welding
during printing can create raised features that
can damage a roller. CRRs give binder jetting
a major advantage over powder bed fusion sys-
tems in that numerous different powder shapes
and sizes can be spread with ease.
After the layer of powder is dispensed and

spread, binding of the layer proceeds. To deposit
the binder, an inkjet printhead passes over the
layer and deposits discrete drops of binder over
the powder in the shape of the 2D cross section
of the part. Because the printhead can have up
to 1000 individual nozzles, high volumes of
binder can be deposited with high accuracy,
meaning the layer can be completed quickly
without sacrificing quality. After impact with
the powder, binder droplets wick downward
and outward into the powder until it reaches
equilibrium, establishing the 3D “voxels” of
the part (Ref 31). The specific equilibrium that
determines the size and shape of the voxel is
between the capillary forces in the powder and
surface tension in the binder, and it affects the
surface finish and resolution of the print.

Fig. 1 Binder-jet process cycle. Top left image from Ref 27. Other images adapted from Ref 28.

Fig. 2 (a) Image of a layer of powder in mid-print in the binder jet process and (b) depowdering after the curing
step. Source: Ref 29
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After deposition of the binder into the pow-
der bed, heat can be applied to the layer to
slightly dry the binder, which commonly
means boiling off some of the solvent carrier
in the binder system. Too little heat on a layer
can leave the layer too wet, which results in
the moisture wicking into the layer above and
contacting the roller, creating a sticky spot on
the roller, which can affect the smoothness of
the layer. However, the level of heat must be
finely tuned, because too much heat can leave
the layer too brittle or cause the edges of the
layer to curl upward and get caught on the
roller, either ruining the build or, at the least,
creating a defect in the print. For two-part
binder systems in sand printing, the polymer
component is coated on the particles and the
solvent is jetted from the printhead, and the
two react to bond the particles together without
needing a heater.

Curing and Depowdering

After printing, the entire powder bed is
moved to a curing oven and heated to a tem-
perature sufficient to boil off the solvent,
usually around 200 �C. Some binder jetting
machines have extractor tools to remove the
entire powder bed from the machine without
disturbing the print, while others have a
removeable build box that detaches from the
machine and enables easy transfer of the pow-
der bed to curing or postprocessing. Oven cur-
ing time depends on the size of the print, with
prints less than a few cubic inches taking one
to two hours and larger prints of several hundred
cubic inches taking at least eight hours. In addi-
tion to the time at temperature for curing, a
cool down time is needed before parts can be
extracted from the powder bed. Typically, cur-
ing is done overnight. For other binder systems
such as the two-part furan system used in sand
printing for castings, no post-curing is necessary
as the part cures during the print itself.
The most involved portion of the binder-jet

cycle is depowdering, which comes after
the curing step (Fig. 2b). This is the stage in
which each part is physically extracted
from the build volume by hand and carefully
brushed. At this stage, the parts are consid-
ered “green,” meaning they are loosely bound
and somewhat fragile (with strength similar to
that of a piece of chalk), so removal from the
powder bed without breakage can be chal-
lenging for some printed geometries. Techni-
ques to fully de-powder parts include using
brushes and low-pressure compressed air to
remove loose powder from the sides of
the part.
For sand printing, mold pieces can be very

large, up to a meter in each dimension, so
handling prints is usually accomplished using
a forklift or overhead crane. Lifting features
such as gaps for forklift tines should be
designed into the print for easier handling.
Depowdering sand molds occurs much the
same way as previously described, just on a

larger scale. Once de-powdered, printed sand
molds can be used immediately for metal
casting.

Sintering

A binder jet printed part must undergo a sin-
tering or infiltration cycle to achieve desirable
mechanical properties. Parts that are to be post-
processed to full density without an infiltrating
component are set in a crucible either on top of
a fixture called a “setter” or buried in setter
media such as aluminum oxide (a list of setter
media can be found in Ref 32). Parts are heated
to a sintering temperature below the melting
point of the material, but high enough that the
particles start to coalesce. Thus, sintering is the
process of fusing particles using thermal energy.
The advantage of sintering single alloys to full
density in this manner is that more desirable
material properties can be achieved compared
with most metal-matrix composites (MMCs).
However, a major drawback of sintering printed
single alloy green parts is the shrinkage and dis-
tortion that occurs as the particles draw closer
together. The shrinkage and distortion can
mostly be controlled and/or predicted for small
parts, such as those smaller than a golf ball (or
rather, the scrap rate due to the variation in
shrinkage and distortion is acceptable for small
parts). Overall, sintering is the focus of much
research, as many challenges must be overcome
in geometry control, grain growth, and others.
Different types of sintering can be used to

