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Abstract

Additive manufacturing (AM) is redefining the
limits of directional solidification (DS) and
single-crystal (SX) fabrication for nickel-based
superalloys. By reconciling classical Bridgman
theory with the extreme thermal gradients (G)
and solidification velocities (V) inherent to AM,
this review establishes a unified framework for
controlled epitaxy. It dissects the kinetics of
grain competition and the columnar-to-equiaxed
transition (CET), highlighting how scan strategies
and thermal management dictate melt pool
geometry and the G/V ratio. A comparative
assessment of laser powder bed fusion (L-PBF),
electron beam powder bed fusion (EB-PBF), and
directed energy deposition (DED) delineates
distinct process windows for direct fabrication
versus epitaxial repair. Addressing the conflict
between printability and performance in high-y/
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alloys, the text links defect mechanisms, specifically
stray grains (SGs) driven by constitutional
supercooling, complex cracking modes, and
surface anomalies, to targeted mitigation
strategies ranging from virtual grain selection
to alloy tailoring and synergistic post-processing.
Ultimately, a multi-process hybrid architecture
is proposed that positions EB-PBF as the
foundational platform for bulk SX formation,
augmented by L-PBF or DED, to close the
"manufacture-service-repair-remanufacture"
engineering loop.

Keywords: additive manufacturing, superalloys, single
crystal, directional solidification.

1 Introduction

Aerospace exploration and energy utilization
are fundamental drivers of human progress. As
critical load-bearing components in the hot sections
of aero-engines and gas turbines, turbine blade
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Figure 1. (a) Evolution of creep performance of Ni-base superalloys by year [2], (b) Evolution of thermal efficiency in
steam power plants [3].

performance is governed not only by intrinsic
high-temperature properties, such as strength,
creep resistance, and oxidation resistance, but also
critically by microstructural features, particularly
crystallographic orientation and grain boundary
morphology. Early superalloy turbine blades
employed equiaxed microstructures, but grain
boundaries often served as preferential sites for
failure under high-temperature creep and fatigue
conditions [1]. To handle higher thermal loads and
improve performance, turbine blade materials have
undergone a generational evolution from equiaxed to
columnar-grained, and ultimately to single-crystal
(SX) structures (Figure 1) [2, 3].

Figure 2. (a) Schematic diagram of the Bridgman furnace;
(b) Grain selector for single-crystal solidification [6].

This transformation began in the late 1960s with
the maturation of directional solidification (DS)
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technology, leading to the industrial application of
DS and SX blades by manufacturers such as Pratt
& Whitney. Currently, nickel-based single-crystal
superalloys constitute the dominant material system
for first-stage high-pressure turbine blades [4].
These components are primarily manufactured
via Investment casting based on the Bridgman
technique [5]. As illustrated in Figure 2, this process
involves precise thermal control within a furnace,
utilizing a helical grain selector to filter a single grain
orientation and promote competitive growth along the
heat flow direction, thereby yielding a macroscopic
single crystal without grain boundaries [6]. While this
route significantly enhances creep life, it suffers from
a narrow processing window and high sensitivity to
thermal gradients and shell stability [7].

However, this traditional manufacturing paradigm
faces increasingly severe challenges. From a
production standpoint, SX casting involves a
time-consuming cycle that relies on sacrificial molds
(Figure 3) and complex processing [8]. Casting
yield is commonly limited by defects such as
shrinkage porosity, inclusions, segregation, and stray
grains [9, 10].

From a design perspective, the pursuit of extreme
aerodynamic and thermodynamic efficiency has
necessitated the integration of intricate internal
cooling features, such as serpentine channels,
micro-film cooling holes, and lattice structures
(Figure 4) [11, 12]. Such high-aspect-ratio,
thin-walled designs frequently induce ceramic
core fracture or "core shift" during casting, compelling
designers to compromise cooling efficiency to ensure
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Figure 3. Workflow of the investment casting cycle for hollow turbine blade fabrication [8].

manufacturability [13]. Furthermore, given the
prohibitive cost of single-crystal blades, the lack
of repair techniques capable of restoring the SX
metallurgy in damaged areas often results in the
scrapping of entire high-value components [14].

Figure 4. (a) Evolution of turbine blade cooling
designs [12], (b) Trent 500 HP turbine blade [15].

Against this backdrop, Additive manufacturing (AM)
offers a transformative paradigm for integrated
component design, performance optimization, and
repair through its layer-wise growth capability [16].
Technologies such as laser powder bed fusion
(L-PBF), electron beam powder bed fusion (EB-PBF),
and directed energy deposition (DED) eliminate
the reliance on molds and cores, enabling the
near-net-shape formation of complex internal channels
while significantly improving material utilization [17-
19]. Significant engineering milestones have recently
been achieved in the energy and aviation sectors:
L-PBF enabled Siemens Energy to reduce turbine blade
development cycles from two years to two months,
while EB-PBF allowed GE Aviation to mass-produce
blades for the GE9X engine that are approximately
50% lighter and exhibit enhanced performance. As

illustrated in Figure 5, these AM processes have
successfully fabricated turbine blades with varying
levels of geometric complexity [20].

Figure 5. Turbine blades fabricated by various additive
manufacturing processes [15].

Despite these successes with polycrystalline Ni-based
alloys, achieving defect-free epitaxial growth of
high-performance nickel-based single crystals via AM
remains hindered by a fundamental metallurgical
paradox: the chemical composition required for
high-temperature performance is intrinsically in
conflict with the rapid solidification dynamics of AM.
Modern SX superalloys (e.g., CMSX-4) rely on a
7' phase volume fraction exceeding 60% to sustain
service temperatures above 1000 °C, necessitating high
concentrations of Al and Ti [21]. However, these
elements widen the freezing range and exacerbate
interdendritic segregation. In the extreme thermal
cycles of AM, this solute redistribution triggers hot
tearing, stray grains (SG) formation, and other
defects. As shown in Figure 6, high-7' alloys are
classified as “difficult-to-weld” or “unweldable” on
weldability maps due to their extreme susceptibility to
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cracking [22].

Figure 6. Weldability map of nickel-based superalloys [22].

The high thermal gradients (G) and solidification
velocities (V) inherent to AM induce severe
solute partitioning, leading to various cracking
modes. Segregation promotes the formation of
low-melting-point liquid films, which trigger
solidification and liquation cracks under shrinkage
stresses. Additionally, repeated thermal cycling builds
up residual stress, increasing the risk of strain-age
cracking during deposition or heat treatment [23].
In L-PBF, these cracks typically propagate along
high-angle grain boundaries, disrupting the epitaxial
structure [24-26]. Although process optimizations
such as base plate preheating and multi-pass
remelting have been explored, the processing
window to simultaneously achieve high density
and crack-free microstructures remains extremely
narrow for alloys like IN738LC, with significant
risks of size-dependent cracking [27-29]. Beyond
cracking, the thermal history of AM disrupts the
crystal structure. Strong constitutional supercooling
promotes the columnar-to-equiaxed transition (CET),
nucleating SGs that interrupt epitaxial growth [30, 31].

Previous reviews have addressed specific facets of
this field. Basak and Das32 linked early solidification
theory to epitaxial growth, while Li et al. [33]
categorized the AM process systems for SX superalloys,
defining the technical paths for laser repair and
electron beam manufacturing. More focused studies
by Liu and Shi34 examined the progress of SG
suppression and numerical modeling, while Wu et
al. [35] classified cracking mechanisms and alloy
design strategies. However, a critical gap remains: the
literature lacks a unified framework that reconciles the
thermodynamic "unweldability" of high-7" alloys with
the divergent kinetic requirements across different AM
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platforms. The trade-off between epitaxial continuity
and defect mitigation remains a persistent bottleneck
in process selection.

This review establishes a unified framework based on
thermal G and V to align metallurgical constraints
with the distinct thermal histories of L-PBF, DED, and
EB-PBF. L-PBF operates at high G and V' magnitudes,
enabling precise microstructural control but increasing
susceptibility to strain-age and solidification cracking
due to extreme thermal transients [36]. DED offers
multi-axis flexibility for localized repair, yet the
difficulty in maintaining stable G and V' values over
large volumes often leads to solute segregation and
loss of epitaxial continuity. In contrast, EB-PBF utilizes
high-temperature preheating to reduce thermal stress
and suppress 7/ precipitation, enabling the crack-free
fabrication of 'unweldable’ alloys, although it typically
exhibits higher surface roughness compared to
L-PBF [37-39].

