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Critical to the selection requirements for additive manufacturing (AM) is the need for appropriate
materials. Materials requirements for AM include the ability to produce the feedstock in a form amenable
to the specific AM process, suitable processing of the material by AM, capability to be acceptably post-
processed to enhance geometry and properties, and manifestation of necessary performance
characteristics in service. As AM has matured, specific classes of material have become associated
with specific AM processes and applications. This paper gathers this information for each of the seven

categories of ISO/ASTM AM categories. Polymers, metals, ceramics and composites are considered.
Microstructural features affecting AM part properties are listed. Service properties of AM parts are
described, including physical, mechanical, optical and electrical properties. An additive manufacturability

index is proposed.

© 2017 Published by Elsevier Ltd on behalf of CIRP.

1. Additive manufacturing

Modern additive manufacturing (AM), also known as 3D
Printing, dates to the mid-1980s. The first commercial AM
fabricator, the SLA-1 was sold in 1988 by 3D Systems, founded
in 1986. According to Bourell [38], precursor AM processes predate
modern AM by about 30 years, with examples of lithographic
human-scale manufacturing dating to the mid-1800s. Innovation
here related heavily to process development as opposed to the
creation and application of new materials. International popularity
of AM skyrocketed beginning in 2009 due to multiple interrelated
influences. These include the expiration of founding patents on AM
fabricators, high-level governmental focus on AM as an advanced
manufacturing process and the proliferation of low-cost AM
printers based largely on material extrusion. This review follows a
number of reviews in the CIRP Annals on the subject of AM
[30,108,169,172,173,188]. The intent here is to focus on the
materials used in AM processing, the issues defining the broad
classes of material usage for AM processes and the general
properties of specimens created using AM technologies. The focus
is on manufactured parts intended for engineering service, for
which considerations include stringent metrology, predictable

* Corresponding author.
E-mail address: dbourell@mail.utexas.edu (. Bourell).

http://dx.doi.org/10.1016/j.cirp.2017.05.009
0007-8506/© 2017 Published by Elsevier Ltd on behalf of CIRP.

mechanical properties and qualified microstructures. The scope
includes bulk processing of materials in AM fabricators of the types
commercially available. Micro/meso AM, bio AM and tissue
engineering fall outside the scope of this work.

The joint ISO/ASTM terminology standard defines additive
manufacturing to be the “process of joining materials to make
parts from 3D model data, usually layer upon layer, in contrast to
subtractive manufacturing and formative manufacturing method-
ologies” [143]. AM processes share the following commonalities:
use of a computer to store and process geometric information and
to drive the fabricator, and deposition of feedstock which is
processed as points, lines or areas to create a part. The deposition
volume element or voxel is small compared to critical features of
the part. As such, AM processes do not require part-specific tooling.

2. AM processes

When considering commercially available AM fabricators, AM
technologies are generally categorized into seven groups [143].
Binder jetting processes deposit liquid in the form of droplets to
bind powder material. Often, the binder has adhesive qualities and
is ink-jetted onto the surface of a powder bed. Production of
structural materials typically requires some form of post-proces-
sing to remove the binder and to densify the constituent powder.
Directed energy deposition (DED) is a collection of processes that
use focused thermal energy to melt and bind materials fed in
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powder or wire form. The thermal source is usually a laser or
electron beam. These processes have the capability to produce
large volume deposition rates (~cm?>/min) and are widely used to
generate compositional gradients and for repair. Material extrusion
is the most popular AM technology based on the number of
fabricators and the low cost of the hardware. Feedstock is forced
through a nozzle which defines the voxel size. In some instances,
the feedstock is heated and melted prior to deposition. In other
instances, the feedstock is deposited at room temperature, and a
combination of solvent curing/drying and high-viscosity nature of
the slurry serves to preserve part geometry. Material jetting is
accomplished by selectively depositing droplets of material onto a
build platform. Generally, current commercial material jetting
technologies use photosensitive thermoset polymers which are
cured upon deposition. This builds upon well-established inkjet
technologies developed for conventional 2D printing. Powder bed
fusion (PBF) entails surface exposure of a powder bed to a heat
source to enable binding. The heat source is typically a laser or
electron beam, although intensive light sources have been used
with physical or chemical “masks” to allow all voxels on an entire
surface to be processed simultaneously. Powder bed fusion, due to
minimal constraints on feedstock type for manufacturing, is
popular for part manufacture for service applications. Sheet
lamination includes processes for which the feedstock is in the
form of a sheet, which constitutes a layer in the build. The sheet is
either cut to shape and then stacked/adhered to previous layers, or
the sheet is bonded to the previous layer and then cut to form the
layer geometry as well as hatched in the non-part area to facilitate
removal of the part at the end of the build. Vat polymerization, the
oldest of the commercial AM processes, involves photolithographic
crosslinking of liquid thermoset polymer resins to form a solid.

3. Materials for additive manufacturing

For any manufacturing process, including AM technologies, the
feedstock must be formed into a state compatible with the process

Table 1
Current commercial materials directly processed by AM, by AM process category.

in question (e.g., powder, sheet, wire, liquid). For example, in vat
polymerization and photopolymer-based material jetting, the
feedstock must be a liquid thermoset plastic monomer that will
crosslink when exposed to the appropriate electromagnetic
radiation.

Finally, the material must exhibit acceptable service properties
to perform successfully in the given application. For the most
stringent service applications, AM parts are usually post-processed
in some fashion to improve the microstructure, reduce porosity
and to finish surfaces, reduce roughness and meet geometric
tolerance.

Table 1 lists the broad types of materials used in AM, by process
category with commercial material entries. The plastics are listed
as amorphous polymers, semicrystalline polymers and thermo-
sets. Material extrusion uses amorphous polymers. The large
viscous softening temperature range is helpful for successfully
depositing the bead of plastic. Semicrystalline polymers typically
soften over a very small temperature range with a dramatic change
in viscosity. While this behavior is useful for powder bed fusion of
plastics, the polymer flow characteristics are difficult to control
using material extrusion. Chocolate is a special case and may be
considered to be semicrystalline [55]. There are several chocolate
printers based on material extrusion, but the present quality of
multiple-layer parts is generally low, often limiting these
fabricators to single layer deposition. Vat polymerization is limited
to photosensitive thermosets. Efforts to mix particulate into the
thermoset resin prior to processing were successful after silica
nanoparticles became widely available, avoiding undesirable laser
diffraction off the particles and settling of the nanoparticles so that
periodic stirring of the resin was not needed [268,316]. Feedstock
viscosity is also a concern in these processes, and particulate
additions must not unduly hamper reflow into the processing
region [180]. Material jetting typically uses photosensitive
thermoset polymers. Particle additions to the resin prior to
deposition are possible, but care must be taken to ensure resin
viscosity remains low enough at the printing temperature for
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successful jetting [9,180]. Powder bed fusion of polymers is mostly
limited to semicrystalline materials, but a few amorphous
polymers such as polystyrene are processable. The difference in
melt temperature on heating and the crystallization temperature
on cooling should be large. By setting the fabricator part bed
temperature between these values, it is possible to use the heat
source, typically a scanning laser, to melt the polymer which cools
but does not crystallize during the fabrication. This results in
minimal in-build part distortion. For metal powder bed fusion, the
general rule is that metallic alloys which are suitable for casting or
welding can be processed successfully using AM. Part distortion
can be severe and is controlled by a support structure during the
build, managing cooling rates and careful design of laser scanning
strategies. Binder jetting and some sheet lamination approaches
rely on a binder to hold the part constituents together. In these
cases, almost any feedstock may be used so long as it can be formed
into powder or sheet. Ultrasonic consolidation is a sheet
lamination technique that uses a sonotrode to ultrasonically weld
metal foils in a layerwise fashion coupled to a machining head
which forms part geometry. Directed energy deposition processes
use metallic powder or wire feedstocks.

3.1. Plastics

3.1.1. Thermoplastics

Material extrusion and powder bed fusion and processes use
thermoplastic polymers. Both involve thermal layer adhesion but
exploit different mechanisms. For material extrusion, amorphous
thermoplastics perform most suitably, while semicrystalline
polymers are typically used for powder bed fusion.

3.1.1.1. Thermoplastics for material extrusion. For the material
extrusion process, amorphous thermoplastics are preferred, due
to their melt characteristics. These polymers, including popular
ABS and PLA, soften over a wide range of temperature up to the so-
called glazing temperature, forming a high-viscosity material ideal
for material extrusion through a 0.2-0.5 mm diameter nozzle.
Table 1 lists commercially available materials for material
extrusion.

Material extrusion processes require supporting overhangs that
must be removed by post processing. Two types are used: first, a
lattice structure made from the same material but with a light
design and low strength connection to the part and second, a more
sophisticated approach requiring a two-head system with the
support made from wax-based or poly-vinyl alcohol (PVA)
materials. In the post processing stage, the supports are removed
by melting or dissolving. PVA is used for PLA model materials and is
a water soluble support material.

Typically, there are voids between the deposited tracks of
extruded material. As a result, mechanical properties may be poor,
and anisotropy effects are present.

3.1.1.2. Thermoplastics for powder bed fusion. Powder bed fusion
uses an IR laser (typically a 10 pm CO,, laser) or an IR or UV heat
source (lamps) for melting and fusion of mostly semicrystalline
powder feedstock. The thermal behavior of the most popular
semicrystalline material for powder bed fusion, polyamide 12
(nylon), is depicted in Fig. 1. The melting point is about 35 °C
higher than the crystallization temperature. By setting the AM
fabricator temperature between these peaks, material melted by
the laser remains molten and in thermal equilibrium with the
surrounding unmelted powder. Recrystallization eventually
occurs uniformly after the build, minimizing creation of residual
stresses.

The powder bed fusion process does not require supports for
overhangs in the case of plastics due to the support provided by the
surrounding powder cake. The build can include multiple nested
parts. Almost completely dense, low porosity objects are obtained
by adjusting processing parameters. For liquid pressure tight
applications, a post infiltration is required [256].
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and extrinsic properties that define the suitability of a material for powder bed
fusion.

Part

Feedstock preparation is complex when controlled properties
and structure are desired [14,254,255] and imposes additional
requirements beyond the basic, essential thermal behavior. The
material must be pulverized. Pulverization can be achieved by
dissipation, cryogenic grinding or coextrusion of non-miscible
polymers. Powder bed fusion feedstock characteristics are
depicted in Fig. 2.

Resolution depends primarily on the CO, laser spot size and the
galvanometer deflection angle which defines the apparent spot
size and location in the XY plane. Surface quality is influenced by
the outline-scan processing parameters, scan speed, the layer
thickness and particle size. Dimensional accuracy is negatively
impacted by thermal dilatations, since the surrounding unmelted
powder (“part cake”) is hot.

Thermally-induced extension of molecular chains during
processing results in a gradual increase of melt viscosity which
is deleterious to successful powder bed fusion processing,
eventually resulting in the so-called “orange peel” effect on part
surfaces. Strict powder recycling management is essential to
prevent this. Powder blends are produced by mixing 30-50% fresh
powder with mixtures of overflow powder and part cake to
optimize recyclability and feedstock performance. On the other
hand, the molecular weight increase leads to parts with enhanced
mechanical properties and strong interlayer bonding [14].

