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Abstract

Laser powder bed fusion (LPBF) is a disruptive additive manufacturing process for pro-
ducing high-performance Inconel superalloy parts with complex shapes for the aerospace,
energy, and other demanding industries. However, uniform part quality remains a per-
sistent challenge, as process parameters, melt-pool dynamics, microstructural evolution,
defect formation, and mechanical performance are closely coupled across a wide range of
spatial and temporal scales. In previous reviews, these dimensions have been considered
in isolation with limited insight into their interactions and implications for predictive
process control. The present review aims to address this lacuna by proposing a unified
Process–Structure–Property–Control (PSPC) framework for LPBF-produced Inconel 625,
718, and 738. The discussion begins with material attributes governing alloy process-
ability, and then synthesises the melt-pool physics governing thermal behaviour, so-
lidification, and energy transfer. Attention then turns to a critical assessment of grain
evolution, defect formation, and process stability, showing how the thermal history
governs microstructural development and, in turn, mechanical performance via linked
process–structure–property relationships. Progress in multiscale numerical modelling,
such as finite-element analysis, computational fluid dynamics, phase-field modelling, cel-
lular automata, and phase-diagram calculation (CALPHAD), is reviewed to establish a
comprehensive modelling ecosystem for predictive LPBF. The review also discusses the
potential of emerging technologies, such as beam shaping, multi-laser processing, in situ
monitoring, artificial intelligence, and powder recyclability, to increase the robustness and
productivity of the process. Building on these advances, a digital-twin-enabled predictive-
manufacturing framework that integrates physics-based models, data-driven algorithms,
and real-time monitoring is introduced to enable closed-loop process optimisation. The
review ends with a scientific synthesis and future research roadmap for intelligent, reliable,
and autonomous LPBF of next-generation Inconel superalloys.

Keywords: additive manufacturing; digital twin; inconel alloys; laser powder bed fusion;
melt-pool physics; multiscale modelling; process–structure–property–control framework

1. Introduction
Nickel-based superalloys have been among the most important materials for high-

temperature structural applications for some time. Their strength, creep and fatigue
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resistance, and endurance in the presence of oxidation and corrosion in harsh environments
have made them a staple in the aerospace, energy, marine, and nuclear industries, where
components must withstand intense heat and mechanical stress for long periods [1–4]. The
Inconel family has attracted considerable interest because it can combine strength, thermal
stability, and environmental durability. Furthermore, Inconel alloys are effective due to
their chemistry and microstructural strengthening. These alloys are based on a nickel
matrix (usually 50–70 wt.%) with additions of chromium, molybdenum, niobium, titanium,
and aluminium, and are strengthened by solid-solution and precipitation hardening (γ′

and γ′′ phases). Every grade in the family has its own features. Inconel 625 offers excellent
corrosion resistance and weldability, making it well suited to marine and chemical environ-
ments. Inconel 718 is the most widely used precipitation-hardenable grade, appreciated
for its toughness and high-temperature strength. Inconel 738 was specifically designed
for turbine blades and similarly demanding hot-section components, emphasising creep
resistance and microstructural stability [5–9].

Inconel parts have been made for decades by casting, forging, machining, and welding.
These routes have served industry well, but they do have real drawbacks. Coarse dendritic
microstructures, elemental segregation, residual stress build-up, significant material waste,
and limited design flexibility are drawbacks. These limitations are becoming harder to
ignore as aerospace and energy applications require lighter, more geometrically complex
components with shorter production lead times [10–12]. Additive manufacturing has thus
evolved into a technology capable of solving many of these problems, with greater design
freedom and better use of raw materials. Laser powder bed fusion (LPBF) is a widely
used process for fabricating high-performance Inconel parts with complex geometries
that traditional manufacturing methods cannot produce. Precise control of local thermal
history enables process optimisation for tailoring microstructure and mechanical properties.
However, the steep thermal gradients, complex melt-pool dynamics, and repeated thermal
cycling inherent to LPBF, due to rapid melting and solidification, make process stability a
critical challenge [13–17]. The interactions among process parameters, melt-pool behaviour,
solidification conditions, and microstructural evolution determine the quality of Inconel
components manufactured by LPBF. The crystallographic texture, defect formation, resid-
ual stress, and mechanical performance are controlled by the laser power, scan speed, hatch
spacing, layer thickness, and scan strategy, which, in turn, determine melt-pool stability,
cooling rate, and grain morphology. Hence, it is necessary to understand these interde-
pendent process–structure–property relationships to obtain reproducible and defect-free
components [18–21].

Recent advances in LPBF have significantly enhanced the understanding of the physi-
cal phenomena controlling the fabrication of Inconel alloy. Experimental studies aided by
numerical simulations helped better define the relationships among processing conditions,
thermal behaviour, microstructural evolution, and mechanical performance. Nevertheless,
much of this work has been done in isolation, with individual studies examining specific
aspects of the process, rather than how they all interact. Therefore, a complete picture of the
process–structure–property relationship is still missing. Melt-pool dynamics have attracted
the most attention among the different subjects studied due to their direct influence on
the microstructure and defect evolution. Parameters such as laser power, scanning speed,
hatch spacing, and layer thickness govern the energy input, melt-pool dimensions, thermal
gradients, and cooling rates, which determine the quality of the final part [13,22]. The
experimental work generally supports the view that increasing laser power enlarges the
melt pool and enhances interlayer bonding, but the effect of increased energy input on
defect generation is less clear. Across the reported studies, the consensus is that a stable
melt pool is needed to produce high-density LPBF-fabricated Inconel components with
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low residual stresses and minimal defect formation. Individual studies have tended to
examine energy density, laser power, substrate preheating, powder characteristics, and
scanning strategy in isolation, but they all point to the same fundamental mechanisms that
operate through their effects on melt-pool geometry, thermal gradients, and solidification
conditions. Optimised energy input leads to improved densification with reduced residual
stresses, whereas excessive energy input causes melt-pool instability, keyhole formation,
and increased porosity. Likewise, substrate preheating improves melt-pool stability by
decreasing thermal gradients and suppressing thermal fluctuations. That said, it is difficult
to determine the relative contribution of any one process parameter. This is because the
studies under review use different machine platforms, powder feedstocks and process-
ing windows, limiting the degree to which direct comparison is possible. Collectively,
these findings suggest that melt-pool stability is driven by the interaction of processing
parameters rather than any single parameter, highlighting the need for holistic optimisation
approaches that deliver consistent part quality [1,13,22].

