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Design and Tailoring of Alloys for Additive
Manufacturing

T.M. POLLOCK, A.J. CLARKE, and S.S. BABU

Additive manufacturing (AM) promises a major transformation for manufacturing of metallic
components for aerospace, medical, nuclear, and energy applications. This perspective paper
addresses some of the opportunities for alloy and feedstock design to achieve site-specific and
enhanced properties not attainable by conventional manufacturing processes. This paper
provides a brief overview of the role of powders, as well as solidification and solid-state phase
transformation phenomena typically encountered during fusion-based AM. Three case studies
are discussed that leverage the above to arrive at microstructure control. The first case study
focuses on approaches to modify the solidification characteristics by in-situ alloying. The second
case study focuses on the need for concurrent design of alloys and processing conditions to
arrive at the columnar to equiaxed transition during solidification. The third case study focuses
on the design of a cobalt alloy for AM, with emphasis on tailoring liquid and solid state phase
transformations. The need for comprehensive knowledge of processing conditions during AM,
in-situ and ex-situ probing of microstructure development under AM conditions, and post-print
processing, characterization, and qualification are articulated for the design of future alloys and
component geometries built by AM.
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I. INTRODUCTION

ADDITIVE manufacturing (AM)[1] offers a broad
suite of new opportunities for the design and production
of metallic components, particularly for the aerospace,
energy, and biomedical sectors, where component
geometry is complex and production volumes are low
to moderate.[2] Furthermore, emerging print technolo-
gies offer the possibilities of on-demand manufacturing,
customization, design complexities, part count reduc-
tion, reduction in lead time tooling and associated
speedup in development, more efficient use of material,
and energy and environmental benefits in terms of CO2

reduction.[3–8] In recent years, there have been signifi-
cant advances in the design and production of metallic
3D printing systems[2–6] that use either wire or powder
as input stock with conventional alloys. With these
advances in machines, it is indeed possible to replace

existing manufacturing processes, such as casting, with
AM for low-volume, high-value added and geometri-
cally complex components. While there are many
excellent studies that focus on the fundamentals of
printing, heat treatment and mechanical properties of
well-known printing alloys,[3–27] the focus of this per-
spective is on emerging opportunities for tailoring the
design of alloys for AM processes. This article is not
intended to be a comprehensive review, but aims to
highlight pathways for expanding the suite of available
alloys for AM. The above literature clearly articulates
that alloy design (i.e., definition of alloy chemistry and
the associated specification ranges) for AM should be
guided by application requirements (e.g., temperature
and stress), size and complexity of printed compo-
nent(s), service environment (e.g., wear, corrosive, static
or dynamic loading), need for dual function (e.g.,
mechanical, neutron shielding[28] and heat transfer
properties[29]), complexity of the geometry, the type of
AM processing machines and infrastructure, parameter
scope, ability to accommodate post-processing, such as
hot isostatic pressing (HIP) and/or heat treatment,[30]

and finally the business case.[31] As with conventional
materials processing approaches, it is essential to con-
firm that a given alloy can be fabricated with accept-
able levels of defects, which inevitably arise along any
material processing path and ultimately limit properties.
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The manufacturing of an aluminum gear box for
RL-10 rocket engines provides an excellent example of
the emerging challenges and opportunities for AM.[31]

The original cast component had external and internal
geometrical complexity and was challenging to fabri-
cate, due to its relatively large size (~ 300 mm in
diameter). Due to the size of the component, AM was
initially considered not to be relevant. However, with
the introduction of new large format laser powder bed
fusion (L-PBF) machines[32] and the availability of
highly weldable AlSi10Mg alloy powders, it was possible
to print this gear box (Figure 1(a) and (b)). However,
the default parameters used in the machine resulted in a
significant volume fraction of distributed porosity
(Figure 1(c)). At this juncture, there were two options:
(a) search for a different alloy that did not show this
tendency for pore formation or (b) modify the process-
ing parameters to avoid the porosity. By tuning the
processing parameters based on welding metallurgy
principles,[33,34] the porosity was reduced to accept-
able levels (Figure 1(d)). This industrial-scale demon-
stration confirms the feasibility of using AM for niche
applications in lieu of traditional manufacturing pro-
cesses. Although for this alloy the defects were reduced
to acceptable levels with process modifications, this is
often not possible for an arbitrary combination of alloy
and component. The results do lead to the question,
however: What are the opportunities for alloy or material
feedstock design, in addition to process parameter and

geometry optimization, to arrive at site-specific
microstructures and enhanced properties not accessible
by traditional manufacturing?
AM powder and wire feedstocks currently available are

a result the tremendous progress made in the welding,[35]

thermal spray,[36] and powder metallurgy industries over
several decades.[37,38] As a result, there are standards for
powders[39] and wire (welding consumables)[40,41] for
well-established Fe-, Ti-, Al-, Ni-, and Co-based alloys.
Here we need to stress that the standards for existing wires
and powders are not independent of the process. For
example, solid welding wires used with inert gas shielding
(e.g., Ar) do not have intentional additions of deoxidizers,
while the welding wires used with mixed gases (e.g.,
Ar+CO2) should have deoxidizers to react with dissolved
oxygen in themelt pool.Wires typically range from500 lm
to 1.5 mm diameter,[42] while powders are typically in the
size range of 15 to 45 lm and 45 to 106 lm for laser- and
electron beam-based powder bed fusion (PBF) processes,
respectively. In this perspective paper, we limit our
considerations to powder-based processes, where greater
geometrical design complexity is possible relative to wire
AM. Table I summarizes some of the conventional alloys
that are currently available; it is noteworthy that the alloys
highlighted in Table I do not constitute an exhaustive list,
as powdermanufacturing companies can easily expand the
list to include emerging custom designed alloys.
Unfortunately, currently available powder alloys were

not designed specifically for AM processes. Most of these
alloys were designed for a given set of thermo-mechanical
processing (TMP) histories typical to traditional manufac-
turing. Therefore, use of existing alloys may lead to
sub-optimal, post-printed structures, when usedwith awide
range of processes and geometries.[42] For example, the
nickel-iron alloy IN 718 undergoes undesirable solid-state
phase transformations during E-PBF,[43–45] due to the fact
that the powder bed temperature that produces crack-free
material is coincident with the temperature where metallur-
gically undesirable phase transformations occur.
As understanding of the complex physics of the

powder bed printing process evolves,[46–49] opportunities
exist for the design of alloys that are specifically tailored
to the unique thermo-chemical and thermo-mechanical
aspects of the printing process, and, importantly, are
resistant to defect formation.[50,51] In this paper, we
address some of the design opportunities from the
perspective of powders, solidification paths, and solid-
state phase transformations, resulting in targeted
microstructures and properties. Additionally, we offer
some early alloy design case studies in the areas of
superalloys and titanium alloys, and highlight some
future challenges and opportunities.