Efforts to increase productivity concentrate on replacing the
laser as the energy source with a process that processes the entire
layer simultaneously. Examples are High Speed Sintering and Multi
Jet Fusion™ that utilize an IR absorber powder deposited
selectively coupled to an IR area heating source [138]. An
alternative is use of thermal print heads as is embodied in
Selective Heat Sintering™ technology [33].

3.1.2. Thermosets

Typical photopolymer materials used in AM are composed of
monomers, oligomers, photoinitiators, and a variety of other
additives including inhibitors, dyes, antifoaming agents, antiox-
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idants, toughening agents, etc. that help fine-tune the photo-
polymer’s behaviors and properties [116]. The first photopolymers
used in vat photopolymerization were mixtures of UV photo-
initiators and acrylate monomers [146]. Vinylethers were another
class of monomers that were used in early resins. Acrylate and
vinylether resins exhibited considerable shrinkage, from 5 to 20%
[65], which caused residual stresses to accumulate as parts were
built layer-by-layer which, in turn, caused significant warpage.
Another disadvantage of acrylate resins is that their polymeriza-
tion reactions are inhibited by atmospheric oxygen. To overcome
many of these disadvantages, epoxies were introduced in the early
1990’s and brought significant advantages to the vat photopoly-
merization process, but complicated the formulation of resins.

Epoxies are common cationically polymerized photopolymers.
Epoxy monomers have rings which, when reacted, open to provide
sites for other chemical bonds. Ring-opening is known to impart
minimal volume change, because the number and types of
chemical bonds are essentially identical before and after reaction
[146]. As a result, epoxy SL resins typically shrink less than
acrylates and have much less tendency to warp and curl. Almost all
commercially available SL resins have significant amounts of
epoxies.

A photopolymerization reaction takes place in several steps, as
shown in Fig. 3. First, the photoinitiator, denoted P-I, is activated
upon exposure to radiation within an appropriate wavelength
range. Second, the reactive portion of the photoinitiator reacts
with a monomer molecule, M, to form a free radical, M*. Third, the
propagation step forms long polymer chains and also causes chains
to crosslink. The fourth step is termination, where polymerization
comes to an end, usually by one of three mechanisms, including
recombination (two chains combine), disproportionation (cancel-
ling of one radical by another without joining), or occlusion (free
radicals become trapped by the polymer network).

Cationic photopolymerization proceeds in a similar manner,
with the differences compared to the free radical kind being a
different photoinitiation mechanism and a cationic initiator used
to transfer the charge to a monomer (instead of an anion).

Broadly, the polymer classes that are cationically polymerized
include olefins with electron-donating substituents and hetero-
cycles, of which epoxy is an example (heterocycle = cyclic
monomer where not all atoms in the cycle are carbon). A typical
catalyst for a cationic polymerization is a Lewis Acid, such as BF3
[312]. Interest in cationic photopolymerization accelerated with
the development of the epoxy-based photoresist SU-8, which is
commonly used in the microelectronics industry.

Commercial AM resins are mixtures of acrylates, epoxies, and
other oligomer materials. Acrylates tend to react quickly, while
epoxies provide strength and toughness to the solid [32]. Acrylates
polymerize radically, while epoxides polymerize cationically to
form their respective polymer networks. The two types of
monomers do not react with one another but, since they are
mixed, form an interpenetrating polymer network (IPN) upon
reaction [66,78]. IPNs are a special class of polymer blends in which
both polymers generally are in network form [79,263,264], and
which are originally generated by two concurrent reactions instead
of by a simple mechanical mixing process.

The acrylates and epoxies affect each other physically during
the curing process. The reaction of acrylates will enhance the
photospeed and reduce the energy requirements for the epoxy
reaction. Also, the presence of acrylate monomers may decrease
the inhibitory effect of humidity on epoxy polymerization. On the

P-1— -]

Ie + M — [-Me (initiation)

I-Me —...— [-M-M-M-M...-Me (propagation)
[-M-M-M-M...-M-I (termination)

(free radical formation)

Fig. 3. Free radical photopolymerization procedure.

other hand, the epoxy monomer acts as a plasticizer during the
early polymerization of the acrylate monomer; the acrylate forms a
network while the epoxy is still in a liquid stage [79]. This
plasticizing effect, by increasing molecular mobility, probably favors
the chain propagation reaction [80]. As a result, the acrylate
polymerizes more extensively, resulting in higher molecular
weights in the presence of epoxy than in the neat acrylate monomer.
Furthermore, the acrylate exhibits a reduced sensitivity to oxygen in
the hybrid system than in the neat composition due to the viscosity
rise caused by epoxy polymerization, which may result in reduced
diffusion of atmospheric oxygen into the material [79].

Some example resin formulations will be covered here that are
taken from representative patents [110,190,216]. Of those for-
mulations that contain both free radical and cationic photopoly-
merizable components, both monofunctional and higher
functionality monomers are used typically in vat photopolymer-
ization resins [110,190]. (Meth)acrylates and poly(meth)acrylates
are typical and denote an acrylate, a methacrylate, or a mixture.
Example commercial monofunctional monomers include alkyl
(meth)acrylates SR 313A and 31313 from Sartomer Co, and Ageflex
FM6 from Ciba Specialty Chemicals. Polyfunctional (meth)acry-
lates often have glycol or bisphenol groups and can be di-, tri-,
tetra-, or pentafunctional. Example commercial compounds
include SR 238, SR 350, SR 454, SR 8335, among others, from
Sartomer Co. A free radical photoinitiator component must be
included and is often a benzoin, acetophenone, benzyl ketal,
cyclohexyl phenyl ketone, among others, for UV curable formula-
tions. Other appropriate photoinitiators are available that enable
visible light curing.

For the epoxide cationically initiated component, a very wide
variety of compounds can be used, as is evident in the patent
literature. Categories of suitable compounds include polyglycidyl
and non-glycidyl epoxy compounds, and epoxy phenol novolac
compounds. Functional groups capable of reacting via a ring-
opening mechanism are almost always used. Examples include
oxirane-(epoxide), oxetane-, tetrahydrofuran- and lactone-rings. For
several years, oxetane-containing stereolithography (SL) com-
pounds were marketed aggressively due to the favorable mechanical
properties of resulting resins. Suitable cationic photoinitiators,
activated by UV radiation, include onium salts, metallocene salts.

Toughening agents are used frequently in commercial resins to
improve mechanical properties of fabricated parts. Such toughen-
ing agents may be reactive or non-reactive and may be in the form
of a phase separating liquid or particles. In one embodiment, the
particles have a crosslinked elastomeric core and a shell containing
reactive groups [216]. Example core materials include polysilox-
ane, polybutadiene, rubber, or other elastomers, while example
reactive shells include compounds with epoxy, oxetane, hydroxyl,
vinyl ester, vinyl ether, or acrylate groups, or mixtures of these.

Resin formulations have suffered from two primary drawbacks
that have prevented their more widespread usage as production
materials: sensitivity to water/humidity and tendency to age.
Several research groups have characterized mechanical properties
of SL resins and their changes over time under a variety of
environmental conditions [208,235,244].

Large Area Maskless Photopolymerization (LAMP) utilizes a
silica nanoparticle composite photopolymer intended to fabricate
integral ceramic cored molds for casting aerospace parts, including
turbine airfoils [315]. Since they intend to fabricate molds directly,
they desire a very high silica loading in the resin. Their resin
consists of ethoxylated penta erythryitol tetraacrylate, a small
amount of hexanediol diacrylate (HDDA), and 55 volume percent of
silica (~72 weight percent). Experiments demonstrated excellent
curing, with 75% degree-of-cure readily achieved.

Thermoset materials for jetting processes have formulations
that are described similarly to vat photopolymerization formula-
tions. Patents describing these materials use similar categories, but
typically do not identify free radical and cationic reactions as
separate categories [225]. The patents identify photopolymeriz-
able mixtures and their photoinitiators, but lump together acrylate
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and epoxy compounds and their photoinitiators. They do, however,
typically discuss resin viscosity carefully since deposition through
ink-jet nozzles is a critical element of their usage in manufacturing
equipment. These resins are typically formulated to have viscosi-
ties greater than 50 cP at room temperature, but below 15-20 cP at
an elevated temperature. Commercially available ink-jet deposi-
tion heads are advertised as being capable of printing many liquids
with viscosities up to 40 or 50 cP. However, in practice, the resin
should have a viscosity less than half of the advertised maximum to
ensure clog-free operation. Material jetting machines have heaters
that deliver heated liquid to the deposition heads, which enables
the ejection of materials that have high viscosities at room
temperature.

One of the advantages of material jetting processes is the
capability to deposit multiple materials, for example, having
different banks of nozzles depositing different materials. If these
multiple materials are deposited in the same layers, then the
resulting solid can exhibit mechanical properties that are
intermediate to the properties of the constituent materials.

Researchers have characterized mechanical properties of
material jetted parts. Results indicate that parts have considerable
variability in tensile and compressive properties [221] and exhibit
anisotropy. Interestingly, this anisotropy does not result in the
weakest properties when the test direction is parallel to the build
direction (Z orientation), but rather at a test direction between
40°-60° along the XZ direction. The authors hypothesize that shear
along the build plane has a more significant effect on properties
than tension orthogonal to the build plane [221]. Others have
characterized part property changes over time and demonstrated
the effects of aging [31].

3.2. Metals

Powder bed fusion and directed energy deposition are the main
powder-based AM processes that are commercially used to
manufacture quality metal parts. A metal wire feed can also be
used instead of powder feed in DED. Binder jetting is also used to
produce metal parts. Polymer matrix parts are made that need
furnace de-binding and sintering and/or infiltration with a lower
melting point metal (e.g., brass) to obtain dense metal parts.

The set of common commercially available alloys is limited to
pure titanium, Ti6Al4V [41,97,282,330], 316L stainless steel [227,
324,328], 17-4PH stainless steel [223,265,267,323] and 18Ni300
maraging steel [49,158], AISi10Mg [42,44,156,210], CoCrMo
[292,319], and nickel based superalloys Inconel 718 and Inconel
625 [15,85,198,237]. This range is continually expanding with new
entrants to the materials supply market. Precious metals such as
gold, silver or platinum have been processed indirectly by 3D
printing of lost wax models, but are currently also being directly
used in selective laser melting (SLM) [159,345]. Several factors
contribute to this limited metal palette. When fusion is involved, the
metals generally must be weldable and castable to be successfully
processed in AM. The small, moving melt pool is significantly
smaller than the dimensions of the final part (typically on the order
of 10?-10 times smaller). This local hot zone in direct contact with
a large and colder area leads to large thermal gradients causing
significant thermal residual stresses and non-equilibrium micro-
structures. For powdered feedstock, particles should preferably be
spherical with a certain size distribution, which is different for PBF
and DED. The latter tends to be less sensitive to the dimensional
qualities of the feedstock. A wire is also a suitable precursor material
for certain DED processes, creating a larger melt pool than powder
based DED allowing a higher production rate [89].