Melt-pool behaviour directly influences solidification mechanisms and the develop-
ment of grain structure. The transition from columnar to equiaxed grain growth has been
studied extensively. It is found to depend on the competition between the thermal gradient
and the solidification rate, with implications for crystallographic texture, anisotropy, and
mechanical performance [18–21]. While rapid cooling generally leads to finer grains and
higher strength, it has been shown that similar processing conditions can result in signifi-
cantly different grain morphologies depending on alloy composition, scan strategy and
cyclic thermal history. This variability shows that grain evolution cannot be explained by
cooling rate or energy density alone, but is a manifestation of the coupled interplay between
melt-pool dynamics, heat transfer, and solidification behaviour. Therefore, predicting mi-
crostructural evolution requires a combined thermal and metallurgical analysis rather than
isolated experimental observations. Defect formation remains one of the biggest hurdles
to the broader industrial use of LPBF for critical Inconel components. Distinct physical
mechanisms cause lack-of-fusion defects, keyhole porosity, balling, and microcracks, and
their evolution with processing parameters differs. Low energy input can cause incomplete
melting and lack-of-fusion defects, while high energy density can result in unstable keyhole
behaviour and gas porosity. These seemingly contradictory results suggest that defect
generation is, at heart, a question of process stability rather than a single processing variable.
Therefore, several recent studies have focused on identifying robust processing windows
that minimise defects while maintaining favourable thermal conditions and microstructural
refinement [13,22,23].

In addition to microstructure and defects, thermomechanical effects play a signif-
icant role in the structural integrity of LPBF-built parts. The layer-by-layer fabrication
results in rapid, repeated heating and cooling cycles, leading to large thermal gradients.
These thermal gradients cause non-uniform expansion and contraction, leading to residual
stresses, distortion, and possible crack initiation [13,24,25]. Techniques such as optimised
scan patterns, substrate preheating, stress-relief heat treatments, and hot isostatic pressing
have all demonstrated measurable benefits. However, their efficacy varies greatly with
component geometry, alloy composition, and processing conditions. This indicates that
the evolution of residual stresses is not only a post-processing issue but also an intrinsic
result of the coupled thermal and metallurgical processes that occur during LPBF. Much
effort has been devoted to computational modelling of LPBF to improve predictive abil-
ity. Finite-element methods, computational-fluid dynamics, phase-field modelling, and
multiscale simulation techniques have all made important contributions to understanding
heat transfer, melt-pool behaviour, solidification, and stress development [26,27]. How-
ever, these approaches have largely been developed in parallel and operate at different
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spatial and temporal scales. Thermal models often ignore grain evolution; microstructure
models often simplify melt-pool fluid flow or mechanical response; and thermomechan-
ical simulations often employ simplified thermal histories that do not capture transient
melt-pool behaviour. Recent multiscale modelling frameworks have made significant
progress toward integrating these phenomena. However, truly comprehensive coupling
across processing parameters, thermo-fluid behaviour, microstructural evolution, defect
formation, and mechanical performance remains limited.

Considerable advances have been made in understanding melt-pool thermofluid
behaviour, solidification mechanisms, grain evolution, defect formation, residual-stress
development, mechanical performance, and computational modelling in LPBF of Inconel
alloys, but these issues have largely been studied separately. As a consequence, the direct
correlation between processing parameters, melt-pool dynamics, microstructural evolu-
tion, defect formation and residual stress, thermomechanical response, and component
performance is only partially understood, which limits the predictive capability of current
optimisation strategies. These gaps underline the need for a unified framework that com-
bines experimental observations, multiscale modelling and process–structure–property
relationships into a coherent methodology for predictive LPBF of Inconel alloys.

Computational modelling has made some progress in closing these gaps by predicting
thermal history, stress evolution, and microstructural behaviour. However, most modelling
approaches are still limited to specific physical phenomena or spatial and temporal scales.
Grain evolution is often neglected in thermal models, realistic melt-pool fluid flow is
rarely considered in phase-field simulations, and simplified thermal histories are typically
used in thermomechanical analyses, which cannot fully capture the transient nature of
LPBF processing [26,27]. In addition, although the influence of processing parameters on
microstructure and defects has been reported in numerous experimental studies, there
are no standard datasets for validating predictive models. The absence of fully integrated
modelling and experimental frameworks hinders the development of reliable process
optimisation strategies for different Inconel alloy systems.

As shown in Table 1, previous reviews mainly considered melt-pool physics,
process–property relationships, or computational modelling as separate research topics.
To the best of the authors’ knowledge, there is no comprehensive review that provides a
closed-loop view of process parameters → melt-pool dynamics → grain structure evolution
→ defect formation → residual stress and distortion → mechanical behaviour → digital
twin-assisted monitoring and feedback control in a systematic manner. This has limited
understanding of the process, hindering the establishment of predictive relationships
to enable efficient process optimisation and adaptive manufacturing of LPBF-fabricated
Inconel components.

Table 1. Scope of this review with a comparison of representative review articles on LPBF of
Inconel alloys.

Review Scope Key Contributions Remaining Limitations

Karia et al. (2017) [2] Selective Laser Melting
(SLM) of Inconel alloys

Introduced SLM fundamentals, process
parameters, and early applications of

Inconel alloys

Published before recent developments in
multiscale modelling, in situ monitoring,

digital twins, and AI-assisted manufacturing

Volpato et al. (2022) [1] LPBF of Inconel
superalloys

Comprehensive review of process
parameters, microstructure, defects, and

mechanical properties

Limited integration of thermo-fluid
behaviour, multiscale modelling, intelligent

monitoring, and closed-loop
process optimisation
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Table 1. Cont.

Review Scope Key Contributions Remaining Limitations

Sarkar et al. (2024) [27] Computational
modelling of LPBF

Comprehensive review of finite-element
modelling techniques and computational

strategies for LPBF

Focuses mainly on modelling
methodologies, with limited discussion of
experimental validation, grain evolution,

defect mechanisms, and
digital manufacturing

Present Review Integrated PSPC
framework

Systematically connects process parameters,
melt-pool dynamics, grain evolution, defect

formation, residual stress, mechanical
behaviour, multiscale modelling, digital
twins, and AI-assisted process control

within a unified framework

Provides a comprehensive roadmap for
predictive, physics-informed, and

closed-loop optimisation of LPBF-fabricated
Inconel alloys

To address these gaps, this review presents a unified PSPC framework for LPBF
of Inconel alloys (Figure 1) that integrates processing parameters, melt-pool dynamics,
grain evolution, defect formation, residual-stress development, mechanical behaviour, and
digital-twin-assisted feedback control into a single predictive structure. The proposed
PSPC framework bridges these previously disjointed research areas. It offers a consistent
process–structure–property relationship for the scientific foundation of predictive process
optimisation and intelligent manufacturing of LPBF-fabricated Inconel components.