By synthesizing insights across these platforms, this
work addresses the fundamental scientific challenges
in the AM of high-+' nickel-based superalloys. The
review systematically examines the solidification
dynamics governing epitaxial growth, analyzes
the mechanisms for defect mitigation regarding
cracking and stray grains, and explores the potential
of synergistic hybrid strategies to provide a technical
roadmap for next-generation, high-performance
hot-section components.

2 Fundamentals of controlled solidification in
AM

To understand grain control in AM, it is essential to
contrast it with conventional SX growth. Conventional
SX fabrication relies on the Bridgman method, where
a ceramic mold containing molten alloy is withdrawn
at a constant speed through a stable temperature
gradient. This process typically maintains a thermal
gradient G of 1 x 103 Km™'tol x 101 Km™! at the
solid/liquid interface [40], creating quasi-equilibrium
conditions that yield uniform columnar dendrites
aligned with the withdrawal axis. However, AM
operates under rapid, non-equilibrium solidification.
High-energy beams generate microscopic melt pools
within milliseconds [41], producing G values of
1 x 10° Km™1tol x 10" Km™! and cooling rates up to
1 x 10°Ks™1, far surpassing the 0.5Ks 'tol0Ks™!
typical of casting [42].

The G-V framework serves as the unifying descriptor
for these different processes, where the ratio G/V
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Figure 7. Effect of Scanning Strategy on the CET in AM [43].

dictates the morphology and the product G x V' defines
the scale of the microstructure. As shown in Figure 7,
the G/V ratio determines grain morphology, which
ranges from planar to equiaxed structures. Adjusting
settings such as laser power, scan speed, and scan
strategy allows researchers to tailor the microstructure
from random grains to precise directionally solidified
(DS) architectures [44].

Unlike the steady-state Bridgman method, AM
solidification is transient and multidirectional, forcing
the growth front through a rapidly shifting trajectory
in the G-V plane. Thermal fluctuations and complex
melt convection in this environment often trigger
stray grains and orientation failure. Because the
solidification path evolves so quickly, achieving stable
epitaxial growth, where grains extend continuously
in a single direction, requires precise management of
these thermal perturbations within the G-V map.

2.1 Thermodynamics of Epitaxial Growth

While epitaxial solidification is often described in
terms of heterogeneous nucleation, this classification

(a) Tsi Liquid(L)
,d Solid nucleus(S)
‘ Tt " Tom Substrate metaI(M)‘
(b) e o
&G'Hnm
Y ;RPN SURRURRPA NG WY SEPRN
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Figure 8. (a) Contact interface between the solid nucleus
and the substrate/liquid phase; (b) Gibbs free energy
evolution for homogeneous nucleation in casting/AM.

is strictly a thermodynamic analogy used to rationalize
the near-vanishing energy barrier rather than a
description of discrete nucleation events. In AM,
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true epitaxy proceeds via continuous lattice extension
from the remelted substrate into the melt pool. In
the near-zero misorientation limit, the solid-solid
interfacial energy (ysm) effectively vanishes, driving
the contact angle (#) — 0°. Thermodynamic
equilibrium at the triple junction comprising the solid
nucleus (S), substrate (M), and liquid (L) is dictated

by Young’s equation, as illustrated in Figure 8(a) [43]:

(1)

ML = YsM + s1. cos(6)

where:
e ~su: solid nucleus—substrate interfacial energy,
e wi: substrate-liquid interfacial energy,
e ~sr: solid nucleus-liquid interfacial energy,
e 0: contact angle (wetting angle).

In conventional casting, heterogeneous nucleation
typically occurs on inclusions or oxide particles that
differ significantly in composition and crystal structure
from the matrix. In such cases, both g\ and ~sp
are substantial, resulting in a large contact angle and
requiring significant undercooling to overcome the
nucleation barrier.

By contrast, in AM under epitaxial solidification
conditions, the newly formed solid and the underlying
substrate are nearly identical in chemical composition
and crystal structure. When the misorientation angle is
small, the solid-solid interface becomes a low-energy
boundary, satisfying:

YoM < ML A YSL (2)
This implies § — 0°, corresponding to near-complete
wetting. Consequently, the nascent nucleus favors
lateral spreading along the substrate rather than
forming an isolated sphere particle suspended in the
melt. This constitutes the thermodynamic foundation
for epitaxial growth in AM.

From an energetic perspective, the formation of a solid
phase is governed by the Gibbs free energy change
(AGhet), which balances the volumetric free energy
reduction (V;AGy ) against the cost of creating a new
S-L interface (Ag~sL):

AGhet = —VsAGy + Agysr, (3)

The critical energy barrier (AGy,,) is scaled by the
geometric shape factor S(6):
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A = (T 2ok ) 500) @
where S(0) is defined as:
cos — cos(9)]?
S(6) = 2+ (9)]1[11 ()] 5)

In AM processes such as DED or PBE, this relationship
provides the thermodynamic rationale for epitaxial
solidification. When the melt pool sufficiently remelts
the underlying layer, the liquid metal interfaces
with a crystalline template of the same orientation.
This creates a state of near-perfect wetting where
the misorientation angle and the resulting contact
angle 6 approach zero. As S(f) — 0, the
thermodynamic barrier AGy,, effectively vanishes
as shown in Figure 8(b). This explains why the
solid phase almost invariably grows as a continuous
extension of the substrate orientation instead of
forming random equiaxed nuclei. In this regime, the
stability of the solidification front is no longer limited
by nucleation kinetics but is instead controlled by
dynamic factors such as solidification velocity, thermal
gradients, and solute transport [32, 45, 46].

2.2 Kinetics and Grain Selection Mechanisms

While thermodynamics favors epitaxial solidification,
the actual microstructural selection in AM is ultimately
governed by solidification kinetics, specifically G and
V' [47]. Classical theory maps these outcomes onto G —
V diagram, defining the "solidification microstructure
selection map" [48]. Assuming one-dimensional heat
flow, the cooling rate can be approximated as:

T~G -V (6)
In this framework, G controls interface stability while
V determines the kinetic progress of the solidification
front. To suppress CET, DS theory imposes the Hunt
criterion [34]:

n

— > K, 7
V> CET (7)

where Kcgr accounts for alloy composition,
nucleation density, and convection [49, 50]. In
essence, maintaining a sufficiently high G/V
ensures the columnar front outpaces premature
equiaxed nucleation. A high G/V ratio suppresses
constitutional supercooling, stabilizing columnar
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epitaxy. Conversely, a low G/V ratio generates a wide
undercooled region ahead of the solidification front,
enabling heterogeneous nucleation of stray grains
and initiating the CET [51]. As illustrated in Figure 9,
decreasing G'/V shifts the morphology from planar
to cellular, then to columnar dendritic, and finally to
equiaxed structures [52].

Figure 9. Regulation of growth morphologies [52].

Applying these principles to AM requires a clear
distinction between the fundamental solidification
physics inherited from casting and the unique
characteristics introduced by the additive process.
While AM shares core drivers with traditional theory,
such as constitutional supercooling and dendrite
fragmentation, the high-energy melt pool environment
introduces variables that fundamentally alter grain
selection.  Partially melted powder particles at
the pool periphery act as effective heterogeneous
nucleation sites, capable of triggering equiaxed grain
formation even under high thermal gradients. This
is compounded by intense Marangoni convection
and rapid fluctuations in the G and V vectors
actively transport these nuclei into the undercooled
zone. This promotes mechanical blocking, where a
dense equiaxed network geometrically obstructs the
columnar front once the equiaxed volume fraction ¢.
exceeds a critical threshold (¢. = 0.49 — 0.66) [50,
51, 53]. In AM, fluid flow directly influences this
blocking probability [54, 55]. Additionally, the cyclic
thermal loading unique to AM can drive solid-state
recrystallization, creating misoriented nuclei not
typically considered in primary solidification theory.

However, AM further complicates this framework
because GG and V' values far exceed those in casting
and fluctuate rapidly due to transient melt pool
dynamics, causing solidification paths to traverse

multiple microstructural regimes within a single
component [56]. Consequently, Hunt-type criteria
serve as qualitative guidelines rather than strict
boundaries. High nucleation densities, stemming
from unmelted powder or dendrite fragmentation, can
induce equiaxed growth even under steep thermal
gradients. Managing melt pool stability to limit these
nucleation sources is therefore critical for suppressing
stray grains in DED and L-PBF [57].