II. MATERIALS DESIGN OPPORTUNITIES
FOR POWDER-BASED AM PROCESSES

A. Role of Powders

Powders are a critically important element of the
printing process, strongly influencing final component
quality and defect content. For laser- and electron

Fig. 1—Capability demonstration for L-PBF machines to make
large-scale aluminum structures relevant to aerospace applications:
(a) and (b) photographs of the gear box taken at two different
angles, illustrating the geometrical complexity; (c) optical
micrographs, showing the distribution of porosity with a
non-optimized process in contrast with (d) reduced porosity
produced by optimized parameters. Photo courtesy: J. Haynes,
AerojetRocketdyne, 2020.
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beam-based printing, spherical powders are desired for
their favorable flow and uniform packing properties.
For this reason, atomization is the major production
route for powders, rather than reduction, electrolysis, or
milling. There are a number of variants of atomization
that produce spherical powders,[52–54] including water,
gas, plasma, plasma rotating electrode (PREP), and
electrode inert gas atomization (EIGA). It is noteworthy
that all powders may not be compatible with specific
AM platforms. The cost of high-quality powders,
especially with low levels of impurities such as sulfur,
may comprise a significant fraction of the cost of 3D
printing.[55] This also poses a major barrier to the early
stages of alloy design for AM, in that the conventional
approach of synthesizing a suite of promising compo-
sitions for subsequent characterization and property
measurements becomes cost prohibitive. This motivates
an integrated computational materials engineering
(ICME) approach[56–58] for the design of alloy powders
for AM.
Powders are nearly always fabricated from pre-al-

loyed feedstock (e.g., electrodes, ingots) in the atomiza-
tion process. There have been efforts to by-pass alloy
powder making by mixing elemental powders. However,
this may not allow for complete mixing under all
conditions, since elemental powders are often too coarse
to mechanically mix and melt in a manner that ensures a
homogeneous alloy in the liquid and subsequent
LPB-printed states.[59] It is noteworthy that in-process
alloying is usually possible in laser directed energy
deposition (DED) platforms by using different powder
hoppers.[60]

Beyond the powder mixing approaches, at the earliest
stage of the AM process, opportunities exist for the
tailoring of powders ex-situ before processing (Figure 2)
or in-situ during printing for the purpose of controlling
printed grain structure. Columnar grains are prominent
features of laser- and electron beam-based PBF 3D
printing processes. The 3D electron backscatter diffrac-
tion (EBSD) TriBeam[61] datasets shown in Figure 3 are
roughly 5 build layers thick; many of the columnar
grains, often near [001] orientation, continue through all
5 layers. As discussed in more detail in Section II–B, this
arises due to the fact that high thermal gradients (G) are
generated in the melting process, promoting columnar
growth along the crystallographically preferred [001]
growth direction for cubic crystals.[2] Columnar growth
is further promoted by epitaxial growth of grains as the
build process in the top layer partially re-melts material
below the powder layer, propagating grains through
many successive build layers. While columnar grains
may be desirable for components that will operate at
elevated temperatures, this grain morphology also
promotes cracking, particularly in laser-based processes
that typically have minimal preheating, resulting in
anisotropic mechanical properties.[62–65]

A recent example (Figure 2) of ex-situ powder engi-
neering to address the columnar grain issue is that of
Martin et al.[66] Standard powders for printing in a laser
powder bed were modified by a functionalization
process that attaches nanoparticles to the powder
surface. Primarily focusing on grain refinement in pure
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aluminum and the Al alloy 7075, nanoparticles that
could directly act as inoculants or indirectly serve as
inoculants due to reactions during melting were intro-
duced on standard laser size range powders. Nanopar-
ticles of Ta, Nb, and ZrH (50 to 80 nm in size) all
resulted in fine equiaxed grain structures with grain sizes
less than 10 lm (Figure 2), using standard Al print
parameters in a Concept Laser M2 system.[66] This
approach enabled printing of a prominent aerospace
alloy that was previously considered ‘‘unprintable’’ by
refining grain size to a level that suppressed cracking
during printing. Qiu and co-workers[67] have also used
ZrN inoculant powders blended with a b titanium alloy
Ti-13Mo (wt pct) to enhance grain nucleation. Interest-
ingly, the addition of inoculants has previously been
shown to refine the grain structure of welds.[68] In both
the Al and b-Ti systems, an important feature of the
grain refinement process is the reaction that forms the
nucleant particles above the peritectic temperature. This
results in an obvious constraint with regard to the
thermodynamics of the system and the associated level
of loading of particles needed to induce nucleation.
Inoculants conventionally blended with powder alloys
or introduced into the pre-alloyed stock material for
powder making have also demonstrated grain refine-
ment in a number of other Al and Ti systems.[69–71]

The nano-functionalization approach has a number
of advantages, including that a uniform distribution of
the pre-inoculant material can be supplied, nanoparti-
cles that do not melt during the printing process can be
introduced, and new alloy compositions based upon
readily available powders can be explored without the
need for synthesis of specialized batches of powder.
Reactive Additive Manufacturing (RAM) powder con-
cepts, such as RAM Al alloys, are also being pursued to
promote grain refinement during AM and the creation
of metal matrix composites (MMCs) with desirable
properties.[72] Although promising results have been
achieved with powder modification, as reported above,
care must be taken with respect to deployment to
industry,[73] due to health and safety concerns[74] and
also reproducibility in the efficiency of grain refinement.
The case study in Section II–E outlines an alternative
approach, wherein in-situ powder engineering provides
some of the benefits observed by ex-situ approaches,
without the same potential health and safety concerns.

B. Control of Solidification

Since AM is comprised of many sequential melting
events, achieving a microstructure that delivers requisite
properties requires a detailed understanding of the
solidification events associated with the print process
and their dependence on alloy composition. Here a brief
overview of solidification fundamentals is provided,
with emphasis on foundational knowledge from welding
and casting that can be leveraged for AM.

Irrespective of process, the solidification microstruc-
ture is controlled by the shape of the molten region and
the operating conditions at the liquid/solid (L/S) inter-
face, i.e., thermal gradients (G in the units of K/m) and
liquid–solid interface velocity (R, or V, in the units of m/

s). By manipulating these parameters, it is possible to
control the microstructure evolution at site-specific
locations. Foundational principles that control solidifi-
cation structure during casting (large-scale melting) and
welding (localized melting)[75–77] can be leveraged to
advance the development of AM (see Figure 4). For
example, during fusion welding the melt pool size and
shape reaches a steady state and thereby maintains G
and R consistently across the whole length of the weld.
Therefore, one can expect consistent and reproducible
microstructure for a given alloy system. This steady-s-
tate condition allows for fine tuning of process param-
eters to arrive at optimum welds without defects,
delivering desirable microstructures and accept-
able properties. Translating this solidification science
approach to more complex AM processes is addressed in
the case study in Section II–F.
An illustrative sample of the benefit of solidification

science to welding (Figure 4.[78]) is apparent in keyhole
electron beam welding of PWA1480 single crystals along
the [100] direction. During keyhole welding, the liquid
metal is vaporized, and the expanding gas pushes the
liquid deeper, creating a funnel-like feature. It is
important to note that keyhole formation in welding is
well controlled, in contrast to L-PBF processes, where
such processing-induced defects are often an outcome.
During single crystal welding of PWA 1480, extensive
cracking was observed only in a few locations oriented
parallel and perpendicular to the welding direction
(Figures 4(a) and (b)). The solidification cracks were
associated with the boundaries between regions with
predominantly single crystal structure and the regions
containing large amounts of stray grains with random
crystallographic orientations. To rationalize this
microstructure evolution, the geometry of the melt pool
shape was extracted (Figure 4(c)) by optical microscopy
and analyzed with the geometrical model of Rap-
paz.[79,80] Figure 4(c) illustrates the three-dimensional

Fig. 2—Comparison of (a), (c), and (e) as-processed aluminum alloy
microstructure deposited with conventional and nanoparticle-enhanced
powder (b), (d), and (f); The image was reproduced with permission
from Ref. [66].
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shape of the weld pool with X, Y, and Z coordinates.
The diagram also shows the contour projection of the
weld pool shape in the XY plane. The dimensions are in
mm. The model uses two parameters: namely, h the
angle between normal vector (~n) to the liquid–solid
interface and the vector representing the welding direc-
tion; and / the angle between the ~n and the dendrite
growth direction for a given [hkl] primary dendrite
growth direction. The velocity of the dendrite growing
in [hkl] direction is given by the following Eq. [1].