Figure 1. Research gaps in LPBF processing of Inconel alloys identified from the existing literature
(synthesised from Refs. [1,2,13,14,16–27]).
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This review systematically consolidates the current understanding of LPBF processing
of Inconel 625, 718, and 738 alloys, building on the unified PSPC framework shown in
Figure 1. In contrast to earlier reviews, which treat individual topics in isolation, the
current work couples melt-pool thermofluid behaviour, solidification mechanisms, grain
evolution, defect formation, residual-stress evolution, and mechanical performance into a
unified PSPC relationship. In addition, recent advances in in situ monitoring, digital twin
technologies, and physics-informed artificial intelligence are critically evaluated alongside
finite element, computational fluid dynamics, phase-field, CALPHAD, and multiscale
modelling approaches. This review synthesises previously isolated areas of research to
establish a comprehensive scientific basis for the predictive, physics-based, and closed-loop
optimisation of LPBF-fabricated Inconel alloys.

2. Materials and Methods
2.1. Material Systems for LPBF Processing

Nickel-based superalloys are among the most relevant material families for laser
powder bed fusion (LPBF) due to their superior combination of high-temperature strength,
corrosion and oxidation resistance, and long-term microstructural stability. Inconel 625,
Inconel 718, and Inconel 738 have been extensively studied due to their widespread use in
aerospace, power generation, and gas-turbine applications where components are often
exposed to severe thermo-mechanical loading. However, all three belong to the same alloy
family. Yet, they vary in composition, strengthening mechanisms, and thermophysical
behaviour, leading to substantially different melt-pool dynamics, solidification responses,
defect behaviour, and mechanical outcomes during LPBF [28–31]. The success of producing
LPBF parts depends on both the process parameters and the material’s intrinsic properties.
Laser irradiation leads to rapid melting and re-solidification under steep thermal gradients
with cooling rates typically in the range of 105–106 Ks−1. Complex interactions among heat
transfer, fluid dynamics, phase transformation, and solidification occur under these extreme
conditions, all of which are strongly influenced by alloy chemistry. The composition directly
affects the stability of the melt pool, grain development, element partitioning, tendency to
crack, and response to precipitation, all of which ultimately determine the quality of the
component and its performance in service [30–33].

Among the three alloys, Inconel 625 shows the best LPBF processability. Solid-solution
strengthening, mainly due to additions of molybdenum and niobium, provides good corro-
sion resistance and a relatively wide processing window. However, excessive laser energy
input can destabilise the melt pool, resulting in spatter, keyhole porosity, and elemental seg-
regation, all of which can degrade fatigue performance and dimensional precision [34–37].
Inconel 718 is the most studied LPBF alloy in the literature. With suitable heat treatment,
precipitation hardening by the γ′′ and γ′ phases provides an excellent combination of
strength, ductility, and high-temperature performance. The LPBF processing of this alloy
typically exhibits stable melt-pool behaviour and a relatively wide processing window.
However, the microstructural results are sensitive to the thermal history, residual-stress
build-up and post-processing conditions. Heat treatment is especially important for dis-
solving non-equilibrium phases and activating precipitation strengthening, thereby greatly
enhancing mechanical properties and fatigue resistance [29,38–43]. Inconel 738 is the most
difficult of the three to work with. The high fraction of the γ′ precipitate provides excellent
creep performance but limits weldability and increases the susceptibility to hot cracking
under the thermal stresses imposed during rapid solidification. Consequently, produc-
ing Inconel 738 without defects needs tighter processing windows, more accurate laser
parameter optimisation, and better thermal management strategies [28,44–46]. However,
some processing behaviour is common to all three alloys. Melt-pool stability systematically
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controls grain morphology, defect formation, residual-stress evolution, and mechanical
performance. Conduction-mode melting usually produces dense parts with fine-grained,
cellular, or columnar microstructures when the proper amount of energy input is used;
however, too little results in lack-of-fusion defects, and too much results in keyhole porosity.
Therefore, true LPBF optimisation requires the concurrent consideration of both alloy chem-
istry and process parameters, neither of which can be considered independently. A direct
comparison of the LPBF behaviour of the three alloys, including representative processing
windows, melt-pool regimes, microstructural evolution, dominant defect mechanisms, and
associated mechanical implications, is presented in Table 2 [28–51].

Table 2. Representative LPBF processing windows, melt-pool regimes, microstructural characteristics,
dominant defect mechanisms, and corresponding mechanical performance outcomes for Inconel 625,
Inconel 718, and Inconel 738 alloys [28–51].