Building on this concept, Gdumann et al. [58]
adapted the Hunt model for laser DED of CMSX-4,
defining a "safe zone" for SX repair by mapping
process parameters onto the G-V plane for the alloy.
Experimental results confirm that specific processing
routes can successfully maintain single-orientation
columnar structures.

Even within the stable G/V regime, epitaxy is
rarely perfect over long build heights. Complex
scan paths continuously shift the thermal gradient
vector, causing dendrites to deflect. Over multiple
layers, this accumulates into macroscopic crystal
orientation bending [59]. Furthermore, cyclic thermal
stresses drive plastic deformation and lattice rotation,
manifesting as orientation gradients in Electron
Backscatter Diffraction (EBSD) maps. Severe heat
buildup can also trigger recrystallization, generating
misoriented nuclei that create high-angle grain
boundaries and potential crack initiation sites [30,
31, 60, 61]. Recent evidence suggests this evolution
results from coupled thermal-flow guidance and
stress-induced rotation, offering a potential route for
programmable crystallographic control [57, 62].

3 Additive Manufacturing Platforms

In AM of high-y" superalloys, precise control
over grain architecture is essential to suppress hot
cracking and ensure high-temperature performance.
Microstructures are therefore classified within a
rigorous crystallographic framework. SX material
is defined by the complete absence of high-angle
grain boundaries. DS columnar structures consist of
multiple grains that share a common crystallographic
texture but are separated by high-angle grain
boundaries. = Between these extremes lies the
quasi-SX material, which refers to low-misorientation
polycrystals with grain boundary misorientations
typically in the range of 5° to 10° [63].

Although epitaxial growth and the CET in AM are
often compared to Bridgman directional solidification,
this analogy is fundamentally incomplete. AM melt
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Figure 10. Classification of metal AM processes [64].

pools are highly transient, with G and V fluctuating
rapidly in both magnitude and direction. These
dynamic conditions produce highly localized and
time-varying G/V ratios, which critically govern
defect formation in weld-sensitive high-y' superalloys.
Furthermore, repeated remelting and layer-wise
reheating subject the material to intense thermal
cycling.  This can induce recrystallization and
grain boundary migration, phenomena that are
notably absent under the steady-state conditions of
conventional Bridgman processing.

As classified in Figure 10, the primary platforms,
including L-PBF, EB-PBF and DED, offer
complementary capabilities [64]. These processes
differ in their ability to balance fine feature resolution,
thermal stress control, and resistance to solidification
cracking in difficult-to-weld alloys. This intrinsic
complementarity provides the foundation for the
hybrid synergy strategies discussed in the following
sections.

3.1 Laser powder bed fusion

L-PBF is an AM technique that selectively melts fine
metallic powder spread on a substrate using a focused
laser beam under an inert atmosphere [65]. The
process builds components layer-wise, characterized
by extremely high cooling rates and steep thermal
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gradients. These solidification dynamics promote
preferential columnar grain growth along the direction,
often resulting in pronounced -crystallographic
textures or "quasi-SX" microstructures. However, this
rapid solidification concurrently induces high residual
stresses and increases susceptibility to hot cracking,
particularly in high-v’ superalloys.

For weldable alloys such as IN718, L-PBF demonstrates
significant capability in tailoring texture and
grain morphology. Gokcekaya et al. [66] utilized
bidirectional scanning to create distinct architectures,
including a quasi-SX structure (referred to as single
crystal mimetic) with near (110) orientation, a
crystallographically layered microstructure (CLM),
and a weakly textured polycrystalline microstructure
(Figure 11). Mechanical testing indicated that the CLM
architecture enhanced ductility while maintaining
high yield strength, offering a viable compromise
between process feasibility and performance when SX
is unattainable. This strategy highlights the potential
for site specific microstructural control in AM to
achieve targeted mechanical properties without the
requirement for perfect crystallographic continuity.

Experiments on SX substrates further highlight
both the potential and limitations of L-PBF. Yang
et al. [36] successfully fabricated a 2-mm-tall
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Figure 11. SEM images and IPF maps of different crystal
structures in AM nickel-based superalloys [66].

directionally solidified structure on an SX SRR99
baseplate, confirming the potential for epitaxial
growth. However, increasing the deposit height to 6
mm introduced significant orientation deviation and
internal cracking, revealing that long-range epitaxial
stability is severely constrained by the high cooling
rates and residual stresses inherent to the process.
Similarly, repair studies on CMSX-4 substrates show
that while localized epitaxial deposition is feasible,
the process window narrows rapidly with increasing
build volume [67, 68].

High-+' superalloys, such as CM247LC and IN738LC,
face particularly severe challenges with hot cracking
and strain-age cracking in L-PBF. These alloys are
prone to solidification, liquation, and strain-age
cracks that propagate along high-angle grain
boundaries, driven by segregation and evolving
residual stresses [37, 69, 70]. Even with optimized
parameters and post-processing, complete crack
elimination in alloys like CM247LC remains difficult,
with only partial reductions in crack density typically
achievable (Figure 12) [71].

Recent efforts have focused on expanding L-PBF
capabilities through alloy design and process
innovation. Modifications such as reducing Hf
and Al content have moderately lowered crack
sensitivity in CM247LC and IN738LC [37, 69, 70].
Concurrently, integrated workflows combining Hot
Isostatic Pressing (HIP) and tailored heat treatments
have improved the consistency of repaired zones on
SX substrates [68, 72].

Compared to "making whole new blades", the most
realistic breakthrough for AM in high-temperature
Ni-based SX components remains the epitaxial
repair of high-value-added blades. Centering on this
demand, Scanning Laser Epitaxy proposed by Acharya

Figure 12. SEM images of CM247LC and IN939 alloys
produced by L-PBF [71].

et al. [67] through a multi-physics model coupling
heat-fluid-solidification, systematically simulated the
temperature field, melt pool flow, dendrite growth,
and segregation behavior of single-crystal alloys like
CMSX-4 and IN100 under local remelting conditions.
They established a quantitative correlation among
process parameters, melt pool morphology, dendrite
spacing, and epitaxial continuity, and experimentally
verified that a crack-free, orientation-consistent
epitaxial layer could be achieved through single-pass
or even few-pass scanning. These works provided
an important theoretical basis for the window
construction of subsequent L-PBF repair processes.

Recently, repair cases for actual engineering damaged
blades have also gradually increased. Wang et al. [72]
used CM247LC powder to repair the blade tip and
local damage areas of cast SRR99 single-crystal blades
via L-PBF. After HIP and subsequent heat treatment,
the CM247LC/SRR99 interface achieved crack-free
metallurgical bonding, the /' structure in the repair
zone was close to the matrix, tensile strength reached
791 MPa, and fracture occurred on the SRR99 base
material side, proving the reliability of the repair joint.

While L-PBF has historically been constrained
by the high cracking susceptibility of high-y/
superalloys, emerging mitigation strategies are
extending its applicability beyond simple component
repair. High-temperature preheating has proven
effective in suppressing hot cracking in alloys
such as CM247LC and IN713LC by reducing
thermal gradients and lowering cooling rates [73].
Innovations in scan strategy design, such as the
progressive remelting technique applied to Mar-M247,
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further inhibit defect formation by optimizing the
transient temperature field and managing residual
stresses [74]. Complementary to these process-level
controls, alloy tailoring addresses crack sensitivity
at the metallurgical level, as demonstrated by the

development of weldable compositions like LW
4275 [75].

3.2 Electron beam powder bed fusion
EB-PBF is defined by its utilization of a high-energy

electron beam within a high-vacuum environment [76].

A distinguishing feature is the ability to preheat the
entire powder bed to 900-1100 °C. This maintains
elevated component temperatures throughout
fabrication, significantly lowering thermal gradients
and cooling rates to mitigate thermal stress and hot
cracking. Additionally, electromagnetic scanning
enables inertia-free beam deflection, offering superior
flexibility in tailoring the thermal field and the G/V
ratio [77-79].

In 2016, Ramsperger et al. [63] demonstrated the
feasibility of directly fabricating SX structures from
CMSX-4 powder via EB-PBF without using seed
crystals or physical selectors. By optimizing scan
strategies and energy input, they achieved a transition
from polycrystalline to SX structures spanning 15 mm
in width. This indicates that high preheating combined
with moderate cooling facilitates SX nucleation and
growth through a "virtual grain selection" mechanism.