3.2.1. Material related challenges in metal AM
i) Affinity for atmosphere constituents

Powder particles of Al and Al alloys have a stable Al,O5 layer at
their surface, hampering particle sintering or melt coalescence.

(a)

TiN

Fig. 4. (a) Large dark grey oxide particles and small TiN particles indicated by the
arrows, trapped inside 18Ni300 SLM part [281]. (b) Fracture surface of a DED Inconel
718 part having an Al,O3 particle inclusion [340].

This has a negative effect in electron beam melting (EBM) where
the powder bed needs to be pre-sintered to slightly bind the
powder particles together before melting them. This is needed to
avoid repelling of powder particles due to the negative charge
induced by the electron beam, causing the particles to be ejected
from the powder bed. 18Ni300 maraging steel and Inconel
718 form stable oxides during processing that float to the top of
the melt pool [281,340]. Addition of a new layer will break these
oxides and hereby move the majority of them to the new formed
top surface, but some particles can stay behind in the solidified
microstructure. These brittle particles act as stress risers and are
detrimental to mechanical properties, Fig. 4. In the case of
materials for which the reaction with oxygen is very exothermic,
(e.g., Mg), AM can even be very dangerous if not performed in an
oxygen free atmosphere [226].

Higher levels of oxygen in Ti6Al4V increase the strength but
reduce the ductility [272,300]. Care must be taken to minimize the
oxygen, nitrogen or moisture, as it may decrease mechanical
properties and powder recyclability.

ii) High reflectivity and thermal conductivity

Creating an effective melt pool is difficult for alloys that have a
high reflectivity (hence low absorption) and high thermal
conductivity, such as copper [241,248], aluminum, silver and gold
[159,251,345]. High power lasers up to 1 kW have been used to
process these materials, along with different wavelengths to
increase the laser absorption (Fig. 5) [35]. Powders do scatter and
entrap the laser light and are two to seven times more efficient to
absorb the laser light compared to flat surfaces [162].

Nd:YAG-Laser Coy-Laser

Ag Steel

Absorption A

A — \

\ Mo
o4 02 03 05 1 2 4 8 810 20
Wavelength A [um]

Fig. 5. Absorption of several pure metals at room temperature, for different
wavelengths [35,150].

iii) Residual stress

In general, AM residual stress distributions feature high tensile
stresses at outer surfaces, balanced by a large zone of compressive
stresses in the center, as illustrated by the stresses in an Inconel
718 block produced by laser metal deposition (LMD) and shown in
Fig. 6 [249]. Stress gradients also develop in the build direction
depending on the part geometry, height of the part, and connection
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Fig. 6. 2D map of the vertical residual stresses at midheight of a 100 mm high
Inconel 718 pillar structure made by LENS [249].

method to the base plate; thus modeling and experimental
quantification of residual stresses is necessary in AM for their
mitigation [215,306,307].

While deformations due to residual stresses are a general
phenomenon, the occurrence of cracks and the type of cracks are
material dependent. For example, if they crack, Ti6Al4 V (that is
less prone to cracking) and M2 high speed steel (that is more prone
to cracking) develop macroscopic cracks [157]. On the other hand,
several nickel based alloys exhibit microcracking, in particular
those with a high Al and Ti content as vital elements for formation
of y’ precipitates [91]. Microcracks are caused by local influences
around the melt pool such as liquation of low-melting point phases
at the grain boundaries, local aging and embrittlement in the heat
affected zone (HAZ), or solidification cracking when remaining
liquid zones act as crack initiation sites in the almost solidified
melt at the end of solidification [48]. Inconel 625 achieves its
hardness by solid solution strengthening, and Inconel 718 only has
a moderate content of )’ precipitate forming elements, and these
alloys are readily processed by AM [15,198]. Inconel 738LC forms
extensive y’ in the HAZ, embrittling the material, leading to crack
formation [177,250].

3.2.2. Microstructure

A small melt pool size and high cooling rate determine the
unique microstructure of the produced parts. The most important
solidification factors are the temperature gradient in the liquid GL,
solidification rate R, undercooling of the liquid phase and alloy
constitution. GL and R vary along the melt pool boundary, but it can
be stated that the temperature gradients GL can reach values up to
10° K/m for SLM [280]. The stability of the solidification front
determines the type of microstructure. For pure metals that have a
single melting temperature, the stability is only determined by the
thermal gradients in the melt. Depending on the sign of GL, either a
planar solidification front or an unstable solidification front may
occur. Nevertheless, in metal AM processes, heat is applied to the
melt pool and therefore GL is always positive. Alloys, on the other
hand, have a solidification range rather than a specific melting
point, which causes alloy elements to redistribute between solid
and liquid. The compositional gradient leads to a gradient in the
effective liquidus and solidus temperature, an effect known as
constitutional undercooling [168]. Even though GL is positive,
constitutional undercooling may destabilize the planar front
causing cellular-dendritic solidification [278].

In the planar solidification mode, the grains for which the easy
growth direction is closest to the direction of heat flow will grow
the fastest via a process known as competitive growth. Although
heat may flow from the melt pool to the sides, it is mainly
conducted towards the cooler material underneath and the
baseplate, although this varies with build height and part
geometry. The preferential growth direction for cubic crystals is
the <100> direction, and <1010> for hexagonal crystals. For a
cellular-dendritic solidification mode, the cells also grow along the
easy growth direction, but it does not necessarily have to be
aligned with the maximum heat flux.

Microstructures obtained after AM can generally be classified
into two categories: those that form a columnar microstructure
and those that solidify in a cellular-dendritic regime. The most
important material in the first category is Ti6Al4V [154,282],
although columnar growth has been observed for other materials
(such as Inconel 718, Ta and W) as well [237,280,302]. Despite the
significant alloying content of a combined 10 wt% of Al and V, the
solidification range of Ti6Al4V is less than 10K [295], and
partitioning of alloy elements and related constitutional under-
cooling is limited. This results in vertical 8 grains growing across
many layers, which transform to o’ martensite during quenching
for SLM and lamellar « + 8 for wire EBM. In DED, the microstruc-
ture varies between that in SLM and EBM, and displays a gradient
between part bottoms and tops. Fig. 7a shows the typical columnar
prior B grains that contain the acicular martensite obtained after
SLM. In the absence of the 8 to « or «’ transformation, Ti6Al4V
would display an extreme <100> texture like Ta [280], but the
12 crystallographic variants of the 8 to « transformation lead to a
weaker texture.

Most other materials solidify in the cellular-dendritic regime.
The melt pools were invisible for Ti6Al4V, but are clearly
delineated for other materials, shown for 316L in Fig. 7b. Notable
examples are AlSi10Mg, 316L, 18Ni300 maraging steel and Inconel
718. In the side views of the microstructures of these materials as
shown in Fig. 8 [302], the red arrows indicate former melt pool
boundaries. The inserts on the top right of each image shows a
cellular structure of a strikingly same size for all materials. For
AlSi10Mg, the intercellular zone consists of an Al-Si eutectic, but
for all other materials, the contrast is provided by a small amount
of microsegregation. All cubic materials in this category also
develop a <100> texture in the building direction, although it is not
as strong compared to the columnar microstructures [72,279].

The fine scale of the cellular structure is due to the high cooling
rates during metal AM manufacturing, which can reach 106 K/s in
SLM [280]. As a result, the microstructure after SLM and DED is fine
and saturated with alloy elements, dislocations and metastable
phases [151]. This is different in the EBM process in which high
preheating temperatures provide a stress relief and in-situ
annealing leading to coarser structures [56]. The fine micro-

Fig. 7. (a) The columnar microstructure in SLM of Ti6Al4V [300] and (b) the visible
melt pools in SLM of 316L. The building direction for both images is vertical and
upwards (Source: KU Leuven).

Fig. 8. Side views of the cellular microstructure of common SLM produced
materials. The insets are close-ups of the top view [302].
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Fig. 9. Local texture control by manipulation of the process parameters, illustrated
by electron backscatter diffraction crystal orientation mapping of Inconel 718 [85].

structures cause strengths comparable to wrought or cast material,
sometimes even approaching the strength of conventional
material in the age hardened condition (e.g., AlISi10Mg) [43]. As
a trade-off, the ductility is often lower [103,301]. This is especially
the case for Ti6Al4V, for which extensive research effort has
focused on improving the ductility, either by post-process heat
treatment [103,296,301] or manipulation of process parameters
[318,321]. Hot isostatic pressing (HIP) also improves fatigue
properties [186,318].

Texture can be manipulated by variation of the rotation of the
scan pattern between layers by changing the conditions for
competitive growth [279]. Recently, however, the ability to change
the solidification mode for one material by changing the process
parameters has also been developed [227,237]. Through variation
of the scan speed and laser power, researchers at Oak Ridge
National Laboratory were able to change between planar, cellular-
dendritic and a mixed solidification mode [85]. This created a
substructure shown in Fig. 9 which was invisible to the naked eye,
but made visible via electron backscatter diffraction (EBSD)
imaging of the crystal orientations.

3.3. Ceramics

Several reviews of AM of ceramics have been published
[83,84,108,130,247,286,290,311]. Ceramics, due to their combina-
tion of high melting point and low toughness, are difficult to
process directly in AM [62]. Alumina and its alloys have been
directly processed using directed energy deposition [29,231,232]
and powder bed fusion [128,311], but full density processing is
difficult. In most cases, attempts to direct process ceramics have
resulted in thermally induced cracking. Approaches to mitigate
cracking include process optimization, adding auxiliary devices
(ultrasonic, thermal, magnetic) and a doping toughening approach
[231]. Process optimization for directed energy deposition of crack-
free alumina includes high scan speed exceeding 700 mm/min
[231].

Indirect AM processing of ceramics requires use of a binder in
some form that holds the part together after AM. With the
exception of directed energy deposition, all categories of AM have
been utilized in creation of indirect AM ceramic parts [108]. Early
attempts based on material extrusion include Fused Deposition of
Ceramics invented at Rutgers University [6,211,213] and Robocast-
ing, developed at Sandia National Labs [51,52,53,54]. In the mid-
1990s sheet lamination methods were used for processing
alumina/zirconia [121], silicon carbide [163] and silicon nitride
[164,165,242].

Another early approach involved mixing fine ceramic particu-
late, typically alumina or silicon nitride, into a stereolithography
resin [123,131,135,315]. Optoforming is a variation which uses a
more aggressive mechanical resin spreading mechanism [28]. The
particulate must be fine to allow a non-settling suspension to be
made. It must have an index of refraction close to the polymer resin
to prevent unwanted diffraction [131]. The particulate wavelength
absorption edge should be less than the wavelength used for

Fig. 10. Parts fabricated from alumina paste using the Ceramic-On-Demand
Extrusion process [115].

crosslinking. Finally, the solids loading must be less than about 50%
to maintain a flowable viscosity for the resin.

Typically the binder for indirect AM of ceramics is transient in
nature, being converted or removed in a post-processing step such
that the final part is a neat ceramic or a ceramic composite. With
powder bed fusion processes, both mixed powder/binder systems
[e.g.,83,259] and slurry approaches [277] have been used. Ceramic
AM parts may be post-infiltrated to create full density parts in lieu
of high-temperature furnace post-sintering [100-102].