Material
Typical LPBF

Processing
Window

Dominant
Melt-Pool

Regime

Predominant
Microstructure

Major Defect
Mechanisms

Dominant
Strengthening

Mechanism

Mechanical
Implications

Inconel 625

180–250 W,
700–1100

mm/s, VED
50–80 J/mm3

Stable conduction

Fine cellular-
dendritic

columnar γ
matrix

Negligible porosity under
well-controlled conditions;
elevated VED encourages

spatter and keyhole
pore formation

Solid-solution
strengthening via

Mo and Nb
additions

Good tensile
strength combined
with high ductility

and corrosion
resistance

Inconel 625

Below 180 W,
above 1100

mm/s, VED
below 40
J/mm3

Lack-of-fusion

Fragmented
melt tracks
with poorly

defined grain
boundaries

Lack of fusion voids and
weak interlayer adhesion

Incomplete part
densification

Degraded tensile
strength and

reduced fatigue
resistance

Inconel 625

Above 250 W,
below 600

mm/s, VED
above 90
J/mm3

Keyhole
Coarsened
dendritic

morphology

Keyhole pores and
localised elemental

segregation

Localised
overheating

effects

Diminished fatigue
life and loss of
dimensional

precision

Inconel 718

200–350 W,
600–1000

mm/s, VED
60–100
J/mm3

Stable conduction

Fine columnar
γ dendrites

developing γ′′

precipitation
upon

post-build
ageing

Minor gas-
induced porosity

Precipitation
strengthening

through γ′′ and
γ′ phases

Elevated strength
and reliable fatigue

behaviour
following heat

treatment

Inconel 718

Below 180 W,
above 1000

mm/s, VED
below 50
J/mm3

Lack-of-fusion
Non-uniform

grain
morphology

Large unfused pores and
incomplete interlayer

bonding

Insufficient
energy for

full melting

Reduced part
density and lower

tensile strength

Inconel 718

Above 350 W,
below 500

mm/s, VED
above 110

J/mm3

Keyhole
Coarsened

columnar grain
structure

Keyhole porosity
accompanied by Nb-rich

segregation zones

Excessive thermal
input

Shortened fatigue
life and diminished

dimensional
accuracy

Inconel 738

200–300 W,
500–900

mm/s, VED
60–90 J/mm3

Stable conduction

Columnar
dendrites with
distributed γ′

precipitates

Low-level residual
porosity

γ′ precipitation
strengthening

Outstanding creep
resistance and

retained strength at
elevated

temperatures

Inconel 738

Below 180 W,
above 900

mm/s, VED
below 50
J/mm3

Lack-of-fusion

Irregular and
poorly

developed
dendritic
structure

Lack-of-fusion defects and
incomplete metallurgical

bonding

Insufficient
inter-track

consolidation

Reduced
mechanical strength

across loading
conditions
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Table 2. Cont.

Material
Typical LPBF

Processing
Window

Dominant
Melt-Pool

Regime

Predominant
Microstructure

Major Defect
Mechanisms

Dominant
Strengthening

Mechanism

Mechanical
Implications

Inconel 738

Above 320 W,
below 500

mm/s, VED
above 100

J/mm3

Keyhole
Coarsened
dendritic
structure

Hot cracking combined
with keyhole porosity

High
susceptibility to

thermally
induced cracking

Degraded creep life
and compromised
structural integrity

2.2. Influence of Powder Characteristics on Melt-Pool Dynamics and Grain Evolution

Powder characteristics affect LPBF beyond feedability alone, since they dictate powder-
bed uniformity and the conditions governing laser-energy transfer to the material. Particle-
size distribution controls the balance between packing and melting response; excessive fines
can compromise flowability and encourage agglomeration, while coarse particles demand
greater energy for complete fusion. Likewise, predominantly spherical particles tend to
favour uniform spreading, whereas irregular particles and satellites raise inter-particle
friction and introduce local packing variation. Particle size, morphology, and flowability
must therefore be treated jointly rather than in isolation, as their combined effect sets
powder-bed consistency and contributes to melt-pool stability [1,30].

These variations in powder-bed condition carry through into solidification and grain
development via changes in local melt-pool thermal history. Non-uniform spreading or
fluctuations in powder-layer thickness can alter melting conditions, modifying the thermal
gradients and cooling behaviour that govern epitaxial growth, grain morphology, and
crystallographic texture [39,47]. Repeated powder reuse can further alter surface condition,
particle morphology, and flow behaviour, adding further variability to melt-pool stability
and the resulting solidification response [30]. Powder characteristics thus function as
an upstream variable within the process–structure relationship, exerting their influence
on grain evolution primarily through melt-pool behaviour rather than through powder
properties in isolation. This also explains why no universally optimal powder condition
can be defined independently of alloy composition, layer thickness, and laser-processing
parameters [1,30,39,47].

Comparative data are provided in Table 2, which show that the combined effects of
process parameters, alloy composition, and melt-pool stability determine LPBF processabil-
ity. Across the reviewed studies, stable processing is generally achieved within volumetric
energy density (VED) ranges of approximately 50–80 J/mm3 for Inconel 625, 60–100 J/mm3

for Inconel 718, and 60–90 J/mm3 for Inconel 738. In contrast, VED values below approxi-
mately 40–50 J/mm3 frequently result in lack-of-fusion defects due to insufficient melting,
whereas values exceeding approximately 90–110 J/mm3 promote keyhole instability, exces-
sive vaporisation, elemental segregation, and pore formation. However, the differences
between the Inconel 625, 718, and 738 processing windows are related to differences in
strengthening mechanisms and thermophysical properties, but all three alloys follow the
same basic melt-pool transitions: from lack of fusion to stable conduction to keyhole melting
with increasing energy input [30,32,36,37,43,51]. These quantitative processing windows
provide practical guidelines for parameter selection but should not be interpreted as univer-
sal optimisation criteria, since machine architecture, laser spot size, layer thickness, hatch
spacing, and powder characteristics significantly influence the effective energy delivered to
the melt pool. These results establish the melt-pool behaviour as the main bridge between
process parameters and the resulting microstructure, defect population, and mechanical
response. Thus, a good understanding of melt-pool thermo-fluid dynamics is essential to
develop reliable process–structure–property relationships in LPBF of Inconel alloys. The
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following section presents an integrated melt-pool physics framework that includes heat
transfer, fluid flow, keyhole physics, and solidification mechanisms, collectively controlling
LPBF processing.

3. Unified Melt-Pool Physics Framework
The evolution of the melt pool in LPBF of Inconel alloys is the fundamental phys-

ical link between processing parameters, thermal behaviour, solidification conditions,
microstructural development, defect formation, and mechanical performance. The thermal
energy incident on the powder bed depends on laser power, scan speed, hatch spacing,
and layer thickness. The melt-pool response is a function of the efficiency with which that
energy is absorbed and transferred within the material. Laser absorptivity, beam profile,
powder properties, thermal accumulation, recoil pressure and melt-pool fluid flow affect
process stability. Therefore, VED in LPBF of Inconel alloys should be viewed as a first-order
descriptor, and not an exhaustive predictor of melt-pool stability, microstructure, or defect
formation [52–55]. The governing physics can then be viewed as a sequential cascade in
which primary processing parameters first determine the absorbed energy, which in turn
controls the melt-pool flow, local solidification conditions and ultimately the resulting
microstructure and defect population, as shown in Figure 2.

Figure 2. A unified melt-pool physics framework outlining the hierarchical connections between
LPBF processing parameters, energy absorption, melt-pool dynamics, solidification conditions,
microstructural evolution, and defect formation in Inconel alloys [52–57].