densify powder parts, including solid-state,
liquid-state, and super-solidus liquid-phase
sintering (Ref 32). Solid-state sintering (SSS)
is a lower-temperature process that avoids
forming any liquid phase. Because no liquid
phase is present in SSS, the effects of gravity
on the powder are small, and sagging during
the sintering cycle is minimized. However,
SSS is generally slow, and for some materials
that do not sinter readily, it does not guarantee
full density. Fine powders (< 15 mm) are best
suited for SSS. However, because of their in-
creased surface area, binder jetting equipment
must be adapted to spread and handle these pow-
ders safely. Liquid-phase sintering (LPS) uses a
significant amount of liquid phase around the par-
ticles.With the liquid outer shell, LPS can rely on
a much stronger force (surface tension) to pull
powder particles together. Using the surface ten-
sion of the molten metal film to densify powders
is much faster than SSS, but parts are more prone
to distortion due to gravity. Some researchers
look to super-solidus liquid-phase sintering
(SLPS) to strike a balance between speed and dis-
tortion. SLPS has a small fraction of liquid phase
compared with LPS, but more liquid phase than
SSS, which means distortion can be minimized
while densification rates can be maximized.
A major drawback to all types of sintering is

distortion due to varying shrinkage rates within
the part. When a part is being sintered to full
density, it typically goes from around 50%
dense by volume to nearly 100% dense, which

means the dimensional shrinkage is on the order
of 20%, as illustrated in Fig. 3 (Ref 34). This
means that not only size change must be consid-
ered, but also the distortion in the geometry from
the significant movement of matter during sin-
tering. In other words, the forces that drive the
part to sinter to full density can act unevenly
throughout the part, causing sintering distortion.
This phenomenon is common to all powder met-
allurgy (PM) processes, and forces simplicity in
design for large binder-jet parts, as well as the
leveraging of strategies like using sintering set-
ters to drive the final part shape (Ref 32, 35).
For printed parts that are to be infiltrated

instead of sintered (such as the previously men-
tioned steel powder infiltrated with bronze),
shrinkage is avoided completely. In the crucible,
printed parts are connected to a runner, which
drops into a well in the crucible that holds the
infiltrating feedstock. As the crucible and its
contents are heated in the furnace, the polymer
binder burns off and the infiltrant becomes
molten. Because the chemistry between the two
materials is favorable for wetting (as well as
other properties that will be discussed later)
(Ref 36), the infiltrant wicks into the porous steel
print using capillary forces. This results in filling
the void space between the particles and bring-
ing the part to full density. The final part is a
metal-matrix composite with the infiltrant being
the metal matrix that surrounds the printed
particles.
In summary, furnace cycles are used to

transform parts created by binder jet printing
from low-density preforms to fully dense com-
ponents either by sintering or infiltration. Dif-
ferent sintering strategies can be used
depending on the material and the desired
shape retention, and infiltration can be used
when a metal-matrix composite is desired.

Advantages

As with any manufacturing process, binder
jetting has unique advantages and disadvantages

Fig. 3 Sintering shrinkage as a function of green
density. Adapted from Ref 33
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in terms of the types of artifacts that can be pro-
duced and at what price point. Disadvantages of
the process include warpage and/or grain growth
during sintering, fragility of the printed pre-
forms, and a relatively unexplored material
space. However, overall, binder jetting is pre-
ferred over laser powder bed fusion, because it
inherently produces isotropic grain structures;
is flexible in terms of what materials can be net
shaped; has a high throughput, and, therefore,
lower cost per part; and can produce very fine
features without adding more time to the print.

Isotropic Properties

Isotropic refers to the uniformity of a physi-
cal or mechanical property when measured in
any direction. For additive parts, nonisotropic
properties typically mean that the strength of
the material parallel to the build layer plane
is different from the strength perpendicular
to the build layer plane. The difference in
strength is commonly due to the repeated melt-
ing and solidification that occurs in each layer
with AM processes like directed energy depo-
sition, powder bed fusion, and melt extrusion.
Because the layer-wise shaping during the
binder jet print occurs at low temperatures,
the layer-wise effect is insignificant compared
with that of the previously mentioned pro-
cesses. Further, because thermal fusing occurs
in a sintering furnace and printed objects are
heated more or less evenly, the grain structure
throughout the part develops evenly through-
out the part and gives the part isotropic proper-
ties. The difference in microstructure between
binder jetting and laser powder bed fusion
can be seen in Figs. 4 and 5, respectively.