Freeze-form Extrusion Fabrication (FEF) is an environmentally
conscious AM process that builds 3D ceramic parts in green state
layer-by-layer by computer controlled extrusion and deposition of
aqueous colloidal pastes (with a trace amount of organic binder)
[141,185,194,195]. Unlike robocasting [189] which uses a hot plate
for depositing aqueous ceramic pastes, FEF fabricates ceramic parts
by depositing aqueous pastes under controlled freezing conditions,
thus enabling the building of relatively large parts. However, a
major issue of the FEF process is that sizable ice crystals may form
during paste freezing, which may result in significant pores and
reduced part density after part sintering. To overcome this issue,
the Ceramic-On-Demand (CODE) process, which is a room-
temperature, extrusion-based AM process that applies radiation
heating for uniform drying of paste between successive layers, has
been developed recently and shown to be capable of producing
complex ceramic parts (Fig. 10) with near theoretical density and
highly packed microstructure [115,212].

A more detailed recent review of AM ceramic processing is
found in [108].

3.4. Composites

Composite development takes into consideration the following
factors: feedstock material and preparation (molten, filament,
fibrous, particulate), homogeneity and properties. It is vital that the
interface between the matrix and the dispersed or embedded
phase be engineered for proper bonding, transfer of load and
protection against corrosion. Under consideration here are
composites fabricated by additive manufacturing without post-
processing such as infiltration or coating [21,289].

3.4.1. Polymer composites

Material extrusion processes allow for discrete, heterogeneous
layering of a material for a laminate composite. The feedstock may
alternatively be formulated prior to deposition for a matrix
composite [99,253]. Additives to polymer feedstock must be of the
proper composition to yield an extrudate that is of low enough
viscosity to deposit and provide strength over the entire part build
time. Feedstock often consists of the matrix polymer, tackifier,
plasticizer, surfactant, and secondary phases such as particulates
or fibers of metal, ceramic or polymer composition. Tackifiers
provide flexibility, plasticizers improve rheology, and surfactants
change dispersion character of the secondary phase [142,175]. Poly-
mer composites with dispersed nanotubes have been achieved by
formulating operational feedstock [99,243,253]. Fiber reinforced
composites, usually carbon fiber reinforced composites or fiber-
glass, vary in mechanical properties depending on orientation of
fibers; whether the fibers are whiskers (<50 m), short (>50 pm),
or continuous (full length of the component); and matrix-fiber
interface design [303]. A commercial example of AM fiber
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Fig. 11. (a) Chopped micro-carbon reinforced nylon impeller. (b) Engine mounted
Onyx impeller in forced-air cooling application [209].

Fig. 12. PLA component with 3D silver circuitry via FDM [299].

reinforced composites is the Markforged® Mark series benchtop
machines, which are capable of embedding continuous carbon
fiber, chopped carbon fiber, Kevlar, and fiberglas in a nylon matrix;
mechanical testing has suggested a higher strength-to-weight
ratio than 6061-Al alloy for continuous fiber composites. The Onyx
filament contains chopped micro-carbon fibers, combing the
toughness of nylon and thermal properties of carbon. This
composite filament provides a dimensionally stable, stiff, and
heat tolerant engineering material with high quality surface finish,
Fig. 11 [209].

Benchtop 3D printers are now available for electronics
development (Fig. 12). This printer uses PLA filament and highly
conductive, colloidal, silver ink to inlay 3D circuits into fully
functioning components without further processing. Software
enables a pause in fabrication to insert pre-made components. Inks
have been developed that are 20,000 times more conductive than
commercial conductive thermoplastic filament [299].

Powder bed fusion is another popular approach for composite
materials research development, notably due to the relatively large
number of fabricators. Liquid phase sintering (LPS) of the matrix is
enabled via the secondary phase and the ability to pre-mix
powders for additional property benefits. LPS is often used for
polymer-matrix composites in the production of bioactive
materials (Fig. 13), e.g., polyetheretherketone (PEEK)/hydroxyapa-
tite (HA) [276], polycaprolatone (PCL)/HA [313], tricalcium
phosphate (TCP)/poly-L-lactic acid (PLLA) [200], and PCL micro-
spheres + HA/PCL [93]. Particulate and whisker reinforced poly-
mers of many chemistries have been processed, including glass
[57,59], nano-clay [161], or silica in nylon [60]; carbon fiber [119],
silicon carbide [117], or potassium-titanium whiskers in polyam-
ide [331]; nano-alumina in polystyrene [343].

Vat polymerization has been used to process bioactive glass
scaffolding [98], randomly oriented graphene oxide reinforced

Fig. 13. (a) Sintered scaffold (8.8 x 8.8 x 18.4 mm) with highly ordered cuboid
morphology. (b) SEM magnified image within pores [93].

thermoplastic [199], multi-polymeric microstructural arrays, or
laminates with various surface properties [297]. Using oxygen-
inhibition lithography (OIL), the dimensions of fine structures are
not limited by UV exposure, but by the volume of material allotted
for construction of each layer and the photomasking detail. OIL can
be used to easily fabricate structures from multiple resins with
differing chemical characteristics to generate a laminate structure.

3.4.2. Metal composites

Metal-matrix composites fabricated using AM include particu-
late composites, fibrous composites, laminates and functionally
gradient materials (FGMs). SLM and laser metal deposition (LMD)
are highly favored processes for AM of metallic materials.

It is possible to fabricate metallic composites from powder
precursors by liquid phase sintering (LPS) to bind the matrix
material and secondary phases [126]. This technique has been
applied to metal-matrix composites (MMCs) for full consolidation
and improved sinterability. In the case of WC-Co/Cu composites,
with WC particulates reinforcing the Co matrix, bronze (Cu-Sn) or
copper additive is used for LPS [173]; other additives such as
lanthanum oxide can be used to decrease surface tension to
improve densification [125]. Additives to control grain growth,
improve sinterability, and adjust the coefficient of thermal
expansion (CTE) are critical for processing of FGMs. These are
particulate composites which grade across a part through more
than one material with control of anisotropic response
[95,160]. FGMs have been graded from metal to metal and from
metal to ceramic, using powder precursors. An example of metal-
to-metal gradient may be seen in Fig. 14 [325,339]. Using direct
metal deposition (DMD or metal DED) of materials with similar
thermal expansion coefficients, the gradient is possible without
stress fracture, as in grading from stainless steel to Inconel 625
[46].

DMD techniques have also been applied to metal matrix
composites with ceramic reinforcing phases, e.g., Ti6-4/TiB [304],
Ti6-4/TiAl [113], Ti6-4/Ni [341], Ti6-4/WC [106,107], W-Co cermets
[320], Ti/SiC [73,74], TiC/Ni/Inconel [342], Inconel/WC [3,4] and
quaternary metal matrix reinforced with borides [224].

Graded materials for seamless and limited stress junction of
multiple materials are highly favorable in aerospace applications,
which may require different mechanical and thermal properties
within a single component, such as a propulsion nozzle
[136]. Grading two alloys is a very good way to complement the
properties of two metals that may be incompatible due to their
different CTEs. For example, a stainless steel alloy (304L) has been
graded to a nickel-rich alloy (Invar 36) with a low CTE for a mirror
surface, without fracture or warpage due to their CTE difference
[136].

Laser techniques can also be used to form composites by in-situ
reactions. The laser can be used to compensate activation energy
required to form new compounds, or trigger a chemical reaction by
providing the necessary thermal energy to propagate a reaction
[113,183,261].

Ultrasonic consolidation (UC) can be used as a solid-state
fabrication process to join layers of metal foils into a 3D structure

Stellite
Grade 12

Stellite
Grade 12

Stainless
steel A316L

Fig. 14. Gradient from Stellite 12 to A316L via laser powder deposition [325].
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followed by a sequential machining step to form the geometry.
Fibers have been embedded in metal matrices during the UC
process, making it a strong candidate for fiber reinforced metallic
composites [327]. Fabrication of complex geometries with high
accuracy is a major advantage of UC processing. Because this
technique does not reach high temperatures (<T,,/2) and there is
no melting, there is no dimensional error due to shrinkage or
residual stress from cooling as is the case for melting-based
processes. Successful lamination has been demonstrated to embed
SiC fibers in an aluminum alloy matrix, embed sensors [193], and
fabricate composites of aluminum alloy and stainless steel, Fig. 14
[149]. Despite the advantages of UC, consideration for design of the
material interface is still crucial to prevent defects which will
ultimately reduce the mechanical advantage of the embedded
phase.

3.4.3. Ceramic matrix composites

Biomaterials is a major area driving AM research and
development in AM of ceramics [77,109,270,283,308]. Select
biomaterial scaffolds of ceramic in polymer require no sintering
or post treatment and are effectively available for use immediately
after fabrication [93,200,276,313]. Much like the biopolymer
composites, the bioceramic composites are particulates blended
for homogeneity and then consolidated via selective laser sintering
(SLS) or some other AM process.

Binder jetting may also be used to produce other ceramic matrix
composites. Binder jetting allows for dimensional accuracy and
complex geometry; overhangs, arches, and cellular structures are
possible due the support of the powder bed. Conventionally
manufactured composites of silicon carbide or SiC reinforced
composites require post processing to introduce carbonaceous
feedstock or molten silicon for a reaction bonded SiC. Via binder
jetting and preparation of the powder bed composition, the
fabrication of Si-SiC composites has been demonstrated. These
composite structures are sintered to near net-shape. The ability to
create a composite preform allows a high degree of control of the
final sintered ceramic composite [111].

The application of ceramic suspensions provides a better
solution for controlled processing of dense components where
traditional processing knowledge can be applied. Advances have
been made to consolidate opaque suspensions in stereolithogra-
phy [346]. High solids loading suspensions using UV curable
polymer surfactants were demonstrated on alumina/zinc oxide
(Al,03/Zn0O) composites [75].

A unique AM process that combines ceramic sol-gel processing
and SLS is selective laser gelation (SLG). Effectively the same
mechanical process as SLS, SLG utilizes the gelation of a sol to
entrap suspended particles in a matrix. This technique capitalizes
on the use of gelation so, unlike SLS, it requires less energy for
consolidation. Also, the gelation mechanism allows flexibility and
application to slurries; one such example is silica sol with
embedded stainless steel [201].

Material jetting is a likely AM technology for further composite
fabrication, such as the work in [262] that produced dielectric
ceramic and metal electrodes. This application is capable of
producing high resolution microstructures using discrete nozzles
to deposit different ink composition. However, due to the low
deposition rate of the extrudate (300 nL/s), fabrication may take
many hours to complete parts in the mesoscale. The control of
material jetting colloidal ink feedstock allows for shear thinning to
enable deposition of a cellular structure. Spanning gaps without
contact between layers prevents electrical performance degrada-
tion while ensuring rigid deposition of the serpentine design,
shown in Fig. 15.