Three characteristic melt-pool regimes are consistently observed in LPBF processing
of Inconel 625, Inconel 718, and IN738LC. Insufficient energy input results in incomplete
melting, manifested as discontinuous melt tracks and poor layer bonding. As absorbed
energy increases, a stable conduction regime is established, with continuous melt pools,
uniform heat distribution, controlled solidification, and near-full-density builds. Further
increases in surface temperature promote vaporisation and the development of a vapour de-
pression. During conduction-dominated melting, energy absorption is primarily governed
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by a single Fresnel interaction at the melt surface, with the absorbed fraction depending on
the angle of incidence and the alloy’s temperature-dependent optical properties, typically
yielding an absorptivity well below unity. As the surface temperature approaches the
vaporisation point and a depression begins to form, this single-bounce geometry breaks
down. Laser rays that would otherwise be reflected away from a flat surface instead strike
the curved cavity wall at a steeper local angle, are partially absorbed, and are redirected
onto a neighbouring section of wall further down the depression, where a further fraction
is absorbed. This cascading, multiple-reflection process raises the effective absorptivity
substantially above the conduction-mode value, concentrating additional energy prefer-
entially near the base and lower walls of the depression, where repeated trapping is most
probable [51,52,56]. The resulting local heating reinforces vaporisation at these sites,
deepening the depression further and progressively transitioning melting into the
keyhole regime.

Keyhole stability is subsequently governed by the dynamic balance between
evaporation-induced recoil pressure, which sustains the vapour depression, and restoring
forces, mainly surface tension and capillary pressure, as well as hydrostatic and melt-flow
effects [51,52,56,57]. Consistent with observations of keyhole formation in laser powder
bed fusion, the recoil pressure increases exponentially with increasing surface tempera-
ture. It is reinforced by multiple internal reflections that concentrate energy on the rear
keyhole wall [58]. Following the classical thermodynamic treatment of evaporation-driven
recoil pressure, this behaviour can be expressed as a fraction of the local saturated vapour
pressure at the keyhole wall:

P_r(T) = A·P_sat(T) (1)

where A is a numerical coefficient that, for practical values of ambient pressure, is close
to its minimal value of 0.55 [59]. The saturated vapour pressure P_sat(T) itself follows a
kinetic-theory-based exponential dependence on surface temperature:

P_sat(T) = B0T−1/2exp
(
−U
T

)
(2)

where B0 is a vaporisation constant specific to the evaporating species, and
U = (M_a·L_v)/(N_a·k_b), with M_a the atomic mass, L_v the latent heat of evaporation,
N_a Avogadro’s number, and k_b Boltzmann’s constant [59]. Because B0 and L_v differ
substantially between the constituent elements of Inconel 625, Inconel 718, and IN738LC,
most notably in chromium relative to nickel and iron, this pair of relations directly shows
why identical local surface temperatures do not translate into identical recoil pressures
across the three alloys. The absorbed energy delivered through the multiple-reflection
mechanism described above raises T at the keyhole wall, and P_r(T) rises correspondingly,
so the recoil-pressure term feeding the force balance is inherently composition-dependent
rather than a fixed function of VED alone.

Disturbance of the balance between P_r(T) and the restoring surface-tension, capillary
and hydrostatic terms can induce keyhole oscillation and collapse, resulting in vapour
or gas entrapment and keyhole porosity. Although the underlying mechanism is com-
mon to Inconel 625, Inconel 718, and IN738LC, its magnitude is alloy-dependent because
differences in composition and constituent-element volatility influence vapourisation be-
haviour. Elements with comparatively high vapour pressure at a given temperature, such
as chromium relative to nickel or iron, evaporate preferentially from the melt surface, so the
vapour leaving the depression is not compositionally representative of the bulk alloy. This
preferential evaporation modifies the local vapour-plume composition and, in turn, the
effective P_sat(T) governing recoil pressure in the force balance, shifting the VED threshold
at which oscillation and collapse occur for a given alloy. Accordingly, comparable VED
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values do not necessarily produce identical melt-pool responses across these alloys, and the
resulting keyhole porosity susceptibility of Inconel 625, Inconel 718, and IN738LC must be
interpreted in light of alloy-specific vapour-pressure behaviour rather than VED magnitude
alone [50,54,55,60,61].

Melt-pool dynamics determine the local temperature conditions that govern solidi-
fication behaviour. The temperature gradient (G) and solidification rate (R) collectively
determine the stability of the advancing solidification front and influence grain morphology
during rapid solidification. The thermal variables stem directly from melt-pool evolution;
hence, alterations in processing parameters affect the final microstructure indirectly via
changes in melt-pool shape, fluid dynamics, and heat transfer rather than solely through
volumetric energy density. Both numerical models and experimental investigations consis-
tently reveal that local temperature gradients, cooling rates, and melt-pool shape together
influence grain evolution and defect susceptibility in nickel-based superalloys [53,57,62–66].

This unified melt-pool framework provides the conceptual basis for the rest of this re-
view. Thus, the following sections interpret processing windows, microstructural evolution,
and defect formation in terms of the melt-pool regimes established here, without revis-
iting the individual mechanisms of lack-of-fusion, stable conduction or keyhole melting
at each stage. The three fundamental melt-pool regimes are common to LPBF processing
of Inconel 625, Inconel 718, and IN738LC. However, the joint effects of alloy chemistry,
thermal properties, energy absorption, melt-pool dynamics, and solidification behaviour
govern the transitions between them. For these alloys, the position and size of each regime
differ, as differences in composition and solidification response influence melt-pool sta-
bility, defect susceptibility, and the resulting microstructure. However, the fundamental
physics of the melt pool is similar across all Inconel alloys. It provides a common frame-
work for discussing the alloy-specific processing–microstructure–property relationships,
which are discussed in the following sections [55,60,65,67–71]. Table 3 summarises the
characteristic processing conditions, dominant physical mechanisms, and typical outcomes
of each regime, providing a reference framework for a comparative discussion of the
LPBF processing behaviour of Inconel 625, Inconel 718, and IN738LC in the remainder of
this review.

Table 3. Unified melt-pool regime framework for LPBF of Inconel alloys [52,54–56,60,61].