~Vhkl

�
�

�
� ¼ ~Vweld

�
�

�
�
cos h
cos /

: ½1�

The model can predict the normalized velocity of each
dendrite growth direction with reference to welding
velocity and melt pool shape dictated by h and /.
Typical plots for two weld pool geometries are shown in
Figures 4(d) and (f). Experimental observations are
shown in Figure 4(e). It is interesting to note that the
[100] dendrite growth direction will be at the maximum
velocity that is equivalent to that of electron beam
welding speed, indicated by the contours of velocity
ratio corresponding to 1.0. The geometry of the weld
will force these regions to also have low thermal
gradients. The welding and solidification theories also
inform us that the tendency for constitutional super-
cooling, leading to equiaxed solidification, increases
with an increase in the liquid–solid interface velocity and
a reduction in temperature gradient.[81]

Therefore, as expected, stray grains were triggered

when the ~V100

�
�

�
� matches the welding velocity (V). This

condition is indicated by the shaded region with gray

color that lies above the 1.0 velocity ratio ðV
�!

100=VÞ: In
the above example, the melt pool remains in a symmetric
keyhole mode, Figure 4b, and the welding direction
aligns with [100] direction of the substrate.

This leads to two questions: (1) what will happen if
the melt pool shape transitions to conduction mode
from keyhole mode? (2) What will happen if the welding
direction is at an angle to the substrate crystallographic
basis?

The above questions are indeed addressed in
Figures 4(f), (g), (h). With large crystallographic

misorientation of the substrate with welding direction,
the dendrite growth selection becomes asymmetric (see

Figure 4(f)), i.e., the ~V001

�
�

�
� becomes higher than that of

welding velocity. This is indicated by the iso contour
lines going above 1.0 in the yellow regions correspond-
ing to [001] growth direction. The above published
example shows, as long as one can describe the melt
pool shape and the liquid–solid interface velocities and
substrate crystallographic characteristics, the dendrite
microstructure can be predicted. This concept is relevant
to results presented in Section II–F. The above discus-
sion leads to next question: can we leverage solidification
theories to inform alloy development for control of
microstructure in AM?
Aspects of solidification that can in principle be

controlled by alloying to achieve location-specific prop-
erties in printed structure include (a) the columnar to
equiaxed transition (CET)[82]; (b) grain size and tex-
ture[83]; (c) phase selection during peritectic or eutectic
solidification[84,85]; (d) dendrite arm spacing[86]; (e)
solute partitioning[87]; and (f) cracking tendency.[88]

Critical to this goal is information on thermal and
mechanical boundary conditions operative during AM,
which vary spatially and temporally. For example, the
models for predicting cracking in welding and cast-
ing[89–91] have to be modified for cyclic variations in
longitudinal and transverse stresses due to the layer by
layer build process.[92] In the model developed by Lee
et al.,[92] the transients of compressive and tensile stress
were predicted as a function of location and temperature
for a given E-PBF layer. The results showed that
cracking was asymmetric, because the tensile stresses
developed only on one side of the build, while material
was in the vulnerable temperature range.

C. Tuning of Solid-State Transformations

In many metals and alloys, the as-built solidification
microstructure may be the final microstructure that
controls the final properties of an AM component. The
as-built microstructure may also limit the path for
microstructure evolution in post-build thermal cycles.
Ideally, the thermal cycles associated with the build
cycle would optimize the microstructure; this could be
accomplished through combined alloy and process
design. For example, intrinsic heat treatment (IHT)
during directed energy deposition (DED) recently
resulted in the precipitation of Al3Sc in Al-Sc-Zr alloys
during laser additive manufacturing in Reference 93.
Steels, Ti-, Al-, and Ni-base alloys that undergo

solid-state transformations during AM may develop
spatially dependent microstructures and properties.
Kelly and Kempe[94,95] indicated these microstructural
heterogeneities during laser DED processing of
Ti-6Al-4V (wt pct) alloys with the presence of layer
bands, i.e., alternating layers of basketweave and colony
a-microstructure. The role of thermal gyrations within
the phase transformation temperature range is eluci-
dated with the work of Makiewicz et al.[96] In this
research, the laser DED process was used to deposit
Ti-6Al-4V (wt pct) on top of a substrate. The builds

Fig. 3—3D EBSD TriBeam datasets of (a) SB-CoNi-10 printed by
L-PBF and (b) IN 718 printed by E-PBF showing columnar grains
that grow through multiple build layers. Build direction is vertical.
Images courtesy of A. Polonsky and M. Echlin (UCSB).
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were sectioned and analyzed in the as-built condition.
The builds contained mostly columnar b-grains
(Figure 5(a)) that form during solidification with tradi-
tional alpha (a) morphologies, including colony and
basket weave structures. Hardness mapping across the
build shows unusual gradation (Figure 5(b)) of the
microstructure, moving from soft bottom to hard top
regions. To rationalize this behavior, Makiewicz also
performed detailed point counting of the microstructure
using different key microstructural motifs, as shown in
Figure 5(c). As expected, the hard regions correlated
with the presence of predominantly basket weave
structure compared to colony microstructure in the soft
regions (Figures 5(d), (e), and (f)). This could be
perplexing, since the builds were made under similar
conditions in the top and bottom regions. However,
detailed finite element analyses showed that there are
subtle differences in thermal cycles from the top and
bottom regions (Figures 5(g) and (h)). For the bottom
regions below a critical height, the peak temperatures
associated with the thermal cycling do not go above the
b-transus, while the regions above the critical height
only cycle above the b-transus. As a result, the bottom
regions undergo gradual changes in microstructure set
up by the 1st cycle within the a+ b phase boundaries,
leading to soft colony microstructure. In contrast, in the
top regions the decomposition of b phase only occurs at
the last stage, leading to basket weave structure that is
retained at room temperature. Interestingly, one can use
these thermal cycles to bring about in-situ precipitation

reactions during deposition of age-hardenable nickel-
base alloys, such as alloy IN 718.[97] The above examples
illustrate that similar to solidification, the solid-state
transformation is also affected by thermal signatures set
up by the AM process.
Therefore, the details associated with thermal cycling

(phase transformation temperatures and heating and
cooling rates, for example) are important to solid-state
microstructural evolution during AM. Figure 6 high-
lights aspects related to microstructure development in
Ti-6Al-4V (wt pct) from solidification to the solid-state
during powder bed fusion AM, including the precipita-
tion of a and/or a¢, the formation of which will be
impacted by cooling rate.[98] The addition of successive
layers during laser direct metal deposition of Ti-6Al-4V
(wt pct) has been reported to result in complex
microstructural evolution in the solid-state.[99] Single
track layer deposition resulted in columnar prior b
grains and martensitic structure, which decomposed to a
colony and basketweave microstructure with additional
depositions, thereby influencing texture development.
This work highlights the importance of local thermal
conditions relative to critical phase transformation
temperatures experienced during AM (e.g., the b transus
temperature in Figure 6), in addition to cooling rate,[100]

for example, impacting the formation of diffusional or
diffusion-less products like martensite.[101] Zhang et al.
recently introduced the concept of Ti-Cu alloys for AM
that may avoid the complexities of these transforma-
tions. Fine, equiaxed grains in the as-printed Ti-Cu