The freeze-form extrusion fabrication (FEF) process for ceramic
additive manufacturing has also been developed for graded
compositions from alumina (Al,03) to zirconia (ZrO,) [184] and
extended the application to FGMs from tungsten (W) to zirconium
carbide (ZrC) [191]. The deposition of high solids loading ceramic
pastes for the FEF process has many sensitivities, as shown in
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Fig. 15. (a) Application of Direct Writing to fabricate Ni-BaTiO3 dielectrics (b) cross
section of a specimen terminal [262].

Fig. 16. SEM images of the cross-sectional microstructure of (a). 62.5%ZrC + 37.5%W,
FEF fabricated, (b). 87.5%ZrC + 12.5%W, FEF fabricated, (c). 50%ZrC + 50%W, FEF
fabricated; (d). 50%ZrC + 50%W, isostatic pressed [191].

Fig. 16a and b, which show striations due to improper mixing. The
ZrC rich phase is the darker area, while the W rich phase is the
lighter area. Defects such as porosity and heterogeneous distribu-
tion of phases in the FEF-FGM represent an area of continual study
to improve mechanical properties of fabricated specimens. A 50/50
ratio of ZrC/W was fabricated using FEF which yielded a
microstructure comparable to traditional pressing methods,
Fig. 16c and d. However, mechanical properties of the FEF flexural
samples are still considerably lower, averaging 73-31 MPa across
the sample with increasing W content. This compares to the
isostatic sample, averaging 224-404 MPa with increasing W
content.

4. Materials issues in additive manufacturing
4.1. Binding mechanisms

AM processes are only possible through an efficient binding of
additive layers. The binding technique determines the process
speed and the part properties. The binding might be classified into
4 categories, as schematically shown in Fig. 17. They include i)
secondary phase assisted binding, ii) chemically induced binding,
iii) solid state sintering and iv) liquid fusion.

[ Binding mechanisms/techniques ]

¥
1. Secondary phase
assisted binding

1.1 Adhesive additives >|2.1 Reactive binding|

1.2 Evaporation and —)‘ 2.2 Polymerization
hydration binding

1.3.2 Post-process

Fig. 17. Overview of binding mechanisms/techniques enabling AM processes.
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4.1.1. Secondary phase assisted binding

Many AM processes (e.g., binder jetting, SLS, sheet lamination,
etc.) use a secondary phase to bind the materials together.
Secondary binding phases (in the forms of liquids, powders,
coatings, etc.) can be added using different techniques such as
mixing, coating, nozzle injection, etc. The binding is accomplished
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through adhesive additives, evaporation and hydration binding, or
liquid phase sintering (LPS).

4.1.1.1. Adhesive additives. During binder jetting, adhesive materi-
als can be incorporated in the main material by embedding into the
powder bed or addition through automated nozzles. The adhesive
binder can be liquid or dry. A liquid binder (such as some polymer
resins and inks in inkjet printing technology) contains all the
binding components in the printed liquid. In comparison, dry
adhesive can be added to the powder bed which binds the powder
(physically or chemically) after interacting with the deposited
liquid. Coatings of polyvinylpyrrolidone (a water-soluble polymer
binder) on the powder particles chemically binds powders after
being exposed to a solvent such as water [45,287,288]. Adhesive
coatings are also commonly used in sheet lamination techniques
where the sheet layers are bonded together after applying heat
and/or pressure [314].

4.1.1.2. Evaporation-assisted and hydration-activated binding. A
common concern with binder additives is the binder residue that
may affect purity and properties of final parts. There are, however,
volatile binders that can be evaporated after binding, leaving little
or no residue. For example, chloroform can bind some biodegrad-
able polyesters and then evaporate during the 3D printing process.
The main drawback is the need for a post-processing treatment to
improve the part strength [240,287]. Hydration-activated binding
is another powder binder jetting technique that uses a simple
liquid (e.g., water) to selectively bind the self-binding powder bed
(such as plasters and cements). In this method, no adhesive is
required since hydration is sufficient to activate the setting
reactions.

4.1.1.3. Liquid phase sintering (LPS). This category applies to
powder bed fusion AM processes that use a melt/liquid of a
secondary phase to bind the primary matrix material (usually high
melting point metals or ceramics). According to this mechanism,
the secondary phase should have a low melting point and a good
wettability with the higher melting point powder material (which
remains solid during the process). This mechanism is applicable to
material systems such as stainless steel bound by copper [174] (see
Fig. 18), glass bound by PA12 [57,174], or WC bound by Co
[176,179,207], but it may lead to porosity. Further densification is
however possible through a post-process infiltration route (which
is also a LPS mechanism), either by using a similar (e.g., infiltration
of SiC-Si system with molten Si [217]—Fig. 19) or a dissimilar liquid
melt material (such as infiltration of WC-Co system with a molten
bronze [179,207]).
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Fig. 18. Porous LPS stainless steel skeleton bound by Cu [173].
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Fig. 19. LPS resulted dense microstructure of a SLS made part from Si-SiC after
infiltration by Si [217].

4.1.2. Chemically induced binding

Some AM processes (such as vat photopolymerization process-
es, material jetting, etc.) use the chemical reactivity of material
constituents to bind the layered material without the use of any
secondary phases. This so-called chemically induced binding can
be divided into reactive binding and polymerization.

4.1.2.1. Reactive binding. This mechanism involves the use of
thermally activated chemical reactions between two types of
powders or between powders and atmospheric gases to form a by-
product which binds the powders together. Aluminum can react
with the N, atmosphere used commonly in SLS machines, creating
an AIN phase binding the Al particles [116,173,258].

4.1.2.2. Polymerization. Polymerization, discussed in Section 3.1.2,
is crosslinking of a photo-curable resin, which hardens/sets the
material. This process is also applicable to some ceramic powders
suspended in a liquid resin [132,214,266].

4.1.3. Solid state sintering

Solid state sintering (SSS) is a solid diffusion binding mecha-
nism. However, solid state sintering is mostly applied as a post-
processing technique, e.g., furnace post-sintering to densify porous
ceramics after removing/debinding the polymer binder.

4.14. Liquid fusion

Most AM processes (material extrusion, material jetting,
directed energy deposition and powder bed fusion) use a liquid
fusion binding mechanism. Liquid fusion is a rapid mass transport
mechanism that may include low-viscosity flow in polymers and
melting in metals.

4.1.4.1. Low-viscosity flow. This mechanism is commonplace in
plastics where, via viscous flow, a heated plastic is fused to the
previous layer upon deposition. Examples include heated thermo-
plastic filament or chocolate in material extrusion such as fused
deposition modeling (FDM) and chocolate printing, wax material
droplets deposited in materials jetting, or laser heated polymers in
powder bed fusion processes such as SLS.

4.1.4.2. Melting. Melting (including partial melting and full melt-
ing) is another diffusion based mechanism that enables rapid
fusion of metallic materials upon exposure to an intensive heat
source such as a laser or electron beam. This mechanism can
achieve completely dense metals from single materials. As a result,
melting is the main AM approach to manufacture metal parts in
directed energy deposition and powder bed fusion [173,174].

4.2. Defects in additive manufactured parts

4.2.1. Balling phenomenon

Balling was first reported for AM in 1992 [40] and is in fact a
phenomenon that causes several physical defects such as porosity,
micro-cracks or poor surface finish [197,285]. It occurs when the
liquid material fails to wet the underlying substrate (due to the
surface tension), spheroidizing the liquid due to Rayleigh Taylor
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Fig. 20. Balling phenomenon at low laser power in SLM of 316L stainless steel.
Shown is the top surface of the powder bed with a single vertical laser scan at
indicated laser powers. Scan speed was 200 mm/s [197].
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instability [58]. This results in a rough and bead-shaped scan track
(e.g., in powder bed laser fusion processes), increasing the surface
roughness and increasing the porosity, Fig. 20. Since contamina-
tions can reduce the wetting degree, it is very important to
prevent/minimize oxidation films and contamination [170,173].

4.2.2. Porosity

Porosity is a common defect in AM products since most of the
binding mechanisms are driven by temperature changes, gravity
and capillary forces without applying external pressure. As shown
in Fig. 21, porosity can be found as irregular pores (e.g., due to
shrinkage, lack of binding/fusion/melting, or material feed
shortage, often occurring at the border of molten tracks) and
spherical pores (commonly due to trapped gas, Marangoni
turbulences in the melt region, material evaporation, etc., often
occurring within the molten tracks).

Fig. 21. Porosity from (a) lack of melting in EBM of Ti6Al4V [245], (b) gas in SLM of
AlSi10Mg [310], and (c) lack of fusion and evaporation in SLS of a polymer elastomer
(source KU Leuven).

4.2.3. Cracks

Cracking is a serious problem in AM materials forming due to
several reasons. For example, laser based AM metal-based
processes (laser cladding, SLM, etc.) are known to introduce large
amounts of thermal stresses, originating from the rapid shrinkage
of the melt pool and/or high temperature gradients in the solid
material. Some examples of the cracks formed in AM materials are
shown in Fig. 22. Obviously, materials with lower resistance to
thermal shock (cf, ceramics [311] or brittle metals [302]) are more
susceptible to crack formation. Compositional segregation and
drying and shrinking of binder material are other factors that may
give a rise to cracking [147,170,171,215,233].
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Fig. 22. Cracks in (a) SLM produced Hastelloy C276 metal superalloy [302], (b)
alumina ceramic piece made by SLS/SLM without preheating [81], and (c) ethanol-
alumina suspension infiltrated alumina produced by indirect SLS (cracks are formed
within infiltrated regions) [82].

4.2.4. Distortion and delamination

Distortion/warpage/deflection is a defect that can originate
from the stresses caused by changes in material volume (e.g.,
shrinkage of polymerization in stereolithography [152] or contrac-
tion of heated plastic filament extruded in FDM [305]) or large
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Fig. 23. (a) Experimental and simulation of distortion in a steel based SLM material
[192] and (b) delamination in stainless steel SLM parts made along inert gas flow
circulation (stimulating a larger thermal gradient) [68].

thermal gradients within parts [215]. In extreme cases, deflection
may induce delamination, splitting the parts. This depends on the
material characteristics, processing parameters and approaches
[70]. Examples of distortion and delamination in SLM parts are
shown in Fig. 23.

4.2.5. Poor surface finish

Poor surface finish is another concern in AM parts. It originates
from different factors such as the ‘staircase’ effect associated with
layer thickness and building orientation, coarse deposit beads (e.g.,
coarse filament in FDM or large extruded chocolate beads in
chocolate printers), low tool precision (e.g., large electron beam
heat affected field in EBM), surface tension and balling (as common
in powder bed fusion methods), or semi-melted powders (e.g.,
powder and support material attached to down-facing surfaces in
SLM). Poor surface finish can even be caused by aging of the used
material, e.g., the extensively used polyamide powders in SLS may
lead to poor surface quality appearing as an orange peel surface.
Although surface roughness can be improved using a smaller
deposit bead (or powder) and reduced layer thickness, this practice
may reduce the production rate. Poor surface finish of complex AM
components may necessitate post AM treatments such as grit
blasting, mechanical grinding, laser polishing, chemical etching,
etc., increasing the production cost [69,104,148,236,255,269].