This approach has since been successfully extended to
other high-+' superalloys, including IN738LC, yielding
crack-free epitaxial specimens [80-82].

Precise thermal management is critical for processing
non-weldable alloys. In studies on IN738LC,
Li et al. [28] maintained the powder bed at
approximately 1000 °C using multi-stage preheating,
effectively suppressing both liquation and strain-age
cracking. As illustrated in Figure 13, this multiple
preheating process reduces thermal gradients and
residual stresses, transitioning susceptible high-angle
grain boundaries into crack-resistant low-angle grain
boundaries despite the presence of low-melting phases
such as v/~ eutectics.

Columnar growth in EB-PBF is fundamentally
governed by both the G/V ratio and anisotropic
residual stress fields. As shown in Figure 14,
a persistent melt pool is a prerequisite for SX
growth; high area energy density ensures melt pool
continuity, which suppresses stray grain nucleation
and facilitates uniform epitaxial growth [83]. Building
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Figure 13. Mechanism of liquation cracking in AM
nickel-based superalloys [28].

on this thermal stability, specialized scan strategies
such as the p-Helix utilize coupled thermal and
stress fields to drive the progressive alignment
and coalescence of favorably oriented dendrites.
This mechanism effectively functions as a "virtual
grain selector" that eliminates misoriented grains
without the need for physical selection geometry [84].
Furthermore, specific hatching strategies can induce
controlled "crystallographic twisting", allowing for
the programmable rotation of secondary dendrite
orientations along the build height. This capability
offers new avenues for optimizing microstructures in
complex geometries like twisted blades [85].
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Figure 14. SX process window for EB-PBF of CMSX-4
alloy [83].

Mechanically, DS components fabricated by EB-PBF
exhibit tensile and creep properties comparable
or superior to conventionally cast materials after
HIP and heat treatment. As shown in Figure 15,
EBM-processed microstructures maintain a consistent
strength advantage over cast counterparts at
elevated temperatures. These samples also exhibit a
pronounced increase in elongation, which mitigates
the risk of brittle fracture during high-temperature
deformation [79]. Specifically, crack-free Mar-M247
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samples produced with controlled melt pool
geometries demonstrate performance on par with
cast counterparts while avoiding the recrystallization
issues common in L-PBF. However, the high thermal
background may lead to 7’ coarsening, a factor that
requires further investigation regarding its impact on
high-temperature ductility [86].
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Figure 15. Tensile properties of HIP-treated an
heat-treated EBM M247 compared with cast
CM247LC [79].

Despite its advantages, EB-PBF faces practical
limitations that necessitate synergistic hybrid
strategies. The electron beam spot size restricts
resolution, making it less capable than L-PBF for
fabricating fine internal cooling channels. Moreover,
high-temperature preheating causes powder sintering,
which complicates the removal of residual material
from intricate cavities. The stringent requirements
for vacuum and temperature control also impose
significant equipment demands. Nevertheless, EB-PBF
currently remains the most promising platform for the
direct AM of high-7’ SX superalloys.

3.3 Directed energy deposition

Unlike powder bed systems, DED utilizes a focused
heat source to generate a melt pool with simultaneous
coaxial or lateral feedstock delivery. This configuration
fundamentally governs the solidification dynamics:
DED typically operates with lower cooling rates and
larger molten volumes compared to PBEF, enabling
significantly higher deposition rates and build
scalability. These characteristics make it uniquely
suited for epitaxial repair of in-service SX components
by enabling crystallographically aligned growth
and a robust metallurgical bond, embodying the
synergy between traditional casting and additive

restoration [87, 88].

The primary challenge in DED of high-y" superalloys
lies in maintaining epitaxial continuity while
mitigating defects such as stray grains and hot
cracking [89-91]. In engineering practice, Giumann
et al. [58] established a viable process window
for CMSX-4 blade repair in 2001, successfully
demonstrating multi-layer epitaxial deposition
on damaged blade platforms. This work laid
the methodological groundwork for SX control
in laser-based additive repair. Subsequently, As
summarized by Vilar and Almeida [91] in their review,
extensive DED repair trials on CMSX-4 and Rene N5
blades have demonstrated that low-misorientation
epitaxial growth can be maintained over heights
of tens of millimeters when the thermal field and
substrate remelting depth are tightly controlled.

To strictly control the transition from epitaxial growth
to misoriented grains, a critical defect mode in epitaxial
deposition, recent research has focused on precise
manipulation of melt pool morphology. Zhang et
al. [92] demonstrated that dendrite orientation is
governed by the geometric aspect ratios of the melt
pool. They identified the depth-to-height ratio (d/h)
as a decisive parameter: a dual-orientation structure
prevails when d/h < 0.48, whereas exceeding
this threshold triggers a triple-orientation growth
competition. By engineering shallow, elongated melt
pools through reduced heat and mass input, the
competitive growth of unfavorable orientations is
suppressed without compromising interfacial integrity.
These fundamental solidification principles have been
successfully translated into industrial applications,
with DED-based repair now well-validated; for
instance, IN718 blade tip repairs are systematically
evaluated via hardness and wear resistance across
varying process parameters [93].

Advanced numerical simulation has become
indispensable for predicting solidification dynamics
in DED. Bhure et al. [94] developed a numerical
framework coupling thermal, fluid, and phase-change
physics to predict dendrite arm spacing and
columnar-to-equiaxed transitions in alloys such as
IN718. Their simulations showed excellent agreement
with experimental EBSD observations of solidification
morphology and microstructure. This model-driven
approach has since been extended to DED of SX alloys
like CMSX-4, enabling in silico optimization of process
parameters for DS and the subsequent experimental
realization of quasi-SX rods, significantly reducing
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trial-and-error costs.

Notably, DED is evolving beyond repair toward the
direct fabrication of large-scale quasi-SX structures.
Recent DED studies show that moderate substrate
preheating, optimized powder feed angles, and
tailored scan strategies can yield highly anisotropic
columnar or quasi-SX microstructures in CMSX-4,
with continuous columnar heights reaching tens of
millimeters, highlighting its emerging potential for
bulk SX component manufacturing [95].

Industrially, DED validates the hybrid synergy
paradigm by extending the lifecycle of cast
components. Manufacturers such as Rolls-Royce
and Pratt & Whitney have implemented DED for the
geometric restoration of high-stress areas, including
compressor blade flanges and turbine disk seals [96].
Figure 16 shows the actual turbine blade after DED
repair [97].

R 8411 80

(@ (b) (©

Figure 16. (a) Turbine blade produced via DED; (b)
Damaged turbine blade; (c) Blade repaired using
DED [97].

However, extending this technology from local
repair to "certifiable, full-size SX fabrication" faces
distinct bottlenecks.  In summary, while DED
offers distinct advantages for SX epitaxial repair
and large-volume quasi-SX fabrication due to its
tunable heat input and engineerable melt pool
geometry, its relatively large melt pools and lower
cooling rates increase susceptibility to hot tearing,
stray grain formation, and coarse primary phases
in high-v superalloys. Furthermore, the resulting
surface roughness and limited resolution render it
unsuitable for directly fabricating intricate features
like micro-cooling channels. Additionally, challenges
remain in ensuring orientation matching in high-stress
regions such as blade roots. Consequently, these
limitations often necessitate hybrid integration with
machining or complementary AM processes.
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3.4 Process comparison

The three AM processes fulfill distinct yet
complementary roles within the DS and SX
manufacturing chain, governed by their unique
thermal histories. L-PBF achieves the highest G
and cooling rates, promoting pronounced columnar
growth. In L-PBF of M247, the localized heat input
results in an extreme G of up to 10’K/m [78].
However, the extreme G and V' induce significant
residual stresses, increasing susceptibility to strain-age
cracking in high-v' superalloys. While its superior
resolution is ideal for complex features like internal
cooling channels, the high cooling rate limits its
application in crack-sensitive "non-weldable" alloys.

In contrast, EB-PBF leverages high-temperature
preheating (> 1000°C) to maintain a low G and
thermally stabilized environment. For M247, the
preheated state moderates the localized heat input,
resulting in a significantly lower G of approximately
10* to 105K/m [78]. This effectively suppresses
residual stresses and hot tearing, enabling the direct
fabrication of SX components from high-7’ superalloys
like CMSX-4. Yet, this sustained thermal exposure
increases the risk of recrystallization and +/ coarsening
during the build.