Fig. 4—Optical micrographs of PWA1480 electron beam weld in the (a) x–z and (b) x–y sections, showing epitaxial growth and cracks along the
z and y axis; (c) 3D representation of the melt pool shape and (d) predicted dendrite growth direction, which is compared with (e) experimental
observations. The contour lines in (d) and (e) connect the iso-velocity ratio (VL/S/Vweld) of the liquid/solid interface as a function of melt pool
shape. Interestingly, the stray grains in the melt pool were restricted to the high-velocity regions. The geometry model was applied to a
conduction model melt pool condition (f), (g), and (h), where the substrate crystal primary growth directions are highly misoriented with
reference to the welding direction. The above modes are expected to be reproduced even in AM with changing substrate crystallographic
orientations (Reproduced with permission from S.S. Babu.).
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alloys are thought to be achieved by constitutional
supercooling ahead of the solid–liquid interface, pro-
moting heterogeneous nucleation and inducing the
CET.[102]

After solidification, solid-state phase transformation
produces either a martensitic or a lamellar eutectoid
product in Ti-Cu alloys, depending upon the cooling rate
experienced. Continued thermal cycling in the solid-state
relative to the b phase field ultimately results in a final
eutectoid microstructure. Because the solidification
microstructure in Ti-Cu alloys is replaced by solid-state
phase transformation products, deconvoluting the rela-
tive contributions of liquid–solid and solid–solid phase
transformations to the observed grain refinement remains
challenging.[103] It is also plausible that grain refinement
occurs during solid-state thermal cycling in Ti-Cu
alloys.[103] Such grain refinement by solid-state thermal
cycling of a eutectoid product (e.g., pearlite) has previ-
ously been reported in steels, for example.[104]

Opportunities clearly exist to better match by alloy
design the nucleation and growth of phases in the solid
state to the thermal cycling conditions in AM, partic-
ularly in Ti alloys,[105,106] in addition to solid-state
microstructural aspects like metastable phase decompo-
sition.[13,98,99] For example, the role of thermal cycling in

modifying the complex phase transformations in tita-
nium aluminide intermetallic alloys during AM has
recently been studied. Microstructural patterning of
columnar and equiaxed grains containing lamellar
microstructures and massive c phases have been
reported.[107] Rapid solidification of a binary Ti-48Al
(at. pct) has also been reported to result in a favorable
fine-grained, dual phase a2 + c microstructure under
simulated AM conditions.[108] In-situ high-energy X-ray
diffraction has also been recently performed during a
linear deposition of 308 stainless steel via wire arc
additive manufacturing to observe liquid–solid and
solid–solid phase transformations and to provide
insights into the melt pool, thermal gradients, and the
development of residual stresses.[109] These examples
highlight the need for improved understanding of
transient thermal conditions and the unique thermal
cycling encountered during AM on solid-state
microstructural development.

D. Case Studies in Alloy Design for AM

The previous sections confirm that promising path-
ways for alloy design for AM include (1) tailoring of
powder surfaces to achieve desired microstructure in the

Fig. 5—Correlation of thermal signatures and microstructural heterogeneity in Ti6Al4V DED builds: (a) optical microstructure, showing
columnar b-grain morphology; (b) hardness map, showing mechanical heterogeneity; (c) key microstructural features used to extract the
microstructural heterogeneity shown in (d), (e), and (f). (d) grain boundary alpha percentage; (e) colony alpha percentage and (f) basketweave
alpha percentage; (g) temperature vs time of the top, middle, and bottom relative to the liquidus and beta transus temperatures; (h) regions 5
and 6 show the transition in thermal signatures, in terms of the peak temperature just below and above the b-transus. (Reproduced with
permission from S.S. Babu.).
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complex melt pool environment; or (2) the design of
alloys that possess solidification characteristics and
solid-state transformations that may be (in)sensitive to
AM thermal signatures, thereby reducing the uncer-
tainty brought about by geometrical variations and
processing effects, and (3) the design of alloys with
transformations and properties that match a specific
AM approach (e.g., L-PBF or E-PBF). Most of the
published work related to alloy design for AM falls into
category (3), due to the need to satisfy the wide range of
properties and engineering constraints discussed ear-
lier.[110] In the following sections, we present case studies
for each of these areas, drawing on the research of the
authors, to set the stage for future directions.

E. Case Study 1: In-situ Tailoring of Powders via Liquid
Gas Equilibrium

1. Concept
Drawing from the welding metallurgy literature, it is

well known that weld metal regions superheated to the
boiling point often dissolve gases like O2, N2, CO, and
CO2. This leads to the obvious question: is it possible to
introduce these gases to react with other elements in the
powder to form strengthening particles such as oxides,
carbides, and nitrides during AM? This phenomenon is
often seen in self-shielded flux cored arc welds that are
welded in air, without any shielding. In order to fix the
dissolved oxygen and nitrogen, steel consumables are
alloyed up to a maximum of 1 wt pct, with other
deoxidizers such as titanium.[111] The added aluminum
and titanium then react with dissolved oxygen and
nitrogen to form AlN and Al2O3, as well as Ti(CN),
respectively.

2. Approach
This concept has been proven through a laser surface

alloying experiment.[112] In order to make a hard coating
on a 1020 mild steel substrate, 431 steel powder was
mixed with TiC powders in an 80:20 mixture. The
powder size range of commercially pure steel powder
varied from 44 to 177 lm. The TiC carbide sizes varied
from 44 to 100 lm. These powders were processed with
a Nd-YAG laser with a laser power of 2430 W and 100
pct Argon and 100 pct Nitrogen shielding after pre-plac-
ing on a 1020 mild steel substrate. The results are
summarized in Figure 7.

3. Results
The processed regions shown in Figures 7(a) and (b)

do not show large differences in the bead morphology or
etching contrast associated with the HAZ (i.e., darkly
etching regions), suggesting that thermal gradients in the
HAZ are more or less similar. However, optical
microscopy of the nitrogen shielded laser deposit
showed copious formation of Ti(CN), while argon
shielded regions did not show this behavior. The EBSD
confirmed that there is no special correlation between
rosette-type Ti(CN) that formed from the liquid. In
addition, the EBSD confirmed the formation of fine
BCC grains around these carbides. Furthermore, a fine
distribution of Ti(CN) was also seen in the

inter-dendritic boundaries. Interestingly, the nitrogen
addition increased the hardness from 574HV to 724 HV.
The increased hardness is associated with these primary
Ti(CN), as well as fine ferrite that is seen. The above
conclusions are made based on detailed discussions
provided in Reference 112, which show the distribution
of hardness in the fusion zone and heat-affected zone, as
well as detailed thermodynamic calculations showing
the role of added nitrogen to the weld metal region.
The above results confirmed that laser processing with

in-situ alloying can be used as a tool to produce oxide-,
carbide-, or nitride-based MMCs with complex geom-
etry. Recently, this approach has been extended to
L-PBF conditions[113] with the addition of CO2. Prelim-
inary results show this leads to the presence of fine
distribution of oxides and some improvement in com-
pressive high-temperature properties. With proper care,
in-situ gas-based alloying may also provide an alterna-
tive pathway to obtain site-specific properties, based on
particulate strengthening.