Melt-Pool Regime Typical Processing
Condition (Qualitative) Dominant Physical Mechanism Typical Outcome

Low Energy
(Under-melting) Inadequate absorbed energy Incomplete melting and

discontinuous melt-track formation

Lack-of-fusion defects, poor
interlayer bonding, reduced

part density

Stable Conduction Balanced absorbed energy Continuous melt pool sustained by
controlled heat transfer and fluid flow

Near-full density,
homogeneous microstructure,

enhanced mechanical
properties

Keyhole Excessive absorbed energy
Vapour cavity generation, recoil

pressure development, and unstable
melt-pool flow

Keyhole porosity, gas
entrapment, diminished

process stability

The melt-pool regimes reported in Table 3 provide a consistent foundation for dis-
cussing the LPBF processing behaviour of Inconel 625, Inconel 718, and IN738LC. The
precise boundaries of the processing window are alloy-specific and depend on ther-
mal properties and solidification behaviour, but the fundamental transition from under-
melting to stable conduction to keyhole melting is common to the three alloys. This
integrated framework provides the physical basis for explaining, in the following sec-
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tions, the influence of processing parameters on grain evolution, defect formation, and
mechanical properties.

4. Grain Evolution Mechanisms
4.1. Epitaxial Column Growth

The primary grain morphology development during solidification is controlled by
extreme conditions of 104–107 K/m thermal gradients and cooling rates of similar magni-
tude in laser powder bed fusion. Under these conditions, epitaxial solidification dominates
grain growth, with partially melted grains from the underlying layer acting as templates
that control the crystallographic orientation of the newly solidified material. The solidifica-
tion front preferentially progresses along the existing orientation in the substrate below,
leading to elongated columnar grains that extend over several deposited layers rather
than nucleating new grains with random orientations. This epitaxial mechanism con-
trols the initial microstructural architecture, which affects texture development, defect
formation, and mechanical anisotropy in LPBF-built nickel-based superalloys [72–76]. The
formation of epitaxial columnar grains depends on the interaction between the tempera-
ture gradient G and the solidification rate R. At high G/R ratios, the solidification front
is stable, and the dendrites grow directionally, parallel to the dominant heat-extraction
path, which usually coincides with the build direction. The underlying grains largely
retain their crystallographic orientation because each thermal cycle remelts only the up-
permost layer. This initiates a competitive grain-growth process, in which dendrites with
favourable orientations continue to grow, while those with less favourable orientations are
gradually suppressed. The outcome is a microstructure of long columnar grains with a
pronounced 〈001〉 texture, a characteristic feature often observed for LPBF-processed nickel
superalloys [72,74,77–79].

Epitaxial growth occurs in all LPBF-processed Inconel alloys, but the extent of it
depends on alloy composition, solidification characteristics and heat-transport behaviour.
For example, Inconel 625 tends to exhibit relatively stable epitaxial growth, with a wider
processing window and lower sensitivity to solidification cracking. Steady directional
heat removal favours elongated cellular-columnar dendrites along the build direction,
and rapid cooling rates leave fine cellular substructures within these columnar grains.
However, changes in the scan strategy or the local thermal environment can disrupt this
epitaxial continuity, resulting in finer grains and weaker texture [73,80–82]. In contrast,
Inconel 718 has a hardened microstructure due to precipitation and is more sensitive to
thermal history, which clearly shows greater competitive grain selection. In typical LPBF
processing, steep thermal gradients promote sustained columnar growth across multiple
layers, resulting in a microstructure with a strong directional texture along the build axis.
However, variations in hatch spacing, scan rotation, or melt-pool shape can easily disturb
epitaxial stability. Localised disturbances to heat flow in specific regions disrupt directional
solidification, reduce the grain aspect ratio, and lead to more heterogeneous grain structures,
offering a practical method to tune microstructural anisotropy without altering the alloy
composition [74,76,83–86].

Among the three alloys, Inconel 738 has the highest directional solidification tendency
owing to its high γ′ content, narrow processing window, and poor weldability. The high
thermal gradients in LPBF lead to rapid epitaxial growth of columnar dendrites along
the build direction, which causes marked crystallographic texture but also enhances the
susceptibility to strain localisation and solidification cracking. Therefore, control of epitaxial
growth is of particular importance in Inconel 738, since uninterrupted columnar continuity
can promote crack initiation during solidification. Recent studies have demonstrated that
proper control of melt-pool thermal behaviour and scan strategy can partially break up
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epitaxial growth, refine grain structure, and improve structural integrity while maintaining
high-temperature performance [75,87–91]. The characteristic laser-scan tracks and the
overlapping melt-pool morphology during LPBF processing are shown in Figure 3a–d.
Partial remelting of adjacent passes and successive layers provides metallurgical continuity
between passes while maintaining the steep thermal gradients that control the directionality
of heat flow. These thermal conditions underpin the epitaxial grain growth mechanism,
which is also directly reflected in the long columnar grains shown in Figure 3e,f [92].
Epitaxial columnar growth usually dictates solidification in LPBF; however, variations in
heat gradient, melt-pool dynamics, and scanning method can disrupt this directed process,
promoting equiaxed grain formation instead. The columnar-to-equiaxed transition (CET)
is pivotal for grain refinement, texture development, and the extent of microstructural
isotropy, and constitutes the primary subject of the ensuing discussion [72,75,77].

Figure 3. Optical microscope (OM) images of the electrochemically etched SLM Inconel 718 sample
showing the track-to-track melt-pool boundaries (MPBs) on the horizontal plane at standard and
high magnification (a,b), and arc-shaped MPBs on the vertical plane at both magnification levels (c,d).
Columnar grains extending through several layers at standard and high magnification, respectively,
in further OM images of the same alloy etched by Kalling’s reagent on the vertical plane (e,f) [92].

4.2. Columnar to Equiaxed Transition (CET)

The CET is a critical microstructural feature in LPBF that controls the nature of grain
growth, either directional growth or a switch to heterogeneous nucleation during solid-
ification. Epitaxial columnar growth dominates when thermal gradients are steep. CET
occurs when the solidification front becomes unstable, allowing new grains to nucleate
ahead of the advancing interface. The transition depends primarily on the interaction be-
tween the temperature gradient G and the solidification rate R, as well as on constitutional
supercooling, convective flow in the melt pool, alloy chemistry, and local thermal history.
Therefore, CET is a viable approach to alter grain morphology, decrease crystallographic
texture, and enhance isotropy for LPBF-fabricated Inconel alloys [72,77,93]. A schematic of
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the CET mechanism is shown in Figure 4a. The key processing variables controlling the
CET are summarised in Figure 4b.