DED occupies an intermediate position, characterized
by lower G/V ratios and millimeter-scale melt
pools. This thermal profile makes it particularly
susceptible to stray grain formation via the CET and
liquation cracking within its extensive large Heat
Affected Zone (HAZ). While its resolution necessitates
post-machining, it excels in epitaxial repair and
large-volume deposition.

These distinct thermal regimes give rise to
process-specific defect mechanisms, intrinsically
linked to each platform’s "thermal window." L-PBF
is dominated by strain-age cracking due to rapid
thermal cycling and high stress. EB-PBF operates
within a "safety window" for cracking but is limited
by the recrystallization threshold. DED’s primary
challenge is maintaining crystallographic continuity
(avoiding stray grains) and preventing liquation
cracking caused by its high heat input and broad HAZ.
The key distinctions between L-PBF, EB-PBF, and DED
are systematically compared in Table 1.

Future advancements will likely rely on
multi-technology synergy rather than a single
dominant process. A robust manufacturing
architecture for complex SX components might
employ EB-PBF to fabricate the monolithic SX
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substrate, ensuring crystallographic continuity.
Subsequently, L-PBF can construct high-resolution
features like cooling ribs, while DED handles
service-induced  repairs. This  integrated
approach effectively establishes a closed loop of
"Manufacture-Service-Remanufacture".

4 Solidification Dynamics and

Crystallographic Control

In AM, macroscopic structures typically feature
columnar grains growing epitaxially along the build
direction. At the microscopic scale, however, dendrite
morphology, orientation, and texture intensity are
strictly governed by local heat flow and solidification
dynamics. While G and V are the fundamental
physical parameters governing DS and the CET, they
are not directly controllable. Instead, they must be
indirectly modulated through process parameters such
as scan strategy, thermal management, and energy
input [105, 106].

It is important to clarify that "crystallographic
control" in AM is probabilistic and statistical rather
than deterministic. Unlike traditional casting with
physical molds, AM relies on competitive growth
and suppression mechanisms where grains with the

most favorable crystallographic orientation relative to
the local heat flow outcompete misaligned neighbors.
The differing degrees of tunability offered by various
AM processes in regulating these variables ultimately
determine their suitability for DS and SX applications.

4.1 Thermal Field Engineering via Scan Strategy
Optimization

Scan strategies function as the primary lever for
microstructural control by dictating the heat source
trajectory. This process directly shapes melt pool
morphology and transient heat flow direction. Unlike
conventional DS, which relies on physical grain
selectors (e.g., spiral selectors), AM utilizes the
spatiotemporal modulation of thermal fields to
generate a continuously moving "virtual grain selector”
at the solidification front [77, 107].

The efficacy of this "virtual selector" varies significantly
across AM modalities: in L-PBF, it is weak and
highly local, as the small melt pool and rapid cooling
cycles often reset the grain selection process with each
new layer; in EB-PBEF, it is persistent and cumulative,
owing to the high-temperature powder bed and
vacuum environment, which enable continuous grain
selection and evolution over many layers; and in
DED, it is strongly governed by geometry and melt

Table 1. Comparative Analysis of AM Technologies for Directional/Single-Crystal Fabrication.

Feature L-PBF EB-PBF DED
Heat Source Laser Electron Beam Laser
Environment Inert Gas (Ar, Ny) High Vacuum Inert Gas Shielding
Substrate Preheat  Optional, usually 200°C Required, 1000°C Optional, usually low
Cooling Rate 10°-10” K/s 10%-10° K /s 102-10° K/s
Thermal Gradient 10°-107 K/m 10°-10° K/m 103-10* K/m
Surface Low Medium High
Roughness
Build/Deposition Low Medium High
Rate
H ) L Recrystallization; o .
. ot/Strain-age cracking; ) . Stray grains; Warpage;
Primary Defects keyhole porosity; gas porosity . oo oo S Lack of fusion; Liquation cracking; porosi
Mode y P Y, &asp y Shrinkage porosity ! &P ty
Melt Pool Sub-millimeter; "Fish-scale" Broad and shallow; Mllllmeter-scale in width and depth;
fish scale
Geometry Controllable
Max Part Size Limited by powder bed Limited by powder bed Very large (limited by robotic reach)
Material Wide (various alloys) Conductive materials Wide (supports multi-material/FGM)
Compatibility only
Primary DS/SX Repair, small component Direct fabrication of Repair, large component cladding
Application fabrication bulk SX components
Key Advantage in High resolution, fine features Low residual High deposition rate, suitable for large parts
DS/SX stress, suitable for repair

Key Limitation in
DS/SX
References

High residual stress, cracking

in sensitive alloys
[42, 65,78, 98-100]

crack-sensitive alloys
Lower resolution,
requires vacuum
(78,100, 101]

Low resolution, poor surface finish

[78, 100, 102-104]
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pool dynamics, where the larger deposition volume
and intense substrate interactions dominate grain
evolution.

In L-PBF, common scan patterns include unidirectional
raster, bidirectional zigzag, and interlayer rotation
(e.g., 67° or 90°), alongside domain-based strategies
like island/chessboard and hexagonal scanning
(Figure 17) [108]. These designs do more than
determine melt track overlap and heat accumulation;
they fundamentally influence columnar grain
growth direction and competitive outcomes by
manipulating isotherm geometry and thermal
gradient orientation [108-110].

Figure 17. Common types of scanning strategies [109].

Systematic studies on alloys like IN718 demonstrate
that simple unidirectional scanning promotes strongly
textured columnar grains aligned with the build
direction.  Conversely, a 90° interlayer rotation
encourages a cubic texture and weakens local
alignment. Non-integer rotation angles, such as
67°, create complex heat-affected zone overlaps that
increase the equiaxed grain fraction and further reduce
texture intensity, a benefit for mitigating anisotropy,
but a detriment to forming "quasi-SX" structures [111,
112].

Bidirectional zigzag scanning, by contrast, alternates
the scan vector between adjacent tracks. This approach
maintains a strong macroscopic columnar texture
while reducing the thermal stress accumulation and
distortion typical of unidirectional scanning, yielding
spatially continuous and uniform columnar grains
(Figure 18) [34].

Island or chessboard strategies partition the scan area
into smaller domains to manage local heat buildup
and global residual stress. Each island uses short
scan vectors and is activated sequentially, allowing
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Figure 18. Solidification microstructures under different
scanning strategies: (a) unidirectional scanning strategy
and (b) bidirectional scanning strategy [34].

for "block-wise" thermal and stress management.
Experiments and simulations confirm that smaller
islands significantly reduce part warpage and residual
deformation, while rapid thermal cycling within them
refines grains. However, for DS and SX components,
this grain refinement and the frequent rotation of scan
vectors can be detrimental, as they inherently disrupt
epitaxial continuity.

Island boundaries often suffer from complex
textures and stress concentrations, requiring careful
optimization of layout and sequence [113-115].
Beyond rectangular islands, hexagonal paths and
segmented serpentine scans further homogenize these
fields. For example, hexagonal paths in IN718 favor
highly oriented columnar grains along the build axis,
whereas chessboard patterns tend to induce equiaxed
grains and cubic textures, directly undermining SX
fidelity [116]. Island dimensions and sequencing also
impact macroscopic mechanical properties: smaller
islands produce finer grains, generally increasing yield
strength at the cost of ductility [117]. Despite their
benefits in stress mitigation, these complex strategies
introduce significant crystallographic heterogeneity.
Lu et al. [118] noted in Inconel 718 that while island
scanning alleviates thermal accumulation, island
overlap zones are prone to lack-of-fusion defects and
porosity under fixed parameters, acting as preferred
sites for stray grain nucleation and disrupting the
uniform grain morphology essential for SX integrity.

Recently, fractal-based scan strategies defined by
their continuity, lack of abrupt direction changes,
non-intersecting paths, and self-similarity have
gained traction. Fractal paths such as Hilbert and
Peano-Gosper curves distribute heat uniformly and
prevent localized reheating, effectively mitigating
thermal stress concentrations.  This results in
substantially reduced crack density for highly
crack-sensitive high-y" superalloys [119]. As Figure 19
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illustrates, crack length varies significantly between
strategies, with fractal paths demonstrating superior
crack resistance.