4.2.6. Chemical degradation and oxidation

In many AM processes (especially those subjected to a high
temperature), atmospheric conditions (such as oxygen content,
humidity, etc.) must be strictly controlled. This is to prevent/
minimize degradation and oxidation. Degradation/oxidation may
lead to depolymerization in AM of polymers or result in oxide
films/inclusions in AM of metals, harming the physical and
mechanical properties. In addition to the atmospheric conditions,
processing parameters such as higher energy input or working
temperature can also increase chemical degradation and oxidation
[92,173,317]. For example, higher laser energies in SLS of some
polymers may lead to an unwanted smoking from degradation and
depolymerization of the products (Fig. 24), reducing the mechani-
cal properties [71].

Fig. 24. Smoke during SLS of a polymer elastomer processed using a high energy
input (Source: KU Leuven).

5. Properties of AM parts
5.1. Mechanical properties of AM parts

The nature of the interface between layers and, for powder-
based AM processes, individual particles, affects mechanical
properties. For example, in polymeric material extrusion, the
deposited bead of material has good mechanical properties, but the
interface between beads is compromised because the long-chain
polymer molecules lie parallel to the interface rather than crossing
it. The same is true for polymer laser sintering respecting both the
layer interface and particle-to-particle interfaces. This is the reason
that laser sintered polyamide has a maximum elongation of about
60% compared to injection molding where ductilities exceeding
300% are obtained [181].

The primary effect of porosity is to lower the stress at which fast
fracture occurs. For ceramics, it widens the probability distribution
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Fig. 25. Overlapping tension test results for laser sintered polyamide with varying
amounts of engineered porosity [182].

for fracture (i.e., decreases the Weibull modulus). Fig. 25 shows
overlapping stress-strain curves for laser sintered polyamide
samples with varying amounts of engineered porosity ranging
between 0-40% [182]. Ductility and strength both increase as the
porosity decreases. For high porosity samples, the fracture stress
was below the yield strength and elongation measured as strain
was also low. As the porosity was reduced, the strength increased
significantly, approaching the yield strength. However, due to the
steep slope of the elastic portion of the stress-strain curve, the
strain to fracture remained low, less than 10%. For residual porosity
in the 10-15% range, the fracture stress fell above the yield strength
and below the tensile strength, resulting in a modest amount of
measureable plasticity between 10-30%. When the porosity fell
below about 5%, full ductility of 50-60% was restored.

In general, face-centered-cubic nonferrous metals (e.g., lead
and copper) are most defect-tolerant, followed by ferrous and
other nonferrous metals, polymers, elastomers, natural materials
and finally ceramics. Mechanical properties have varying degrees
of dependence on defect structures present. From most defect
tolerant to least defect tolerant, in general, are stiffness, strength/
hardness, ductility, fatigue and fracture.

Post-processing may be used to mitigate or eliminate defect
structures in AM parts. Standard practice for safety-critical metal
parts is to hot isostatic press (HIP) [25,26]. HIP may not be effective
for elimination of interlayer defects depending on their nature. For
example, oxide layers may not be affected by HIP. HIP has the
capability effectively to eliminate porosity.

5.1.1. Strength

The yield and ultimate tensile strengths in additively manu-
factured metals are typically equal to, or greater than, the strength
of their cast, wrought, or annealed counterparts (e.g., Refs.
[34,127]). This is due to the rapid solidification of the melt pool
during AM processing, which results in fine microstructural
features, including fine grains, or closely-spaced dendrites.

Classical Hall-Petch grain size strengthening [129,238]
describes the relationship between the yield strength of a material
and the average grain diameter. With decreasing grain size, or fine
microstructural features interrupting dislocation motion, the yield
strength of a material increases. The fine microstructural features
in metals made by AM impede dislocation motion, resulting in
higher yield strengths than their conventionally processed and
annealed counterparts.

Often, yield and ultimate tensile strengths in additively
manufactured materials are not strongly anisotropic, with average
strength values in the build (transverse) and longitudinal
directions within statistical variation (e.g., Refs. [34,47,127,307]).
However, when epitaxial growth of grains occurs during solidifi-
cation (Fig. 7a), elongated grains may grow in the build direction,
and the microstructure may be textured, or exhibit preferred
crystallographic orientations. For example in Ti-6Al-4V, growth
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Fig. 26. Ultimate tensile strength versus ductility for Ti-6Al-4V fabricated by DED
and PBF in as-deposited and heat treated conditions compared with data for cast
and mill-annealed Ti-6Al-4V. The data show a general tradeoff between strength
and ductility, and that heat treatment generally leads to reduction of strength and
increase in ductility [34].

occurs along the [100] direction of the high temperature body-
centered cubic beta-phase. However, upon cooling below the beta-
transus of 980 °C, the prior-beta grains transform to hexagonal
close-packed alpha laths. As there are 12 variants for this
transformation, the resulting alpha-lath structure has been found
to not be textured, and therefore, the texture itself does not impact
mechanical properties [11,19,47,166,260].

When comparing ultimate tensile strengths in as-deposited Ti-
6A1-4V made by DED and PFB, the strengths achieved by both
methods, using a range of laser power and scanning speeds, are
relatively similar as shown in Fig. 26.

These materials can be heat treated to homogenize the
microstructure, or recrystallize and coarsen the grains, which
results in a decrease in yield and ultimate tensile strengths, as
shown in Fig. 26. Additionally, if the strength is limited by
significant gas entrapment porosity or lack-of-fusion defects, HIP
can be used to close and ‘heal’ the internal pores and defects in the
samples, resulting in an increase in ductility [34].

The strength in polymeric materials made by AM may be
impacted by defects, or insufficient interlayer adhesion and
molecular bonding, which would result in higher strengths parallel
to continuous laser passes or filament deposition lines and lower
strengths perpendicular to these features. In a study on laser
sintered polyamide 11, it was demonstrated that the tensile and
yield strengths showed no direction dependence and were
equivalent (within scatter) in the build direction and two in-plane
directions as shown in Fig. 27.

Ceramics are intrinsically brittle due to the directional nature of
the ionic and covalent bonding which prevents classical disloca-
tion motion. Strength is generally assessed using three-or four-
point bend testing [22,23] and is strongly dependent on defects
whose size and shape are statistically variant. The strength of
ceramics follows Weibull statistics [309]. High Weibull moduli are
desirable, as this results in a narrow range of stress over which
most parts will fail. Fig. 28 shows a Weibull plot for silicon nitride
parts which were material extruded after compounding with a
proprietary binder [61]. Some parts after binder burnout had large
residual porosity with pore size exceeding 100 wm. The Weibull
modulus for these specimens was 4.2. Removing the large pores
through improvements to the process including redesigning the
flow nozzle resulted in an increase in Weibull modulus to 15.1.

AM ceramics for which Weibull statistics have been applied
include extrusion freeform fabrication of alumina [141] and
alumino-silicates [202], fused deposition of ceramics silicon
nitride [61], vat polymerization of silicon nitride [293], laminated
object manufacturing of silicon carbide [163] and 3D printing of
calcium phosphate [50] and alumina [234].
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Fig. 27. Yield strength, ultimate tensile strength, and elongation in the build
direction (Z), and two in-plane directions (X and Y) for laser sintered polyamide 11
(3851 tests, commercial builds). The data show that the yield and ultimate tensile
strengths are largely unaffected by testing direction, whereas ductility in the Z
direction is nearly 50% lower than in the X and Y direction [37].
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Fig. 28. Weibull statistics for material extruded silicon nitride after binder burnout.
Specimens with large pores exhibited a low Weibull modulus [61].

5.1.2. Stiffness

The elastic modulus, or stiffness, of a material is decreased by
porosity, as pores contribute no stiffness to the component.
Empirical studies by Wachtman and MacKenzie [206] on the
impact of pores on the elastic modulus E of porous ceramics have
shown that the modulus decreases polynomially with respect to
the modulus Ey of the same fully dense ceramic. Thus, a major
concern for ceramics in AM is the ability to produce monolithic
components with little to no voids or cracks [346].

Additionally, work on cast steel by Bert [36] has been performed
to describe the relationship between the elastic modulus and the
shape and size of pores. Hardin et al. [133] described the elastic
modulus of cast steel as:

()
Eo Po
where n is an empirical exponent, and pg is the largest porosity at
which a uniform porosity can exist in a representative volume
element, and serves as a cutoff value that gives zero stiffness. Both
nand po depend on the size and shape of the microstructural pores,
Fig. 29 [36].

While the elastic modulus in AM metals is not frequently
reported, researchers have shown that with 97-99.7% relative

density, the elastic modulus of Ti-6Al-4V made by PBF ranges from
80-94% of the 118 GPa modulus of bulk Ti-6Al-4V [291].
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Fig. 29. Modulus of porous material normalized by modulus of fully dense material
as a function of pore volume fraction [36,206].

5.1.3. Ductility

The ductility of materials made by AM is largely limited by
internal defects, such as gas entrapment porosity (Fig. 21) or lack-
of-fusion defects in metals (Fig. 30), insufficient interlayer
adhesion in polymers, and cracks introduced during sintering of
ceramic components.

Internal defects and surface roughness in as-deposited compo-
nents provide discontinuous surfaces and therefore locations for
stress concentrations under loading. These stress concentrations
limit the far-field stress that can be applied to the material before it
fails. In metallic materials, lack-of-fusion results in long sharp
pores, which locally amplify the stress in components. In addition,
the fine microstructural features due to rapid solidification lead to
increased strength but reduced ductility due to limited dislocation
motion, Fig. 26. This combination of internal defects and fine
microstructure results in lower tensile failure strain in AM
titanium and steel alloys compared to their wrought or annealed
counterparts [12,18,47,76,88,90,96,103,122,124,137,139,140,153,167,
187,205,222,246,296,301,307,322,329,336,338].

In addition, the epitaxial growth of grains in AM (Figs. 7 a and 31
a), resulting in elongated anisotropic grains, can result in limited
ductility perpendicular to the build direction. For example, in Ti-
6AIl-4V made by DED, it was shown that grain-boundary alpha can
be found decorating the prior-beta grain boundaries, resulting in a
preferential crack path serving to separate grains when applying
tension in the longitudinal direction, and therefore a reduced
ductility, Fig. 31. Tension in the build (transverse) direction is not
impacted negatively by the grain boundary phase [47].

In polymeric materials, insufficient molecular bonding between
layers and inter-layer porosity results in delamination during
loading in the build direction. Leigh et al., [182] showed that
elongation to failure could be described in terms of porosity using
an approach for sintered metals [134]:

& _ (1-p?*?
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Fig. 30. Fracture surfaces of Ti-6Al-4V tensile samples made by PBF and tested in
the (a) longitudinal direction, and (b) transverse (build) direction exposing lack-of-
fusion defects [296].
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Fig. 31. Optical images of Ti—-6A1-4V made by DED AM where the build direction is
horizontal: (a) broken tensile sample where vertical lines correspond to subsequent
layers and large prior beta grains grow in the build direction, (b) inset in (a), and (c¢)
inset in (b) showing grain boundary alpha between prior beta grains [47].
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Fig. 32. Elongation versus relative porosity for laser sintered polyamide 12 [182].

where ¢, and ¢, are ductilities with porosity p and full density,
respectively and C is a constant, as shown in Fig. 32.