Figure 4. (a) Mechanism of CET transition, (b) factors influencing columnar to equiaxed transition
in LPBF.

The conventional G/R criterion provides only a first-order description of CET be-
cause LPBF cooling rates of approximately 105–107 K s−1 impose strong non-equilibrium
solidification conditions [57,64,65]. Restricted solute diffusion causes enrichment of the
liquid ahead of the advancing interface, locally depresses the liquidus temperature, and
increases constitutional supercooling. CET therefore requires not simply a reduction in
G/R, but sufficient nucleation undercooling and viable heterogeneous nuclei capable of
competing with epitaxial growth [57,72,94,95]. The distinct contributions of G and R should
be separated: a high temperature gradient stabilises directional heat extraction and favours
columnar growth, whereas an increasing solidification rate drives greater departure from
local equilibrium and promotes undercooling ahead of the interface. On this basis, the G/R
ratio serves as a first-order indicator of interface morphology, while the G × R product
represents the local cooling rate and governs mainly cellular/dendritic refinement. How-
ever, neither quantity alone is sufficient to define CET, since the transition also depends
on nucleation undercooling (∆Tn), the density of heterogeneous nucleation sites (N0), and
composition-dependent solutal growth restriction [96,97].

This interdependence rules out a single universal critical G/R value applicable to
IN625, IN718, and IN738/IN738LC. Variations in Nb, Mo, Al, and Ti partitioning shift
constitutional undercooling, effective freezing behaviour, and the position of the CET
boundary within the G–R space. Sensitivity analysis of Ni-based superalloys has addi-
tionally shown that nucleation density can influence CET more strongly than individual
compositional parameters, indicating that thermal and solutal contributions cannot be
assigned a fixed, uniform weighting [97]. Quantitative data indicate that LPBF-processed
IN738LC experiences G values of approximately 0.2 × 107–7 × 107 K m−1 and R values of
roughly 0.01–0.20 m s−1 across the melt pool, with high-G/low-R regions favouring colum-
nar growth and lower-G/higher-R regions trending toward equiaxed growth [98]. These
reported ranges reflect alloy-specific G–R trajectories rather than a broadly transferable
critical G/R threshold.

Processing parameters influence CET primarily by modifying these local solidification
conditions. Short-vector scanning, localised melt-scan patterns, and periodic scan rotation
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continuously redirect heat flow and interrupt epitaxial growth, increasing opportunities for
equiaxed nucleation [74,77,84,99]. Hatch spacing and layer thickness similarly modify melt-
pool overlap and thermal gradients; excessive overlap tends to preserve directional heat
flow, whereas controlled changes in melt-pool geometry can disrupt epitaxial continuity
and promote grain refinement [13,73,100]. Thus, scanning parameters should be interpreted
as controlling both the thermal field and the kinetic conditions for nucleation rather than as
simple modifiers of G/R.

The resulting CET response is strongly alloy dependent. In IN718, rapid solidification
promotes Nb- and Mo-associated enrichment of the interdendritic liquid, modifies constitu-
tional supercooling and the local solidification path, and favours Nb-rich non-equilibrium
constituents, such as the Laves phase [65,101,102]. IN738/IN738LC differs because its
γ′-forming chemistry and segregation behaviour produce a distinct local phase-selection
response and a comparatively restricted LPBF processing window [28,45,67,68]. Conse-
quently, growth restriction and effective freezing behaviour cannot be inferred from G/R
alone; they emerge from the combined effects of thermal conditions, solute partitioning,
interface kinetics, and non-equilibrium phase stability. This explains why IN718 and IN738
can exhibit different CET responses even under comparable nominal thermal conditions.

In practical terms, IN625 shows considerable susceptibility to grain-structure modifi-
cation through scanning and thermal perturbation [73,80,82], while IN718 grain refinement
depends additionally on its segregation-sensitive solidification behaviour [65,74,77,84].
IN738/IN738LC retains a stronger tendency towards columnar growth and crack-
ing, although targeted scanning strategies can interrupt grain continuity and promote
refinement [75,87,88,91]. These differences demonstrate that CET should be treated as
an alloy-specific competition between epitaxial growth and nucleation rather than as a
universal G/R-controlled transition.

Microsegregation further connects solidification with subsequent thermal evolu-
tion. In IN718, Nb/Mo enrichment promotes interdendritic Laves formation, whereas
IN738/IN738LC exhibits distinct carbide and γ′ evolution during and after rapid
solidification [65,89,101–105]. However, these phases should not be assigned an equivalent
grain-boundary-pinning role. For LPBF IN738LC, Hu et al. [105] attributed impeded grain-
boundary migration during subsequent thermal treatment primarily to carbide-particle
pinning and solute segregation, while rapid LPBF cooling restricted γ′ nucleation and
growth. Therefore, current evidence supports an alloy-dependent coupling between segre-
gation, secondary-phase evolution, and grain-boundary mobility, but does not establish a
universal Laves/γ′-mediated pinning mechanism during multi-layer LPBF thermal cycling.
Table 4 provides an overview of how cooling rate affects grain size and grain morphology
in LPBF-fabricated IN625, IN718, and IN738 alloys.

Table 4. Relationship between cooling rate, grain size, and grain morphology in LPBF-processed
Inconel alloys (IN718, IN625, and IN738).

Ref Alloy Cooling
Rate (K/s) Grain Size (µm) Grain Type Key Observation

Zhu et al.
(2023) [106] IN625 ~106 (high)

Without Layer
Thickness Variation
(LTV) (~50–75 µm)

With Layer Thickness
Variation

(LTV)-(~30–55 µm)

Without LTV-coarse
columnar

With LTV-equiaxed

Changes in the temperature gradients
induced by LTV suppress the formation of

columnar grains. This results in a 30%
reduction in grain size and a more

uniform structure.
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Table 4. Cont.

Ref Alloy Cooling
Rate (K/s) Grain Size (µm) Grain Type Key Observation

X. Zhang et al.
(2025) [80] IN625 Very high

(~105–107)

XY plane: ~53 µm
XZ/YZ plane:

~107 µm

Columnar + equiaxed
(heterogeneous
microstructure)

LPBF Inconel 625 has a heterogeneous
microstructure characterised by columnar

and equiaxed grains, wherein elevated
cooling rates result in anisotropic grain
dimensions, and deformation facilitates
grain refinement via slip, twinning, and

shear banding.