Figure 19. (a) Island scanning, (b) 3rd order Hilbert scan,
(c) 2nd order Peano-Gosper scan, and (d) crack length
density data for island (grey), Hilbert (blue), and
Peano-Gosper (red) scan strategies [119].

In EB-PBF, the scan strategy evolves from a heat
modulation tool into the core mechanism for SX
formation. Leveraging the inertia-free deflection
of the electron beam and the high-temperature
preheated powder bed, scan paths dictate the local
G/ V ratio while enabling the deliberate construction
of symmetric residual stress and temperature fields.
Korner et al. [38] showed in CMSX-4 that u-Helix-like
paths can enforce a helical thermal gradient ascent,
driving technical SX evolution. Through repeated
competition and coalescence along the build height,
columnar grains of varying orientations are filtered
down to a single dominant orientation, forming SX
domains several millimeters in diameter. Further
simulations suggest that appropriate interlayer
rotation in EB-PBF can maintain the primary
[001] orientation parallel to the build direction
while inducing continuous torsion of secondary
orientations, a phenomenon termed "crystallographic
twisting". This capability offers the potential to
tailor crystallography for specific stress paths [120].
Essentially, this "unfolds" the traditional spiral grain
selector into a 3D virtual selector shaped by thermal
and stress fields, establishing scan strategy as the
central tool for controlling SX/DS microstructures
(Figure 20) [107].

Figure 20. Path selection scanning [107].

4.2 Thermal Management and Preheating Effects

Thermal management is critical for controlling
microstructure and defects in AM. By modulating
part-to-substrate temperature gradients, preheating
directly governs cooling rates, residual stress
accumulation, and cracking susceptibility.

Standard L-PBF typically uses ambient-temperature
substrates, inducing steep thermal gradients and
residual stresses detrimental to high-y" superalloys.
Recent efforts focus on elevated substrate preheating
(400-800 °C) to mitigate this. Research confirms
that higher substrate temperatures reduce gradients
and strain, effectively suppressing solidification
and strain-age cracking (SAC). However, excessive
preheating risks narrowing the densification window
and promoting powder oxidation (Figure 21) [117].

In contrast, EB-PBF benefits inherently from high
process temperatures. Pre-scan strategies maintain
the powder bed near the 7' solvus, creating a
high-temperature background that minimizes internal
gradients and cooling rates relative to L-PBF. This
thermal history not only mitigates hot tearing and
shrinkage but also acts as an in situ heat treatment,
promoting +/ coarsening and reprecipitation [121].
Recent simulation show that zonal and multi-stage
preheating can further lower surface cooling rates.
This compresses the liquation cracking range while
preserving epitaxial growth, a critical requirement for
crack-free SX fabrication of "unweldable" alloys like
IN738 [122].

Thermal management in DED prioritizes substrate
geometry and stiffness. ~ While rigid substrates
constrain initial distortion, they exacerbate stress
accumulation during deposition, causing macroscopic
warpage and cracking. Emerging "compliant" or

69



Journal of Advanced Materials Research

Figure 21. Schematic illustration of thermal phenomena
occurring during L-PBF [117].

"smart" substrates, utilizing internal hollows, slots,
or multi-material architectures, address this by
reducing local stiffness. Both simulations and
experiments confirm that these designs lower von
Mises and longitudinal tensile stresses at the interface,
inhibiting crack initiation and minimizing springback
(Figure 22) [123].

In addition to stress management, thermal
management fundamentally governs the CET and
stray grain formation by spatiotemporally modulating
G and V. In DED, aggressive cooling induces steep
gradients and deep melt pools, triggering coarse
equiaxed grains; compliant substrates or insulation
mitigate this "first-layer shock" to facilitate stable
epitaxy. In EB-PBF, preheating requires a trade-off:
insufficient heat increases cracking risk, while
excessive heat lowers the G/V ratio, weakening
competitive growth and narrowing the SX formation
window.

Rational thermal management is thus integral to
process engineering. In L-PBF, this entails moderate
preheating and optimized scanning to dampen thermal
spikes. In EB-PBF, multi-stage preheating and
real-time monitoring are required to balance crack
suppression with directional solidification. Finally, in
DED, tailoring substrate architecture alongside active
cooling (e.g., forced cooling or slotting) is essential
to reconcile stress control with microstructural
homogeneity.
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4.3 Energy Input Parameters and Melt Pool
Geometry

In addition to scan strategy and thermal management,
energy input parameters, specifically beam power (P),
scan speed (v), hatch spacing (h), and layer thickness
(t), fundamentally govern melt pool morphology and
stability. While volumetric energy density (E,) is a
standard characterization metric [124].

(8)

It remains a simplified proxy. FE, remains widely
used due to its simplicity and ease of comparison
between different machines, but it cannot fully capture
complex melt pool dynamics. For DS and SX
control, melt-pool-geometry-based descriptors are
more physically meaningful, as the curvature of the
melt pool boundary directly dictates the local growth
direction of the dendrites.

For DS and SX fabrication, the energy input
must fall within a precise window that prevents
lack-of-fusion defects without inducing keyhole
instabilities. Low E, leads to incomplete melting
and porosity, whereas excessive £, drives keyhole
formation, vapor recoil, and spatter, all of which
disrupt epitaxial continuity. Consequently, SX/DS
processes prioritize the conduction-mode regime,
utilizing high ¢ and moderate V' to sustain columnar
growth while mitigating stress accumulation through
scan optimization and preheating [125].

The response of G and V to P, v, and beam diameter
(D) is nonlinear. Increasing power deepens the
melt pool. While deep, narrow pools exhibit high
local G, they are prone to constitutional supercooling
at the pool bottom, risking stray grain nucleation.
Conversely, shallow, wide pools generate gentler
gradients favorable for stable, long-range epitaxy.
Adjusting scan speed alters the energy deposition rate.
At low speeds, the rise in V' typically lowers the G/V
ratio, whereas at higher speeds, melt pool shallowing
enhances G relative to V, thereby shifting the balance
back toward columnar growth [117].

Beam spot size and intensity profiles offer further
geometric control. Small Gaussian spots concentrate
energy, creating deep pools with steep gradients
and strong Marangoni convection, which can coarsen
dendrites or trigger equiaxed growth. In contrast,
larger Gaussian or flat-top profiles produce wider,
shallower pools with more uniform thermal fields,



Journal of Advanced Materials Research

Figure 22. Residual stress distribution at the wall-substrate interface for different substrate structures: (a) von Mises
stress; (b) longitudinal stress [123].

extending the stability range of the columnar zone
(Figure 23) [126-128]. Research on Fe-Si [129] and
Ni-based alloys [122] in L-PBF and laser cladding
confirms that expanding the spot size broadens the
conduction-mode window, suppressing keyholing and
enhancing microstructural continuity.

Operational strategies for SX/DS must therefore
reconcile the high G required for epitaxy with the
need to minimize thermal stress. In L-PBF, this
entails moderate power, high scan speed, and slightly
enlarged spot sizes to reduce peak thermal gradients
while ensuring densification. In EB-PBF, line energy
and dwell time are tuned against a high-temperature
background to maintain directional growth without
compromising. In DED, success relies on limiting
thermal and mass input to achieve shallow, elongated
melt pools, thereby preventing stray grains nucleated
at the pool base.

Ultimately, energy input, scan strategy, and thermal
management constitute the triad of process control in
AM. By collectively shaping melt pool geometry, G and
V, they dictate the columnar-to-equiaxed transition,
grain orientation, and defect genesis. Achieving
robust SX/DS structures requires moving beyond
trial-and-error to a systematic methodology grounded
in coupled thermo-mechanical-microstructural
modeling.

Figure 23. Grain morphology of Inconel 718 alloy fabricated
by selective laser melting with different laser beam energy
distributions [126].

5 Defect Mitigation and Hybrid Synergy in
High-+' Superalloys

Defect mitigation in high-y" superalloys represents
a multi-physics challenge that extends beyond
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the capabilities of conventional process mapping.
The substantial thermal stresses induced during
layer-wise accumulation, coupled with the alloy’s
rapid precipitation kinetics, create a propensity for
both intergranular cracking and the disruption of
epitaxial growth (stray grains). Addressing these
issues requires a rigorous deconstruction of the
failure modes governing porosity evolution and
surface degradation.  Furthermore, as singular
process optimization often reaches a theoretical limit,
this section posits hybrid synergy as a requisite
solution pathway. Through the convergence of
multi-source processing and active microstructure
control, hybrid strategies offer a means to manipulate
local solidification dynamics, effectively suppressing
defect formation while maintaining the desired
crystallographic texture.