4. Limitations
Although gas-based, in-situ alloying appears to be

easier than other powder-based alloying, care must be
taken during laser processing for safety reasons. One
could be tempted to process under much more reactive
gases such as methane. Although welding has been
demonstrated under oil[114] safely, the key requirement is
that there is no oxidizing atmosphere. Therefore, the

Fig. 6—(a) The dominant physical phenomena (such as heat
transfer, molten pool fluid flow, and phase transitions); (b) thermal
cycles at a monitoring location highlighted by a dashed square in
(a); (c) the attending solidification of b phase and (d) precipitation of
a and/or a¢ from b matrix during powder bed fusion AM. Reprinted
from R. Shi, S. Khairallah, T. Wook Heo, M. Rolchigo, J.T.
McKeown, M.J. Matthews, JOM, 2019, 71:3640-3655. (Reproduced
with permission.).
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authors recommend caution while processing under
reactive gases.

F. Case Study 2: Alloy Design for Control
of Solidification

1. Concept
As highlighted in Section II–B, the solidification

science that underpins the extensive development of
casting and welding processes can be transferred to the
challenge of designing alloys for AM. This requires
extensive knowledge of the alloy-sensitive processes that
occur at the solid–liquid interface during melting and
solidification. Therefore, one can envision that by
coupling solidification interface response function the-
ories with multicomponent Calphad-type thermody-
namic calculations, one could design AM alloys that
can arrive at targeted solidification microstructure, as
well as targeted solid-state transformations.

2. Approach
This concept was evaluated to design Ni-base super-

alloys that can be printed with predominantly direc-
tional (columnar) grain growth with minimal tendency
for stray grains and targeted fractions of c¢ phase within
an AM build. Alloy design calculations were performed
by writing an advanced programing interface (API) with
ThermoCalc� software, which is one of the most highly
developed ICME tools.[64] The target requirements were
set as following: (a) 200 �C temperature difference
between the solidus and liquidus temperatures; (b)

CET boundaries below that of IN 718 and (c) c¢ phase
percentage of 70 pct at 750 �C. The first condition was
based on extensive welding metallurgy results and
previous welding metallurgy research[89,90] that showed
minimal weld cracking and reduced stray grains with
alloys that have a solidification temperature interval of
200 �C. The second condition was chosen to promote a
columnar grain structure, and the third to arrive at a c¢
phase percentage that is similar to other commercial
alloys that will lead to good high-temperature strength.
By coupling the solidification interface response func-
tion calculations for the CET with estimated c¢ phase
fraction,[115] two candidate nickel alloy compositions
were designed, Figure 8(a). The solute effects on solid-
ification resulted in CET boundaries that were lower in
G-R space, compared to the baeline alloy 718,
Figure 8(b). The powders made with these compositions
were processed by Frederick[116] using the E-PBF
process.

3. Results
Final optimization calculations using the above con-

straints were performed and two alloys were designed:
(a) Ni6666: Ni-6Cr-6Al-6Ta (wt pct) and (b) Ni106:
Ni-10Cr-6Al (wt pct). Small batches of these powders
were created for these alloy compositions by Oerlikon.
EBSD of the solidification grain structure was evalu-
ated, as shown in Figure 8(c). Although not surprising,
the E-PBF process always leads to directional growth
across the build, with some misorientations near the
edge of the build (denoted as left in the images). The

Fig. 7—Summary of results related to in-situ alloying through gas: (a) deposit made with 100 pct Argon shielding; (b) deposit with 100 pct N2

shielding; (c) the optical micrographs confirmed the in-situ formation of Ti(CN). The white arrow at the left point to the Ti(CN) that formed
under in-situ conditions and the right white arrow point to the large original TiC that was pre-placed. (d) EBSD image (obtained from XZ
sections, selective imaging of TiC) from the lastly deposited melt pool confirm the rosette-type morphology typically seen in Ti(CN) that forms
from liquid steel; the color codes correspond to the inverse pole figure for TiC shown here; it is interesting to see many arms of the dendrite
rosette share the same orientation. Selective EBSD imaging of (e) BCC and (f) Ti(CN) from a different location confirm the formation of
sub-lm ferrite grains around large Ti(CN) particles. Reproduced from Ref. [112] with permission.
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as-built microstructure of both alloys showed the
presence of c¢ phase fraction across the build, although
there is a systematic variation in c¢ size brought about by
the differences in time spent during processing. The
results do support the notion of alloy design based on
the interface response function theories published else-
where[115] and estimated phase fractions predicted by
ThermoCalc� simulations.

The above experiment shows that for well-established
processing conditions and a given geometry, one may be
able to arrive at a Ni-base superalloy composition that
will lead to targeted grain structure and solid-state
decomposition. This allows for the creation of a final
component by E-PBF process, without the need for
post-process heat treatments. In addition, due to slow
cooling from build temperature in E-PBF, the solid-state
decomposition of c phase is indeed complete in the
as-built condition.

4. Limitations
Although one can claim success in coupling solidifi-

cation interface response function theories with alloy
design calculations using Thermo-Calc�, it is important
to note that this result is specific to the build geometry
and the E-PBF processing conditions used in this

experiment. Frederick et al.[117] argue that subtle vari-
ations of geometry with reference to processing condi-
tions (i.e., reduction of G and increase in R) close to the
boundaries may usher in equiaxed grain growth. In
addition, Frederick also notes that due to high volume
fraction of c¢ phase, in certain locations small cracks
were observed due to local changes in thermal gradient,
which may in turn lead to tensile stresses. The linkage
between geometry and scan strategies dictating the
spatial variations of G and R must be considered to
understand the uncertainty in microstructure evolution
during AM. Future work is also necessary to understand
the role of elemental partitioning characteristics and its
effect on high-temperature creep properties. Addition-
ally, a broader suite of tools, as discussed in the case
study outlined in Section II–G, are needed to consider
the broader suite of properties typically required for
engineering components.

G. Case Studies: Alloy Design and Tailoring
of High-Temperature Transformations

1. Concept
An emerging class of Co-base alloys strengthened

with Co3(Al,W) L12 intermetallic precipitates offers

Fig. 8—(a) Calculated phase fraction variations for newly designed Ni6666 and Ni106 alloys and the design rules for arriving at targeted
solidification and solid-state decomposition characteristics; (b) the location of the CET lines for the current alloys are compared with commercial
alloys; (c) EBSD from selected locations within Ni6666 samples, showing the presence of predominantly columnar grains in XZ section and also
fiber texture in the XY section; the pole figures are extracted from detailed EBSD images from the left and middle section of the builds. (d)
scanning electron micrographs of the c¢ phase and its morphology at different locations, showing more than 70 pct c¢ phase. (Courtesy: Curtis
Frederick, reproduced from PhD thesis with permission.).
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some potentially attractive properties for high-temper-
ature aerospace components compared to Ni-base alloys
or conventional solid solution-strengthened Co-base
alloys.[118–121] Early variants of these systems have been
studied with conventional wrought processing or Bridg-
man single crystal growth as the processing path.[122–127]

The emergence of this new class of alloys was coincident
with the thrust to develop new ICME tools, creating the
opportunity for the design of alloys matched to PBF
additive processes.[128,129] In this case study, the primary
goals for alloy design were good high-temperature
strength up to 1000 �C (achieved by precipitation of a
high volume fraction of the L12 phase), L12 solvus
between 1100 �C to 1250 �C, high solidus and liquidus
temperatures, high resistance to oxidation via alumina
formation, and favorable printability. Nickel-base alloys
strengthened with high volume fractions of L12 are well
known for their tendency to crack during PBF print-
ing.[64] In these alloys, the Ni3Al phase exists to just a
few degrees below the solidus temperature, and thus it
was hypothesized that a gap of > 50 �C between the
solidus and solvus temperatures would increase cracking
resistance, while still maintaining a high volume fraction
of precipitates at elevated temperatures.