5.1.4. Toughness

Fulcher et al. and Kempen et al. studied the impact toughness of
two aluminum alloys made by PBF: AlSil0Mg and AI6061
[112,155]. Standard 10 mm square cross section specimens were
tested. Fulcher et al. found that the impact toughness in AlSi10Mg
was isotropic, with a value of 0.04 J/mm? in the longitudinal and
transverse directions, which can be attributed to the relatively
equiaxed grains characteristic of builds in this material. However,
the impact energy was anisotropic in Al 6061, with an impact
energy of 0.015 J/mm? in the horizontal direction (fracture along
the build direction), and 0.07 J/mm? in the vertical direction
(fracture along the layer direction). The micrographs of this
material reveal a columnar grain growth along the build direction,
which provides a preferential crack path along the build direction,
resulting in significantly lower impact energy in that configuration
[112]. The similar fracture surfaces in AISi10Mg from the two
orientations confirms that there is no change in fracture
mechanism or path, while the fracture surfaces of Al 6061 show
a stark difference between directions, as shown in Fig. 33.

Niino and Uehara studied the impact toughness of PEEK and
polyamide produced using laser sintering [228]. They found that
the Izod notched impact energy was 2.36 kJ/m? for laser sintered
polyamide, compared to 9 k]/m? for injection molded polyamide.
As they also reported lower yield stresses in PEEK and polyamide
made by laser sintering as compared with injection molded, it is
postulated that insufficient bonding between layers during laser
sintering resulted in weakened interfaces, and therefore lower
strength and impact resistance in these materials.

AlSil0Mg

AlSi10Mg

Fig. 33. Fracture surfaces of Al-alloy Charpy specimens made by PBF AM, showing
the lack of direction-dependent fracture surfaces in AlSi10Mg contrasted with
fracture surfaces in Al 6061 that are strongly direction-dependent [112].

5.1.5. Fatigue

Rapid solidification from the melt in AM results in residual
stress buildup due to shrinkage as the molten pool becomes solid
as well as additional thermal contraction during cooling. Both lead
to significant buildup of residual stresses in components made by
AM (e.g., Ref. [86]). In addition to resulting in warpage of
components, these residual stresses can drive crack nucleation
and growth in components.

A review on fatigue comparing stress-fatigue life curves for
conventionally processed and additively manufactured Ti-6Al-4V
is given in Ref. [196]. A summary plot is shown in Fig. 34. This
review revealed the following general trends:

800

100

50
1E3 1E4 1E5 1E6 1E7 1E8

Cycles to Failure

Edwards & Ramulu - 2014 - no treatment - as-built surface - R=-0.2
Edwards & Ramulu - 2014 - no treatment - machined surface - R=-0.2
Xu et al. - 2015 - - no treatment - machined surface - martensitic - R=0.1
Xu et al. - 2015 - no treatment - machined surface - lamellar - R=0.1
Wycisk et al. - 2014 - 3h at 650C - as-built surface - R=0.1

Rafi et al. - 2013 - 4h at 650C - machined surface - R=0.1

Wycisk et al. - 2014 - 3h at 650C - machined surface - R=0.1

Wycisk et al. - 2013 - 3h at 650C - shotpeened surface - R=0.1
Hooerweder et al. - 2012 - 4h at 650C - EDM surface - R=0

Gong et al. - 2012 - 4h at 650C - sand blasted surface - R=0.1
Rekedal et al. - 2015 - 2h 899C HIP - as-built surface - R=0.1

Leuders et al.- 2014 - 4h HIP at 1050C - machined surface - R=-1
Rekedal et al. - 2015 - 2h at 899C HIP - EDM surface - R=0.1

Leuders et al. - 2014 - 2h HIP at 920C - machined surface - R=-1
Leuders et al. - 2014 - 2h at 800C - machined surface - R=-1
Kasperovich & Hausmann - 2015 - 2h HIP at S00C - machined surface - R=-1
Leuders et al. - 2014 - 2014 - no treatment - machined surface - R=-1
Leuders et al. - 2013 - no treatment - machined surface - R=-1

W Leuders et al. - 2013 - 2h at 1050C - machined surface - R=-1
© Leuders et al. - 2013 - 2h at 800C - machined surface - R=-1
= Edwards et al. - 2014 - no treatment - as-built surface
Wycisk et al.- 2014 - 3h at 650C - as-built surface

=== Liu et al. - 2014 - no treatment - machined surface

e Rafi €t al. - 2013 - 4h at 650C - machined surface

----- MMPDS - 2010 - wrought - annealed - machined surface - R=0.01

= = «MMPDS - 2010 - wrought - aged - machined surface - R=0.1
w= + MMPDS - 2010- 0.5 inch casting - machined surface - R=0.1
== =MMPDS - 2010 - 3 inch casting - machined surface - R=0.1
s Leuders et al. - 2014 - 4h HIP at 1050C - machined surface

Eprpoeomreoemeocomrnome ®

Fig. 34. Fatigue-life curves for Ti-6Al-4V made by laser PBF with and without heat
treatment and surface machining for R ~ 0 and R = —1[196]. Requals the ratio of the
minimum stress to the maximum stress during cyclic loading.
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e The rough surfaces in as-deposited AM samples provided stress
concentrations, resulting in accelerated crack nucleation and
growth, and reduced fatigue performance compared to ma-
chined versions of the same samples

e Heat treatment without pressure relieved residual stresses and
improved fatigue life

e Heat treatment with pressure closed pores and improved fatigue
life

Leuders and co-workers highlighted the importance of residual
stress and microstructural morphology on the fatigue properties of
Ti-6Al-4V made by PBF [ 187]. They performed fatigue crack growth
testing on Ti-6Al-4V made by PBF AM with and without heat
treatment at 800 °C and 1050 °C, and hot isostatic pressing (HIP) at
920 °C and 1000 bar. They showed that the as-deposited samples,
which contained residual stresses, had lower AKy, required for
crack growth, compared to heat treated and HIP samples. They
postulated that pores in the samples had a less significant impact
on AKy, or crack growth, than the residual stresses, as all heat
treated and HIP samples had similar AKg,. However, they showed
that pores and microstructural morphology have a significant
impact on the high cycle fatigue performance, or the crack
initiation.

Limited work has been performed to assess the fatigue
performance in polymers made by AM. Ziemian et al. studied
the fatigue behavior of ABS made by FDM AM, specifically
investigating the dependence of fatigue properties on hatch
orientation as well as sample orientation [344]. They showed that
for unidirectional samples, the fatigue life was shortest when
applying tension perpendicular to the deposition direction, and
longest when applying tension along the direction of the road
paths. A higher fatigue life was achieved with samples fabricated
using +45°/—45° hatch pattern with respect to the tensile loading
direction. This points to the importance of delamination between
deposits as well as the alignment of polymer chains along the
deposition direction, resulting in the most resistance to failure
along the deposition direction, and the least when serving to
separate deposits.

Moore and Williams studied the fatigue performance of the
rubber-like TangoBlackPlus, as well as the interface between this
rubbery material and the stiffer VeroWhitePlus in the Object
Polyjet 3D printing system [219]. They showed that the interface
between the two disparate materials had more scatter in terms of
fatigue life, but not a lower fatigue life than the monolithic
TangoBlackPlus itself.

5.2. Optical properties

The predominance of additive manufacturing (AM) literature
dealing with optical properties centers on transparency. Vat
polymerization has for some time had commercial transparent
materials available. Material jetting technologies also have various
commercial grades of transparent materials. Other processes such
as Rapid freeze prototyping are naturally amenable to production
of transparent parts in ice [337]. A DED approach has been
developed by which transparent quartz parts were produced using
a filament side-feed mechanism into a laser power source
[204]. The issue with other AM technologies including ink-jet
printing, laser sintering and fused deposition modeling, is avoiding
internal reflections from surfaces which impede transparency.

Niino at the University of Tokyo was among the first to explore
use of refractive index matched infiltrants to produce transparent
laser sintered parts, Fig. 35 [229,230]. Suwanprateeb and
Suwanpreuk produced transparent ink-jet printed parts by mixing
polymethyl methacrylate (PMMA) powders with maltodextrin
binders followed by infiltration with a heat-curing acrylic [271]. It
showed the maximum transmittance (25-30%) was achieved at
binder with 10% PMMA. Binder elimination prior to infiltration was
an essential step in increasing the transmittance, without which
the sample transmittance only increased 1%. This is related to the

Fig. 35. CastformTM polystyrene as-laser sintered (left, n=1.588) and after
infiltration with index-of-refraction (n) matching ultraviolet curing epoxy
(n=1.582), right [229].

decrease in porosity from infiltration and a generation of strong
interfacial bonding between PMMA particles and the acrylate
infiltrant material.

Ahn et al. [7] analyzed two post-processing techniques to
increase the optical transmittance of the part made of ABSi by
fused deposition modeling (FDM). ABSi is Stratasys’ medical grade
thermoplastic ABS. The effect of raised temperature and infiltration
of resin in post-processing were studied. The best elevation
temperature was 180 °C where transmittance increased by 10%.
Resin infiltration followed by surface sanding was the optimal post
processing; transmittance increased by 16%.

Optically translucent parts made using vat polymerization have
been used in the biomedical field to produce 3D biodegradeable
scaffolds for bone ingrowth [64] and to develop biomodels for
cranioplasty [67]. Suwanprateeb and Suwanpreuk [271] fabricated
DSM 11120 resin sheet using SL system RS 3500 as a comparison to
a specimen made using PMMA with binder jetting. They found SL
parts had 20% higher transmittance and 1000 MPa lower flexural
modulus compared to the PMMA part.

Optically translucent parts termed lithophanes rely on the
optical properties of the feedstock for service performance [332-
335]. A lithophane, illustrated in Fig. 36, is a typically flat
representation of an image designed to be backlit and based on
varying the part thickness to generate variations in grayscale. The
physical basis for varying grayscale with local part thickness is
described by absorption of visible light as it passes through a solid
medium (Beer-Lambert Equation, cf., [332]).

Lithophanes have been successfully created using laser sintered
polyamide 12 [332-335], stereolithographic white resin Proto-
GenTM O-XT 18420, [334] and material-extrusion polylactic acid.
Stereolithography produces higher resolution images than laser
sintering or material extrusion, but due to a low absorption constant
for the stereolithography resin investigated, the lithophane contrast
was not as good as that for laser sintered polyamide.

For laser sintered polyamide, the maximum lithophane
thickness is about 5 mm, based on the absorption characteristics
of the polymer. For parts built in the XY plane [144], the local part
thickness is defined by the number of layers. At a standard 100 wm
layer thickness, the total number of layers is at most approximately
50 layers, which results in only 50 levels of grayscale. Parts built
vertically in the XZ plane have significantly better quality, although
the build time is lengthened by an order of magnitude or more

Fig. 36. Front-lit and backlit images of a polyamide 12 lithophane created using laser
sintering. The part is 10.2 cm wide, 14.5 cm tall with maximum thickness of 0.5 cm.
The Z direction is vertical [335].
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[335]. The lithophane backlit image quality was improved for laser
sintered polyamide by the following factors: build orientation on
edge, 5mm maximum lithophane thickness, monochromatic
540 nm light (green), absorption constant « equal to approxi-
mately 0.5 mm~! [335].