5.1 Stray Grain Nucleation and Suppression

SGs pose a critical threat to the crystallographic
integrity of SX components, manifesting as
misoriented defects that degrade creep and fatigue
performance. Unlike in traditional casting, where
SGs are typically localized to component edges,
AM-induced SGs exhibit complex spatial distributions,
appearing near substrates, within deposited layers,
and on surfaces [82, 130]. Their formation is
primarily driven by constitutional undercooling, grain
fragmentation, and heterogeneous nucleation.

Mechanistically, SGs near the substrate often arise
from the partial remelting of coarse precipitates (e.g.,
carbides, v/~ eutectics), which serve as nucleation
sites for equiaxed grains once the local ratio drops
into the regime that favors CET. Within the build,
repeated thermal cycling can trigger recrystallization
in high-strain zones, while surface SGs frequently
originate from incompletely melted powder particles
that act as extrinsic nuclei [82].

Mitigation strategies target both source elimination
and process suppression. Pre-processing measures,
such as solution heat treatment of substrates, dissolve
segregation-prone phases to reduce constitutional
undercooling, while rigorous powder quality control
minimizes extrinsic inclusions. During fabrication,
maintaining a high ratio delays CET, and optimizing
scan strategies, such as employing bidirectional
paths, preserves epitaxial continuity by minimizing
local powder accumulation and undercooling
(Figure 24) [130].

In EB-PBF, this approach is refined through
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Figure 24. EBSD orientation maps of samples built using
different scanning strategies:(a) and (c) Unidirectional
laser scanning; (b) and (d) Bidirectional laser scanning. (c)
and (d) are from the center of the sample shown
in Figure (e) [130].

high-temperature preheating and 'virtual grain
selection" scan patterns, which promote competitive
grain growth to confine SGs to the periphery,
effectively self-purifying the bulk crystal. Ultimately,
controlling SGs requires the coordinated regulation
of material quality, thermal fields, and scanning
dynamics across multiple scales.

5.2 Mechanism and Control of Cracks

In the AM of high-y' superalloys, cracking remains a
persistent challenge that severely restricts the process
window and compromises component reliability.
Analogous to welding, cracking in AM can be
categorized into three primary types: solidification
cracking, liquation cracking, and solid-state cracking,
with the latter further subdivided into SAC and
ductility-dip cracking (DDC).

Solidification cracking occurs predominantly within
interdendritic channels during the final stages of
solidification. As depicted in Figure 25 [131], rapid
cooling drives the segregation of 7/-forming elements
(Al, Ti) and refractory alloying elements (Nb, Mo, W,
Re) into interdendritic regions, forming low-melting
v-y' eutectics or solute-rich liquid films. Under
non-equilibrium solidification, these compositional
gradients cannot homogenize. Consequently, the
semi-solid dendritic network is subjected to tensile
stresses arising from thermal contraction and
mechanical constraint. When these stresses exceed
the cohesive strength of the residual liquid films,
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interdendritic tearing occurs, manifesting as classic
solidification cracks [132]. Studies on IN738 and
CM247LC processed via DED and L-PBF confirm that
such defects typically appear as coarse intergranular
fractures accompanied by pronounced segregation
and ruptured dendrites [133, 134].

Figure 25. Schematic illustration of solidification cracking
mechanisms [131].

Constitutional liquation occurs when rapid heating
in AM and welding causes solutes to concentrate
at the precipitate/matrix interface in HAZs. As
the local temperature and solute concentration
reach eutectic equilibrium, metastable liquid films
are generated; when these reach a certain areal
density, they combine to form large films that
result in cracking. Simultaneously, low-melting-point
secondary precipitates such as v/-y eutectic, y-Laves
eutectic, and carbides contribute to cracking as they
directly melt during heating cycles [131].

Liquation cracking is most prevalent in the
heat-affected zone or remelted regions. Repeated
thermal cycling causes low-melting interdendritic
phases, such as y-' eutectics, B-rich borides (e.g.,
M;B3, M3B,), and carbides (MC, MgC), to partially
melt. This results in the formation of continuous or
semi-continuous liquid films along grain boundaries
or secondary dendrite arms. Just below the liquidus
temperature, these films exist in a semi-solid state
with negligible ductility. Tensile stresses induced
by thermal cycling can then propagate cracks along
these weakened interfaces [135]. The two primary
mechanisms, constitutional liquation and direct phase
melting, are schematically illustrated in Figure 26.

Investigations on René 108 and similar alloys
demonstrate that adjusting preheating temperature
and heating rate can shift both the onset and width
of the liquation cracking temperature range (LCTR),
thereby modulating susceptibility [131, 136].

SAC poses a significant risk for high-y' superalloys
such as CM247LC and IN939, which typically exhibit
7 volume fractions exceeding 60%. During the
multiple thermal cycles inherent to AM, extensive
7" precipitation and coarsening occur. The lattice

Figure 26. Schematic of the liquation cracking caused by (a)
constitutional liquation and (b) direct phase melting [131].

mismatch between the 7 and 4/ phases, coupled
with volumetric expansion during precipitation,
generates localized stress concentrations at grain
boundaries. Simultaneously, 7' hardening reduces
material ductility.

The superposition of residual stress and precipitation
hardening can thus trigger intergranular fracture.
Fractographic analysis reveals these cracks as sharp,
intergranular features lacking any evidence of
dendritic melting, often traversing multiple melt
pools, which is a key distinction from solidification or
liquation cracks (Figure 27) [71, 137].

Figure 27. Strain-age cracking in CM247LC (a—c) and IN939
(d-f) [71].

Mitigating these cracking modes requires integrated
strategies spanning process control and material
design. For solidification cracking, tuning energy
density, scan speed, and preheat conditions can reduce
interdendritic segregation and the volume fraction
of low-melting phases, shorten terminal liquid films,
and minimize tensile stress concentrations through
optimized scan strategies such as island scanning,
bidirectional serpentine patterns, or multi-directional
scanning. Statistical analyses of CM247LC indicate
that maintaining linear energy input within an optimal
range and avoiding deep keyhole-mode melt pools
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significantly reduces crack density [138].

For liquation cracking, optimizing preheat
temperature and thermal history is critical.
Techniques such as high-frequency induction
heating and multi-stage preheating can modify the
HAZ microstructure prior to deposition or AM,
rendering low-melting phases more discontinuous.
This narrows the LCTR and reduces susceptibility,
a strategy validated in both René 108 welding and
EB-PBF of IN738LC.

Addressing SAC and DDC requires harmonizing heat
treatment protocols with residual stress management.
Precise control over heating rates and hold
temperatures is essential to regulate ' precipitation
kinetics, thereby optimizing instantaneous ductility
and reducing local stress concentrations. At the
process level, interventions such as staged heat
treatments, compliant fixturing, and in-process
annealing effectively alleviate strain accumulation
within critical temperature intervals. Furthermore,
emerging techniques like Liquid-Phase-Induced
Healing (LIH) and laser remelting provide pathways
to restore metallurgical continuity by locally healing
crack tips, a strategy successfully validated in L-PBF
CM247LC components [139, 140]

Fundamentally, cracking reflects the intrinsic conflict
between the high thermal G/V ratio required for
columnar epitaxy and the low residual stress state
needed to suppress fracture. While L-PBF, EB-PBF,
and DED occupy different positions along this trade-off
spectrum, successful fabrication demands the unified
co-design of solidification behavior, thermal stress
evolution, and ' precipitation dynamics.

5.3 Internal Porosity and Surface Integrity

Beyond cracking, porosity and surface roughness
represent critical defects in high-y" superalloys. These
defects not only compromise load-bearing capacity but
also act as potent stress concentrators, initiating fatigue
failure and degrading cooling efficiency in complex
turbine components.

5.3.1 Morphological Influence of Internal Porosity on
Mechanical Performance

Internal porosity in metal AM primarily consists of

lack of fusion (LOF), gas, keyhole, and shrinkage

pores [141]. The impact of these defects on mechanical

performance depends on their morphology,

orientation, and proximity to the surface.