2. Approach
A suite of computational and high-throughput exper-

imental tools were developed/integrated to explore the
large multicomponent compositional space. The design
tools include density functional theory (VASP), clus-
ter-assisted statistical mechanics (CASM), phase field
dislocation dynamics, Calphad calculations, ion-plasma
deposition combinatorial libraries, and high-throughput
analyses of oxide formation during high-temperature
exposure.[130–136] Use of these tools enabled the large
potential design space to be explored efficiently and in a
non-linear manner, based upon design goals.

Electronic structure calculations using density func-
tional theory (DFT) were performed to investigate the
thermodynamic stability of the potential crystal struc-
tures in the Co-Al-W ternary and higher order systems,
as well as to calculate superlattice intrinsic fault (SISF)
energies to maximize strength. Calculations indicated
that Ti, Ta, and Nb were favorable alloying addi-
tions.[128] The full generalized stacking fault (GSF)
surface was also calculated to study dislocation mech-
anisms in more detail by phase field dislocation calcu-
lations to further adjust composition.[136] A Calphad
database was also developed[135] and subsequently
incorporated into the CompuTherm PanCobalt data-
base. Thermodynamic calculations were used to tune the
Ni content to increase the L12 solvus temperature to the
desired range, and to predict phases present across
composition space in the combinatorial studies.

Alloy design considered the complexity of cracking
mechanisms that can occur in the late stages of
solidification and shortly thereafter in the solid state,
as studied in detail in the welding literature.[94,137] Mild
segregation during solidification, i.e., distribution coef-
ficients, k, near 1.0, along with relatively narrow freezing
ranges was targeted.[120,124]

In high-temperature oxidizing environments, ternary
Co-Al-W alloys have limited oxidation resistance, form-
ing non-protective CoO and mixed spinels.[120,138]

Because first principles modeling of non-stoichiometric
oxides is extremely challenging, a combinatorial library
approach was developed. The combinatorial
approach[133,139] was coupled with rapid screening based
on Photo-Stimulated Luminescence Spectroscopy
(PSLS)[140] and the Calphad database[135] to outline
regions of composition space giving rise to a-Al2O3

scales. Ion-plasma deposition used five cathodes of
different compositions to create three libraries covering
a spectrum of Co-Ni-Al-W-Cr-Ta alloy compositions
with 234 samples.[139]

3. Results
Combining these ICME tools and starting from the

composition of an alumina forming IPD alloy of
composition Co-32.4Ni-11.7Ni-4.4W-3.3Cr-1.5Ta (at.
pct), three additional alloys with small variations in
composition were arc melted.[128] After analysis of
microstructure and phases present, a final composition
possessing a desirable two-phase microstructure was
selected for (a) single crystal growth to measure basic
properties and (b) 3D printing to assess its behavior in
both laser- and electron beam-based PBF build
approaches. The alloy, designated SB-CoNi-10, has a
nominal composition of Co-36.5Ni-13.2Al-6.0Cr-3.5-
Ta-1.0W (at pct) and density of 8.65 g/cm3. The L12
solvus temperature of this alloy is 1204 �C, while the
solidus and liquidus were at 1329 �C and 1381 �C,
respectively, giving a solid to liquid gap of 52 �C and a
single-phase solid solution window of 125 �C. Printing
was conducted in a SLM Solutions 125 L-PBF System
(Carpenter Technology) and an Arcam Q10+ E-PBF
(Oak Ridge National Laboratory). Printed samples were
tensile tested at a rate of 10�4/s in the as-printed and in
the hot isostatically pressed (HIP) + heat-treated
condition, with a 1245 �C/100 MPa/4-hour HIP +
1245 �C / 2-hour solution and 1000 �C/50-hour age to
produce the microstructure shown in Figure 10(c).
Additional details are given elsewhere.[129]

Figure 9 shows a cross section normal to the [001]
single crystal growth direction of the SB-CoNi-10 alloy
and the associated analysis of distribution coefficients
extracted from electron microprobe scans of the den-
dritic structure; details of this analysis are given else-
where.[128,129] Significantly, the degree of segregation of
the alloying elements as a function of fraction solid is
less severe compared to nickel-base alloys, which also
have wider freezing ranges compared to the CoNi
alloys.[141] The combined effect of lower solidification
segregation, lower freezing ranges, and the 125 �C
solidus to solvus gap likely suppresses the tendency for
liquid-mediated cracking during printing and subse-
quent cooling below the solidus temperature. Evidence
for this favorable ‘‘printability’’ is a single electron beam
track melting event where no cracking occurs along the
high-angle boundary, Figure 10(a), the high ductility of
the as-printed samples (elongation = 33 pct),
Figure 10(d), and the ability to print blade-shaped
samples without cracking in E-PBF and L-PBF,
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Figures 10(e) and (f), respectively. It is interesting to see
the mode of solidification in Figure 10(a), similar to the
crystallographic discussions presented earlier in
Figure 4. Unfortunately, the thermodynamic database
does not accurately predict Scheil solidification curves

for these alloys, hindering modeling and demonstrating
the need for further development of thermodynamic
databases in this compositional domain. Nevertheless,
the design tools have been able to identify a promising
composition from the ‘‘printable’’ point of view, with

Fig. 10—Deign of a printable Co-Ni-base alloy SB-CoNi-10. (a) High-angle boundary propagating through an electron beam track melt pool
without local cracking along the boundary, (b) bars printed with varying print parameters by E-PBF, (c) fine-scale L12 precipitates in samples
after electron beam printing followed by HIP and heat treatment, (d) room temperature tensile properties of CoNi-SB10 compared to CM247 in
the as-printed and HIP + heat-treated conditions, (e) blade-like thin wall samples printed by electron beam, and (f) laser powder bed processes.
Note the exceptional surface (less than one-micron roughness) of the laser powder bed printed sample. Images courtesy of S. Murray (UCSB),
M. Kirka (Oak Ridge National Laboratory) and S. Forsik (Carpenter Technology).

Fig. 9—(Left) Results of sorted 20 9 20 microprobe grid scans (locations indicated by red markers) across a 1 mm2 region of a single crystal
sample sectioned normal to the [001] growth direction and (right) associated distribution (partition) coefficients extracted from a Scheil equation
fits the data. Note the mild segregation with distribution coefficients of the alloying elements near 1.0. Images courtesy of S.P. Murray.
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only one batch of powder being produced and standard
ranges of printing parameters being employed in both
L-PBF and E-PBF.[129]

Given the combination of a high dimensional alloy
design space and the complexity of the physics of PBF
printing, suites of predictive tools will greatly enhance
our ability to design ‘‘printable’’ alloys.[142]

4. Limitations
A significant gap in the infrastructure for alloy design

for AM exists in the ability to incorporate alloy-specific
information into print process models. This is not
surprising, given that the length-scales span from the
atomistic that controls fundamental alloy properties and
thermodynamics, to the melt pool scale (hundreds of
microns) where solidification phenomena occur, to the
macroscale (thousands of printed layers) where grain
structure, defects, residual stresses, and the ultimate
mechanical properties are controlled. Kinetic consider-
ations are also needed. Continued development of
modeling suites across both the processing and property
space will greatly enhance additive alloy development.