Low Cost, High Throughput

Throughput is a crucial factor when consid-
ering any piece of manufacturing equipment,
and typically AM systems cannot compete
with the economies of scale in mass produc-
tion manufacturing (Ref 38). Thus, the most
common investors in AM equipment and
manufacturing research are in high-value mar-
kets like aerospace, medical, and high-end

automotive (Ref 39). However, with binder
jetting, the potential to compete with mass pro-
duction exists at least for now in MIM replace-
ment parts up to quantities of 30,000 (Ref 40).
The reason that binder jetting can produce
parts so economically stems from major char-
acteristics such as (Ref 8-10):

� Multiple parts can be printed simutaneously
in the layer without adding to print time

� Parts can be stacked densely on top of each
other

� Parts are printed, cured, de-powdered, and
sintered in large batches

Using ink-jet printing as the shaping tech-
nique gives binder jetting a distinct speed
advantage over other AM processes, because
printheads can be designed with hundreds of
nozzles and operate at frequencies of around
10 kHz (Ref 41), resulting in the ability to
shape a large layer of powder within a few sec-
onds. Thus, with binder jetting, multiple parts
can be printed simultaneously without adding
to print time, creating an economy of scale in
the process. By comparison, powder bed
fusion or extrusion technologies have single-
point deposition or melting strategies, which
means speed is limited by how fast the
machine can raster the beam or extrusion noz-
zle. Also, unlike powder bed fusion and extru-
sion technologies that use support structures to
anchor the part to the build plate, binder-jet
parts can be stacked on top and around each
other in close proximity in the build bed,
meaning that for each print, the job box can
be stacked to the top with hundreds of parts.
This increases the economies of scale, because
not only can multiple parts be printed in a
layer, but also, multiple layers of parts can be
printed in one job box. Binder jetting is
poised to compete with mass production
manufacturing, because each step of the pro-
cess (printing, curing, and sintering) can be
performed in large batches. Thus, with strate-
gic placement of parts in the build bed and in
the furnace, large volumes of parts can be pro-
cessed in a single cycle.

Material Flexibility

Most metal AM processes are highly con-
strained in terms of what feedstocks are viable.
For example, laser powder bed fusion requires
that metal powder feedstocks have a relatively
prescribed size distribution and shape and a
certain level of compatibility with the laser
beam itself. Further, the weldability and
thermal conductivity of the powder feedstock
significantly affect the ability to form a con-
trollable melt pool. However, for binder jet-
ting, most powder feedstocks can at least be
net shaped (although not necessarily sintered
or infiltrated to full density). This is due to
the spreading mechanism, the binder system,
and the postprocessing strategy. Because the
spreading mechanism in binder jetting is a
CRR, a wider range of powder size distribu-
tions and particle shapes can be effectively
spread. This is because the CRR creates move-
ment in the powder and enables spreading
even the most jagged powders such as carbides
just as easily as highly engineered spherical
metal powders. The binder system itself
adheres to virtually any material, so if a pow-
der can be spread in a layer, it can be shaped
with the binder. Because postprocessing of
binder-jet parts involves sintering, many tech-
niques exist to densify a material that is net
shaped with binder jetting. Thus, the limita-
tions of a laser for printing high-temperature
materials such as carbides and oxides are over-
come by binder jetting. Further, as advanced
sintering techniques like hot isostatic pressing
(HIP) become more prevalent, sintering of
binder-jet parts can result in properties supe-
rior to those of parts produced by conventional
manufacturing.

Resolution at Little Cost to Speed

Just as an ink-jet printer can create intricate
fonts on the same page as a simple block dia-
gram, binder jetting can create high-resolution
features in the print layers without slowing
down the printing process. This means that
value can be added to products by including
fine features without significantly adding to
the cost of the process. This feature is espe-
cially important in the MIM industry, which
is limited by molding technology as to what
features can be produced. For example, the
highly detailed MIM-size medieval castle in
Fig. 6 can be created via binder jetting, but
many of the features of the shape (such as mul-
tiple out-of-plane spires and the concave but-
tresses) cannot be molded. For industrial
applications (e.g. heat exchangers), intricate
geometries can be imagined that would add
functionality to the part, but cannot be made
using molding processes. However, it should
be noted that for these high-resolution prints,
the layer size of the print must be reduced,
which does add to print time. However, the
ability to print and process many of these parts
in large batches remains the same.

0.01 µm

Fig. 5 Microstructure of laser powder bed fusion build
showing distinct nonisotropic weld patterns.
Source: Ref 37

0.01 µm

Fig. 4 Microstructure of a binder jet part showing
isotropic grain structure. Source: Ref 37

242 / Metal Additive Manufacturing Processes

https://www.normsplash.com/ASM/182673319/ASM-Handbook-Volume-24?src=spdf

	Introduction to Additive Manufacturing
	Introduction to Additive Manufacturing
	Vat Photopolymerization
	Material Jetting
	Powder Bed Fusion
	Directed Energy Deposition
	Material Extrusion
	Binder Jetting
	Sheet Lamination


	History of Additive Manufacturing
	History of Additive Manufacturing
	Additive Manufacturing Terminology
	Historical Overview
	Additive Manufacturing Prehistory (~1860-1965)
	Additive Manufacturing Precursors (1968-1984)
	Modern Additive Manufacturing (~1981-Late 2000s)
	Vat Polymerization