Lack-of-fusion pores, characterized as flattened,
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irregular voids containing unmelted powder, arise
from insufficient energy input or inadequate melt
pool overlap. In DS or SX structures, these defects
often align with scan tracks or layer interfaces,
running parallel to grain boundaries and serving as
high-intensity crack initiation sites under creep or
fatigue loading [142]. Studies on Ni-Cr—Fe superalloys
demonstrate that below the densification threshold,
relative density drops precipitously due to LOF defects,
which almost invariably function as fatigue fracture
origins [143].

Conversely, gas and keyhole porosity have markedly
different effects on mechanical performance. Gas
porosity typically consists of spherical pores ranging
from several to tens of micrometers in diameter [144].
These defects primarily impair high-cycle fatigue
life, particularly when located in subsurface regions.
Fatigue failures in L-PBF nickel-based superalloys at
107 cycles predominantly initiate at these sites, with life
exhibiting a strong inverse correlation with maximum
pore size [145].

Keyhole porosity is characteristic of
high-energy-density regimes where vapor cavities
collapse [146-148]. These defects result in a sharp
increase in porosity that markedly degrades both
fatigue and impact toughness [149], even at high
bulk densities. While gas pores are often viewed
as passive inclusions, the irregular morphology of
keyhole porosity creates significantly higher local
stress triaxiality, making it more detrimental to
dynamic properties. In contrast, the high-vacuum
environment of EB-PBF drastically reduces gaseous
sources, routinely achieving bulk densities of 99.98%
(Figure 28), although minor spherical porosity may
still arise from residual adsorbed or internal gases in
the powder [150].

Additionally, interdendritic micropores associated
with restricted solidification feeding persist in DED or
EB-PBF. These pores often co-locate with segregation
bands and serve as nucleation sites for creep cavitation.
While HIP effectively closes internal micropores
through synergistic plastic flow and diffusion [151,
152], it is significantly less effective for interconnected
LOF pores or large keyhole voids open to the
surface [153]. Consequently, the optimal strategy
requires minimizing LOF and keyhole porosity
through process optimization to ensure residual
defects consist only of healable micropores.
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Figure 28. Three-dimensional reconstruction and classification distribution of internal pore defects in samples using
Micro-CT [150].

5.3.2 Functional Implications of Surface Integrity and
Post-Processing

Surface integrity represents the second critical
challenge in AM [154]. The layer-wise process
inherently induces stair-stepping effects on external
surfaces (Figure 29) [15], while internal channels
suffer from adhered powder and localized overmelting
due to geometric confinement. This roughness,
significantly higher than that of cast components,
degrades cooling efficiency and serves as a potent site
for fatigue crack initiation [155]. Consequently,
post-processing is mandatory [156]. While
conventional machining is sufficient for external
features, internal passages require volumetric
techniques such as electrochemical polishing (ECP).
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Figure 29. Schematic illustration of the staircase effect in
layer-based manufacturing [15].

In EB-PBF, small hatch spacing often leads to
the sintering of surrounding powder onto channel
walls, yielding highly undulating topographies [157].
Conversely, in L-PBF, high energy density combined
with tight hatch spacing increases sidewall roughness,
though this can be mitigated by energy reduction or

contour scanning [158].

To address these issues, techniques such as ECP,
electrochemical-mechanical hybrid polishing (ECMP),
and abrasive flow finishing (AFF) can significantly
reduce areal surface roughness (Sa) while preserving
geometric fidelity. ~ For IN625, optimized ECP
reduces inner roughness by 60-85%, albeit with a
5-15% wall thickness loss [159]. Emerging methods,
including magnetic abrasive finishing (MAF) and
multi-nozzle hydrodynamic polishing, show promise
for small-diameter or multi-layer channels but entail
higher process complexity [160]. As shown in
Figure 30, the effectiveness of these methods varies
significantly with channel geometry and material
systems, indicating that no single technique is
universally optimal [161].
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Figure 30. Schematic illustration of the staircase effect in
layer-based manufacturing [161].

For SX or DS blades, enhancing surface integrity
is particularly delicate. Strategies such as
laser remelting risk altering the near-surface
microstructure or triggering recrystallization.
Therefore, co-optimization of AM process design
and post-processing is essential to maintain
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crystallographic continuity while achieving the
desired surface finish. This integrated approach
is critical for transitioning AM components from
laboratory prototypes to high-reliability aerospace
applications.

5.4 Hybrid Synergy Strategies: Processing High-+'
Superalloys

For legacy high-y' systems such as CMSX-4 and
IN738, relying solely on parametric optimization
proves insufficient to eliminate cracking and
stray grain nucleation. Addressing these intrinsic
metallurgical constraints necessitates a paradigm
shift toward Hybrid Synergy, which represents
the strategic integration of process physics, alloy
chemistry, and auxiliary fields. From a process-driven
perspective, EB-PBF exploits a thermal process
window inaccessible to laser-based systems. By
maintaining the powder bed temperature near the
v’ solvus, the process minimizes the thermal stress
invariant while sustaining the high G required
for directional growth.  This specific thermal
regime effectively "unlocks" the printability of
crack-sensitive alloys, enabling the direct fabrication
of defect-free, seedless single crystals which,
following HIP and heat treatment, exhibit creep
and tensile properties commensurate with their cast
counterparts. Complementing this process-centric
approach, L-PBF strategies increasingly prioritize
compositional compliance. Since the process
lacks the high-temperature background of EB-PBF,
the alloy itself must be engineered for rapid
solidification. ©The development of SD247 from
the legacy CM247LC precursor exemplifies this
trend: by rebalancing +'-forming elements and
optimizing grain-boundary strengtheners (e.g., C,
B, Hf), researchers have successfully expanded
the freezing range tolerance, demonstrating that
alloy chemistry can be fundamentally re-engineered
to accommodate extreme cooling rates without
sacrificing high-temperature performance [162].

Beyond primary processing, hybrid approaches extend
to the integration of external fields and restorative
post-processing to ensure structural integrity. LIH
offers a mechanism to repair process-induced
microcracks by transiently generating a semi-solid
zone, allowing capillary forces to backfill voids
and re-establish metallurgical continuity via
localized epitaxial solidification. Furthermore,
the incorporation of active auxiliary fields, such
as high-frequency induction heating during DED,
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dynamically modifies the thermal history. For
alloys like René 108, induction preheating alters the
morphology of low-melting phases in the heat-affected
zone, effectively widening the crack-free deposition
window.  Ultimately, "AM manufacturability” is
evolving from a passive constraint into an active
design criterion. The future of high-temperature
AM lies in the construction of multi-dimensional
design spaces that correlate composition, solidification
dynamics, and defect susceptibility, with the goal
of developing AM-Specific High-y' Superalloys,
materials designed not merely to survive the printing
process but to leverage its unique thermal history for
superior performance.

6 Conclusion and Outlook

AM has redefined many limitations of traditional
directional solidification processes in regulating
metal crystal structures, offering geometric freedom
and integration capabilities far beyond conventional
investment casting for achieving DS, quasi-SX, and
SX microstructures in complex three-dimensional
geometries.  As elucidated in this review, the
fabrication of high-7y' nickel-based superalloys
relies on mastering solidification dynamics across
three complementary platforms: For nickel-based
superalloys, L-PBF, EB-PBF, and DED now form a
complementary triad: L-PBF excels in fabricating
high-resolution cooling features and engineering
quasi-SX textures; DED enables large-scale quasi-SX
construction and epitaxial repair of critical regions
such as blade tips, maintaining single-crystal or
highly directional columnar epitaxy over tens of
millimeters when guided by process window maps
and melt pool orientation models; and EB-PBE
leveraging high-temperature powder bed preheating
and a high-vacuum environment, provides the most
promising route to directly produce large SX/DS
components from high-y’ superalloys such as CMSX-4,
IN738, and M247, yielding multi-millimeter SX regions
or even technical single crystals without single-crystal
substrates, with creep and tensile properties after
HIP and optimized heat treatment approaching or
exceeding those of cast counterparts.

Despite these advances, challenges persist. ~An
incomplete understanding of epitaxial stability
and grain competition (specifically the Stray Grain
and CET mechanisms) hinders reproducibility.
Furthermore, while EB-PBF mitigates cracking,
it suffers from surface roughness and powder
entrapment in intricate channels—limitations where
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