H. Challenges and Future Directions

The previous case studies and examples highlighted in
Section II have demonstrated that existing foundational
physical metallurgy knowledge, as well as emerging
computational modeling tools can provide a platform
for alloy design for AM. However, there are many
knowledge gaps that challenge the coupling of alloy
design to AM processing of advanced engineering
components, including accurate descriptions of the
thermo-mechanical-chemical boundary conditions typi-
cal to AM, as well as fundamentals of interphase
instability between plasma–gas, gas–liquid, liquid–solid
and solid–solid phases. In this section, these challenges
are discussed in more detail, along with emerging tools
that can fill these knowledge gaps. Potential directions
are outlined briefly and some examples are provided.

I. Characterization of Boundary Conditions during AM

Based on recent publications, it is indeed clear that
thermal-mechanical-chemical boundary conditions that
dictate defect formation and liquid–solid and solid-state
transformations are interrelated between the geometry
of the component (e.g., prismatic shapes or complex
internal channels, cavities), chamber conditions (e.g.,
partial pressure of oxygen), material feedstock and
delivery (e.g., recycling, powder raking[143]), process
parameters (e.g., power, speed, focus, scan strategy),
and post-processing (e.g., machining, heat treatment,
HIP). Therefore, it is imperative that we track these
conditions for given AM processes with existing diag-
nostics, or by augmenting AM machines with commer-
cial tools. These diagnostics[144,145] can be sophisticated
and expensive (e.g., custom made high-speed, high-res-
olution infrared thermography)[146] or optical surface
measurements based on video cameras[147] or laser
confocal microscopes[148,149]). For example, Foster
et al.[150] used surface roughness measurements to
demonstrate the merging of subsequent weld beads with
nearby scans, which may affect porosity formation
across the build. The case for sensing all parameters
(e.g., powder distribution, temperature, surface rough-
ness, displacement), including chemical sensing, is made
by Mazumder[151] in his paper that describes the concept
of ‘‘certify as you build.’’ The local changes in chemistry
within a geometry may lead to large-scale differences in
microstructures and properties, which are well docu-
mented in the welding metallurgy literature.[152,153]

J. Concurrent Geometry and Alloy Design

As mentioned earlier, the qualification of components
made by AM processes cannot ignore the role of
geometries in dictating the local thermo-mechanical
conditions. This close coupling of the geometry and AM
was demonstrated by Yoder et al.[154] The authors
adopted a concept being followed by industry for
qualification, i.e., printing of tensile coupons surround-
ing the real part and using the test data as a way to
qualify the parts.

Fig. 11—Correlation of geometries to properties of Ti6Al4V fixtures made by the E-PBF process: (a) build layout of the fixture with placement
of tensile samples around the component; (b) NIR images were interpreted to identify the locations of pores with reference to tensile test
geometry; and (c) measured locations of the failure that correlated with higher concentration porosity regions. Images were reproduced with
permission from Ref. [154].
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During the build process of a Ti-6Al-4V (wt pct) alloy
fixture geometry (Figure 11a), the quality of the build
was monitored in every layer using near-infrared radi-
ation (NIR) images. With these images, the authors were
able to identify the locations at which higher tendencies
for the formation of porosities exist (Figure 11b).
Interestingly, these locations correlated with the geo-
metrical design used in that build. The porosities formed
where there was an abrupt transition in the geometry
being printed. These abrupt transitions for given pro-
cessing conditions lead to large changes in layer pro-
cessing time, i.e., changes in thermal signatures.
Interestingly, all the tensile samples failed (Figure 11c)
at these locations where porosities formed. This example
illustrates that any alloy design should be accompanied
concurrently with geometrical and process design too,
where computational modeling may prove to be help-
ful.[155] It is important to note that solid bars of simple
shapes printed next to a geometrically complex compo-
nent may experience a very different thermal environ-
ment compared to the printed part.

K. In-situ Probing of Phases and Interfaces
under Simulated AM Conditions

Geometry-alloying-processing-structure-prop-
erty-performance relationships are clearly important to
AM. Extensive knowledge of the dynamic conditions
that dictate the phases and their stabilities as a function

of temperature, stress, and composition[156] is needed to
design microstructures and properties created by AM.
The need exists to probe these interfaces under the
highly dynamic conditions that exist during AM by
in-situ characterization of simulated AM. Novel tools
and unique probes available at national user facilities
are affording unprecedented opportunities to study
phase transformations and microstructural development
during simulated AM. For example, phenomena like
solidification, solid-state phase transformations, keyhol-
ing, pore formation, melt pool dynamics, powder
spreading, and specific AM processes like laser powder
bed fusion (L-PBF) have been explored with in-situ
x-ray imaging and diffraction.[100,109,157–171] Figure 12
highlights example synchrotron x-ray imaging of melt
pool and solidification dynamics obtained from Ni-base
and Al alloys melted via the L-PBF AM simulator at the
Advanced Photon Source at Argonne National Labo-
ratory. Figure 12a highlights the position of the
solid–liquid interface during solidification after laser
spot melting of a Ni-6.6Al-1.9Mo (wt pct) h111i single
crystal substrate. Figure 12(b) shows a pure Al substrate
with a pure Al powder layer during laser raster melting.
Powder particle dynamics during melting can be visu-
alized, in addition to the position of the solid–liquid
interface during solidification and the solid–vapor inter-
face ‘‘keyhole’’ that forms. Figure 12(c) schematically
shows a laser melt raster, along with an in-situ x-ray
image that reveals not only the solid–liquid interface

Fig. 12—(a) In-situ synchrotron X-ray image of a laser spot melt during solidification of a Ni-6.6Al-1.9Mo (wt pct) alloy h111i single crystal
substrate (104 W, 1 ms spot), highlighting the progression of the solid–liquid interface, (b) synchrotron x-ray image of a pure Al substrate with a
pure Al powder layer during laser raster melting and solidification (416 W, 1 m/s rater), highlighting the solid–liquid interface and the
solid–vapor interface ‘‘keyhole,’’ and (c) a schematic diagram of a laser melting raster and a synchrotron X-ray image of wrought 6061 Al (520
W, 0.5 m/s raster), highlighting the solid–liquid interface and the formation of solidification cracks. Courtesy of J. Klemm-Toole, A. Saville, J.
Shin, B. Rodgers, C. Johnson, G. Becker, B. Ellyson, Y. Guo, B. Milligan, J. Copley, and A. Clarke (Colorado School of Mines), A. Polonsky,
K. Pusch, B. Yahata, J. Rossin, and T. Pollock (University of California Santa Barbara), and K. Fezzaa, T. Sun, and N. Parab (Advanced
Photon Source, Argonne National Laboratory).
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position during solidification, but also the formation of
solidification cracks (i.e., defects) in a wrought 6061 Al
substrate.