5.3. Electrical properties

The electrical properties of materials are affected by the
manufacturing process, since this impacts the final microstructure
of the material. Microstructural effects on electrical properties are
associated with the mobility of a conducting species, generally
electrons. For AM polymers, interest in electrical properties is
generally either to maintain the intrinsic electrical insulating
characteristic or to use additives to increase electrical conductivity.
To a first approximation, AM ceramic and metal parts exhibit
electrical behavior similar to traditional manufacturing methods
so long as the effect of residual porosity is managed. The porosity
effect may be approximated using a conventional empirical
formula [114].

Polymer insulating characteristics are measured in terms of the
dielectric strength or dielectric constant. Using ASTM D3755 [24],
the dielectric strength of LS polyamide 12 has been measured to be
30 kV/mm which is consistent with the injection molded value
[284]. The dielectric strength drops to 7 kV/mm for high-speed
sintering due to the introduction of carbon particles designed to
couple to the heat source during manufacturing. The dielectric
constant decreased with increasing AC frequency. At 100 Hz, LS
polyamide 12 had a dielectric constant of 2.5, compared to 3.5 for
high-speed sintering and 3-4 for injection molded material
[284]. The electrical dissipation factor was constant between
10-1000 Hz and was measured to be 0.025 (LS), 0.04 (high-speed
sintering) and 0.03-0.08 (injection molding). The dielectric con-
stants and loss factors have been measured for material jetting
[94]. The dielectric constant for three photopolymers (Vero White,
Tango Black, Shore 95) was approximately 3. The loss tangent for
Vero White was measured to be 0.0285 at 1.5 GHz. Peterkin et al.,
have studied the dielectric strength of stereolithography parts [239].

Improvements to AM polymer electrical conductivity are
accomplished by additions of conductive media, typically carbon.
Additions of 4% nanosized carbon black to polyamide 12 increased
the electrical conductivity from 4 x 107°S/cm to 10~*S/cm
[27]. Similar results were obtained when 5% carbon multiwalled
nanotubes were mixed in polyamide 11 [178], for which electrical
conductivity improved from 10~'! to 10~*S/cm by altering the
mixing and distribution of the nanotubes within the polymer.

The electrical conductivity of LS graphite with a transient
phenolic binder was improved by increasing the post-processing
polymer burn-out temperature from near 0 S/cm (600 °C) to 250 S/
cm (1300°C) [10]. A LS natural graphite sample had 400 S/cm
[274]. In both studies, additions of carbon fibers reduced the
electrical conductivity, which was consistent with the lower
intrinsic conductivity of the fibers (300S/cm) compared to
graphite (1000 S/cm) [39].

LiO,-Zr0,-SiO0,-Al;,03 (LZSA) has been tape cast and sheet
laminated using Laminated Object Manufacturing. The dielectric
constant was 8.6 with a loss tangent equal to 0.004 [118].

Additive manufacturing has been used for production of both
metal [16,17] and plastic [20] based electrodes for electric
discharge machining (EDM). Laser melting was used to produce
a TiB,-CuNi composite with 25% porosity and electrical conduc-
tivity of 1.938 S/cm [17]. EDM electrodes were also produced in
63Mo0-37(90Cu-10Ni) premixed powder by laser melting [16]. EDM
results showed that the Mo composite removes material twice as
fast as solid copper electrodes and with only 10% of the tool wear.

6. Future outlook for materials in additive manufacturing

Future developments are set to facilitate the progression of AM
technologies toward competing favorably with established pro-

duction technologies but also allowing new design freedoms as a
function of materials supply. This is also set to complement the
geometric capabilities of AM.

6.1. Enhanced material performance

Enhancing materials performance and suitability for AM
processes will remain a key research area. Reliability, traceability
and the specific development of materials which have comparable
properties to ‘bulk’ equivalents but are optimized to AM processes
have formed the basis of significant levels of research.

For example, aluminum alloys require significant materials
redesign to be processed effectively. Efforts have been made to
understand these facets following Abe et al.’s exploration of the
problem [1]. Louvis et al. [203] performed fundamental analysis of
an AlSi12Mg alloy and 6061. Poor metallurgy is often compounded
with morphological defects associated with powder bed processes
which are shown clearly to be characteristic of process as well as
material and are as such not random [8,275].

Early adopters of metal based AM have been high value markets,
as the associated cost is currently relatively high. Poor machin-
ability of these materials creates an opportunity for AM processes
[87]. For example, Acharya and Das have demonstrated that
microstructural control is possible in Nickel based alloys during
laser based repair methods for worn gas turbine components
[5]. This presents an interesting avenue for researchers in this area
who seek to maintain control of the microstructure throughout
original part manufacture.

Jackson et al. in their exploration of design methodologies for
AM highlight the opportunity and difficulties associated with
adapting both process and design methodology for the creation of
functionally graded structures in AM [145]. While visionary in
some respects, the manufacturing tools and associate materials
development to achieve this have been limited. The merits of this
approach through conventional manufacturing techniques are
explored in Mortensen and Suresh’s review [220] on powder
processes for functional grading. Through manual control of
materials, Abioye et al. [2] have demonstrated that NiTi graduated
alloys can be created in single DMD processes with controlled
microstructures. This presents an interesting opportunity for
designers seeking to apply location-specific functionality in a
single part. Similarly Syed et al. [273] delivered both wire and
powder to build functionally graded coatings.

6.2. AM material property databases

There is value in assembling property information for AM into a
database form. This enables designers to specify AM processes and
materials efficiently. Graphical representation of salient properties
such as shown in Fig. 37 provides a means for facile comparison of
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Fig. 37. Summary plot of part ultimate tensile strength versus elongation for AM
materials. The plot is based on property data for additive manufacturing materials
from the Senvol Database™ using the CES Selector™ [120]. Image courtesy of
Granta Design Ltd (Cambridge, UK).
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processes and materials. Plots of this type graphically illustrate the
relative application space for different classes of materials. NIST is
initiating an open source materials database for AM.

6.3. Novel feedstock

Beyond the free form structural design capability permitted to
manufacturers through the use of AM for metals, is the ability to
alloy in process through the supply of elemental powders [63].
This then creates significant flexibility in the composition of a
component. Guetal. [127] highlighted contributions in this respect
across Fe, Cu and intermetallic materials systems and in doing so
demonstrates the breadth of capability this approach provides.
This is an excellent review of this area to date.

Traditional feedstocks for SLM, EBM and DMD techniques are
drawn from pre-alloyed powders. Here, powder morphology and
composition is tightly controlled by the supplier to meet the
powder specification required for process compatibility. Howev-
er, the in-situ alloying of variable composition feedstocks allows
new opportunities in materials design. Through enthalpic
homogenization [257] composition can be controlled to a degree.
Although further work is clearly required to manage this in
process, the capability will be of clear interest to industrial users.
The formation of several systems through adapted feedstocks has
been demonstrated including Ti-6Al-4V [326], Ti-6Al-4V/WC
[105] and Ti/TiAl [113]. However, this approach is easily translated
across materials systems for entirely new, batch-wise production
of materials much more efficiently compared to foundry-scale
production.

The formulation of materials specifically for AM continues to be
an important area in the progression of metal-based systems. Poor
weldability, characterised by a number of factors including high-
viscosity melt pools or cracking on solidification, limits the
process-ability of some material systems. This has been explored
by Vora et al. [298] for aluminum alloys in particular. These alloys
have limited usage in SLM currently as alloys with high Si and Mg
content are required. Attempts to overcome this have involved the
addition of Si to 7XXX [218] series aluminum feedstocks to
enhance material behavior in processes with noted success.
Another approach involves mixing elemental powders which
process in AM more successfully than prealloyed powder followed
by a post-processing homogenization anneal. This has been shown
in the 6xxx Al system [252]. There are several additional systems
which are prime for similar investigation including nickel super-
alloys where the poor weldability of these limits their process-
ability in AM methods.

6.4. AM manufacturability index

Based on progress in materials for AM, the field is matured to a
point where it is feasible to consider a new manufacturing index
for AM akin to those associated with conventional manufacturing,
e.g., weldability, castability, formability. This “additive manufac-
turability index” or “AMability” would be a measure of the overall
success with which a material may be processed by additive
manufacturing. The index would clearly be process specific, based
on Table 1. In this regard, the AM index would share with casting
and welding indices which likewise are process specific. Consid-
erations might include the ease with which proper feedstock is
formed, processability in the AM fabricator, resulting microstruc-
ture and associated properties, surface finish/ease of finishing,
geometric accuracy and post-processing requirements. Research-
ers and commercial interests have identified materials that are
reasonably processable by AM, including polyamide and Ti-6Al-4V
for powder bed fusion, PLA and ABS for material extrusion, epoxies
for vat polymerization, etc. They have identified parameters
important for screening feedstocks as well. Assignment of a
qualitative or semi-quantitative index would, like the other
manufacturing indices, provide designers and developers with a
useful tool for selecting materials for specific applications,

particularly when a choice must be made between AM and
conventional processing for a specific material.

By way of example, Verbelen has proposed a semi-quantitative
manufacturing index for laser sintering of polymers [294]. Included
in the considerations are melt flow (zero-shear viscosity, melt
temperature, coalescence behavior), powder morphology, powder
formation and flow, crystallization (difference of melting temper-
ature and crystallization temperature, shrinkage) and recyclabili-
ty/powder degradation. Using weighting functions on specific
parameters, he obtained a summary index. Table 2 lists his results
for a few polymers.

Table 2
Additive manufacturability indices for laser sintered polymers [294].

Polymer Additive manufacturability index
Polyamide 11 8.4
Polyamide 12 8.3
Thermoplastic polyurethane 74
PEEK 6.4
Polyethylene 6.4
Polystyrene 8.7

7. Summary and conclusions

Materials play a dominant role in additive manufacturing (AM),
particularly when considering materials for engineered structural
applications. To be successful, materials must be formed into
proper feedstock, have appropriate characteristics for processing
in the specific AM fabricator, and must have acceptable service
properties. AM fabricators are currently formed into seven groups:
binder jetting, directed energy deposition, material extrusion,
material jetting, powder bed fusion, sheet lamination, and vat
polymerization. Specific materials particularly amenable to AM
processing are listed by each category. Coverage of polymers
(amorphous and semicrystalline thermoplastics, and thermosets),
metals, ceramics and composites is provided. Binding mechanisms
in AM are reviewed. Service properties of AM materials are
surveyed, including strength, stiffness, ductility, toughness,
fatigue, optical properties and electrical properties.

Attention is currently focused on understanding the origin of
defects in AM parts and eliminating them. These include porosity,
binding defects, interfaces and microstructural effects. The authors
propose the development of a process-specific additive
manufacturing index to guide materials selection for AM.
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