In addition to in-situ x-ray imaging (and diffraction) of
simulatedAM, dynamic transmission electronmicroscopy
(DTEM) provides unprecedented spatial and temporal
(tens of nanometers and nanoseconds) resolutions to
visualize rapid solidification dynamics.[172–178] These
in-situ techniques are enabling new understanding and
insights intomelt pool and solidification dynamics relevant
toAM, and are providing real-time, quantitative measure-
ments of important physical phenomena to inform solid-
ification and process models [e.g., 179–182], including the
integration of multiscale process-structure-property-
performance models for AM.[183]

Although experiments such as these provide a wealth
of time-resolved information, significant opportunity
exists to refine and automate the associated data post
processing (e.g., image analysis) to realize un-biased,
quantitative information. Improved modeling of ther-
mal gradients and model calibration are also needed. In
particular, deeper understanding of nucleation is war-
ranted, which remains experimentally challenging to
study. Additionally, AM is a highly transient process,
and the role of melt pool dynamics (e.g., fluid flow and
convection) and local heat and solute transport on
microstructure selection should not be ignored. Coupled
with in-situ experiments, complementary ex-situ charac-
terization also provides more comprehensive under-
standing of microstructure and defect development as a
function of processing and the local conditions experi-
enced during AM, enabling design of defect-resistant
compositions.

L. Ex-situ Probing of Phases and Interfaces

As noted previously, in addition to solidification,
subsequent solid-state phase transformations are
expected to have significant impacts on properties, such
as mechanical anisotropy. Informed by earlier work on
texture evolution in Ti-6Al-4V (wt pct),[99] we are
currently exploring the role of scan strategy and build
height on microstructure and bulk and local texture
evolution with neutron diffraction and complementary
techniques.

Figure 13 highlights example texture results obtained
with neutron diffraction from electron beam melted
Ti-6Al-4V (wt pct) built with spot melt and raster scan
strategies at different build heights. Cubes were pro-
duced with innovative beam scanning strategies (i.e.,
Dehoff and Random spot melts) and traditional raster
scanning using the Electron-Powder Bed Fusion
(E-PBF) process. In the Dehoff scan strategy, the beam
deposits energy in a regular array with intermittent
skipping until all the space is visited by the beam. By
controlling the beam-on time, the amount of total
energy deposited per layer can be modified. With this
approach, it is quite possible to modify thermal gradient
at different locations during the build. The methodolo-
gies behind this strategy have been discussed in depth
before.[48] The random scan strategy follows the same
approach in filling the space; however, the sequence of

visiting every pixel is random for given layer. The
differences in scan strategy are schematically shown in
Figures 13(a), (b), and (c). Significant texture variations
are not observed as a function of build height with
neutron diffraction, but texture variations are observed
with differences in scan strategy. Although not shown
here, texture development has been linked to important
microstructural characteristics that provide insights into
microstructural control during AM with processing
variations.
In addition to these new results, various recent

publications have focused on the evolution of texture
during AM and also after the post-processing.[185] From
this work, insights into bulk vs local texture develop-
ment in AM builds and processing and quantification of
AM texture components are underway, paving the way
for follow-on analyses and experiments. Correlations
between the observed textures, microstructural evolu-
tion, and the local processing conditions are also being
pursued.

M. Post-Processing and Qualification

A number of challenges exist in terms of designing
alloys that are not only amenable to printing, but can
also be post-processed. While hot isostatic pressing is
often performed on post-printed materials to heal
porosity, ideally this slow and expensive step would be
eliminated by controlling porosity during the build
process. Thermal treatments that are conducted follow-
ing printing often induce recrystallization, due to the
high levels of residual stresses that build up during
printing.[186–188] Detailed studies of recrystallization
behavior as a function of print process conditions,
particularly in more complex shaped components, have
not yet been conducted. Small amounts of second
phases (carbides, oxides, nitrides) might intentionally
be designed into alloys for the purpose of controlling
recrystallization and grain growth.
Beyond the in-situ diagnostics discussed above,

non-destructive evaluation (NDE) approaches for
detecting defects and undesirable microstructural fea-
tures need to be more fully developed. Micro-computed
tomography scans (lCT) can be used to inspect for
pores in printed structures,[189] but their resolution is
limited in terms of detection of finer scale porosity
(<<100 lm and dependent on section thickness) that
could, for example, influence fatigue properties.
Machine learning for defect detection may also prove
useful. With respect to grain structures, which are alloy
sensitive and can vary from columnar to equiaxed,
depending on the print conditions used and local
processing variations, inspection approaches are much
more limited. High-intensity ultrasound[190] or resonant
ultrasound spectroscopy, which can detect anisotropic
grain structures, could provide a means to track part to
part variability in grain structure, particularly if com-
bined with ‘‘forward models’’ of the expected grain
structure.[191,192]

Given that the qualification of new alloys for con-
ventional processing is well known to be a major
challenge,[193] the qualification of new alloys for additive
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manufacturing will be similarly challenging. Being
inherently digital, additive manufacturing lends itself
to digital thread-type approaches for qualifica-
tion,[194,195] as well as uncertainty quantification.[196]

Given that protocols for the qualification of new
additive processing paths are just now being developed,
the inclusion of new alloys early in the process will
enhance the probability that alloys that match the
unique, new processing paths afforded by AM that
reach maturity.

N. Summary and Conclusions

Additive manufacturing of metals and alloys through
powder bed fusion (PBF) technology has opened up new
opportunities for the design of alloys matched to AM
processes to arrive at site-specific, tailored microstruc-
tures and properties for aerospace, energy, and biomed-
ical applications. In this perspective paper, some
opportunities for alloy tailoring and design for AM
are highlighted through recent examples of powder
manipulation and the use of inoculants/nucleants and
the purposeful control of metallurgical aspects related to
solidification and solid-state phase transformations.
Foundational knowledge gained from conventional
manufacturing processes like casting, welding, and
powder metallurgy can be extended and built upon to

control the interface conditions related to plasma, gas,
liquid, and solid phases under spatially and temporally
varying thermo-mechanical-chemical conditions that
prevail in laser- and electron beam-based PBF tech-
nologies. Three case studies are presented that demon-
strate the potential for thoughtful alloying and
processing to significantly impact microstructural devel-
opment under AM conditions. In the first example, the
in-situ formation of carbo-nitrides in the liquid was
triggered by manipulating the environmental conditions
with respect to the melt pool, leading to fine-scale
microstructures and improved properties. In the second
case study, the CET boundaries during solidification
and c¢ phase fractions were designed with composition
variations in nickel-base superalloys. The E-PBF pro-
cess was used to validate the predictions and alloy
design strategies, highlighting the potential for alloys to
match to the unique processing conditions encountered
during AM. In the third example, high-throughput
computational tools and combinatorial experiments
were used to arrive at an optimum Co-Ni superalloy,
with limited experimental testing. E-PBF processing,
followed by HIPing and heat treatment, resulted in
fine-scale L12 precipitates and the creation of desirable
microstructures and properties. Moving forward, we
recognize the need to fundamentally understand geometry-
alloying-processing-property-performance relationships

Fig. 13—Role of beam scan strategy on texture of a (HCP) (0002) in the XY plane of Ti-6Al-4V (wt pct) cube builds: different scanning
strategies adopted: (a) Dehoff; (b) Random; and (c) Raster mode; texture close to the substrate: (d) Dehoff; (e) Random and (f) Raster mode.
Note the asymmetric distribution of the (0002) poles around the build direction. Texture close to the top of the build: (g) Dehoff; (h) Random,
and (i) Raster mode. Courtesy of A.I. Saville, J. Klemm-Toole, K.D. Clarke and A.J. Clarke (Colorado School of Mines), S. Vogel (Los Alamos
National Laboratory), A. Creuziger and J. Benzing (National Institute of Standards and Technology), A. Pilchak (Air Force Research
Laboratory), S. Kumar, S.S. Babu and P. Nandwana (UT and Oak Ridge National Laboratory).[184]
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unique to AM, need for predictive tools, and opportu-
nities for in-situ monitoring to fundamentally under-
stand AM.
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