K. Gruber et al.
(2024) [86] IN718 ~105–106

Grain size (as-built):
~23–26 µm

(number-based)
~100–200 µm
(area-based).

Columnar dendritic
grains

Suppression of grain expansion
enhances strength.

A. Tajyar et al.
(2022) [107] IN718 ~105–107

~27 µm (X–Y) and
~46 µm (X–Z) in

as-built condition.
After heat treatment
→ grain coarsening

(up to ~274 µm)

Columnar dendritic
grains (as-built)

Equiaxed grains after
heat treatment

Rapid solidification in LPBF yields
columnar-dendritic grains that

subsequently evolve into coarse-equiaxed
grains following heat treatment, attributed

to recrystallisation and grain growth.

Cloots et al.
(2016) [67] IN738

High cooling
rate

(~104–106)
~600–700 µm (length) Columnar

Robust columnar-grain development in
the build direction, resulting from

directional solidification

J. Xu et al.
(2023) [9] IN738

High cooling
rate

(~104–106)
~11–35 (width) Equiaxed/columnar

Transformation from columnar to
equiaxed grains during hot

isostatic pressing

Overall, CET in LPBF Inconel alloys results from the coupled effects of G and R,
nucleation undercooling, constitutional supercooling, solute redistribution, and inter-
face kinetics rather than from G/R alone. The available evidence therefore supports
alloy-specific CET regions in the G–R space rather than a universal critical ratio, with the
transition determined by competition between the imposed thermal field and composition-
dependent nucleation/growth restriction. Accordingly, CET optimisation requires simul-
taneous control of the thermal field and alloy-specific solidification response, provid-
ing a more physically meaningful basis for reducing texture, anisotropy, and cracking
susceptibility [72,75,77,88,96–98].

4.3. Texture and Anisotropy

The crystallographic texture in LPBF originates directly from directional solidification
and epitaxial grain growth, which are among the main factors driving the anisotropic
mechanical response of nickel-based superalloys. Unlike conventional manufacturing pro-
cesses, LPBF exposes the molten material to multiple thermal cycles and highly directional
heat removal, resulting in grains that preferentially grow in the build direction. Favourably
oriented grains with respect to this heat flow form a layer-by-layer arrangement ahead of
their neighbours, resulting in a strong fibre texture that controls material deformation, the
development of residual stresses, and the final fracture path [78–81]. Texture formation
is primarily governed by the interactions among the thermal gradient, the solidification
direction, and competing dendritic growth. Since solidification is fast, dendrites tend
to grow in the direction opposite to heat extraction, i.e., generally parallel to the build
axis. In FCC nickel superalloys, this competitive growth process favours a dominant 〈001〉
fibre texture, as grains with this orientation grow fastest during directional solidification.
The preference is further enhanced by epitaxial selection during layer-by-layer deposition,
leading to long columnar grains that can span several layers [78,79].

The fundamental mechanism of texture development is common across Inconel alloys
processed by LPBF, but the intensity of the resulting texture depends on alloy compo-
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sition, process parameters, and scanning strategy. Under normal scanning conditions,
sustained directional heat flow promotes the formation of a strong 〈001〉 texture in Inconel
625 due to the potential for stable epitaxial growth. However, scan rotation or hybrid
scanning approaches periodically disturb the thermal field and interfere with competi-
tive grain growth, thereby weakening the texture and resulting in finer grains with less
anisotropy [80–82]. Inconel 718 exhibits a similar trend during repeated thermal cycling,
resulting in strong columnar growth in the build direction. However, the degree of texture
formation depends strongly on scan rotation, hatch spacing, and the extent of melt-pool
overlap. The layer-rotation schemes of 67◦ or 90◦ break the directional heat flow, reduce the
grain aspect ratio, and lead to a more varied distribution of crystallographic orientations.
The effect of rotated scanning in reducing texture intensity, increasing grain-orientation ran-
domness, and decreasing mechanical anisotropy has been repeatedly confirmed by EBSD
studies [74,78,79,84,85]. Among the three alloys, Inconel 738 usually has the strongest
texture because of its narrow processing window and high γ′ fraction, both of which
favour continued epitaxial growth under steep thermal gradients. This results in a strong
orientation dependence of the alloy deformation behaviour and a higher susceptibility
to solidification cracking. More recent work shows that altering the scan strategy and
thermal history can partially suppress this preferred orientation, improve texture and crack-
ing resistance, while maintaining high-temperature mechanical properties [75,88–91,99].
Figure 5 shows EBSD orientation maps and inverse pole figures that document changes in
preferred grain orientation under various processing conditions, illustrating the impact of
build orientation and scan strategy on crystallographic texture [78].

 

Figure 5. Orientation maps (a–c) together with logarithmically scaled inverse pole figures (d–l) are
shown for sections V0◦ BD–T (d,g,j), H0◦ L–T (e,h,k), and H45◦ L–T (f,i,l). Grey arrows on the
orientation maps denote loading directions, while the inverse pole figures capture the corresponding
crystallographic texture intensity (m.r.d.). Taken together, the figure illustrates how different scan
strategies alter grain orientation and texture evolution, leading to variations in crystallographic
anisotropy that, in turn, shape the mechanical response of LPBF-fabricated Inconel alloys [78].

Figure 6 shows further details of the local deformation behaviour. Kernel Average
Misorientation and Geometrically Necessary Dislocation analyses show the strong influ-
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ence of local grain orientation on strain localisation, fracture initiation, and toughness
anisotropy. Taken together, these results imply that crystallographic texture controls the dis-
tribution of plastic deformation under mechanical loading and the grain orientation [108].
Figure 7 provides a summary of the overall mechanism linking directional solidification,
epitaxial growth, texture, and anisotropic mechanical behaviour of LPBF-fabricated Inconel
625, 718, and 738. The key texture characteristics of the three alloys are compared in Table 5.

Figure 6. Approach used to extract Kernel Average Misorientation (KAM) and Geometrically Nec-
essary Dislocation (GND) profiles across the grain structure. Within a 550 × 550 µm region, ten
analytical lines were laid out: (a) vertical lines (0◦) within a horizontal reference frame for R0-0
specimens, and (b) diagonal lines (45◦) within a rotational reference frame for R0-45 specimens. This
approach allows for systematic quantification of orientation-dependent strain localisation and disloca-
tion density, thereby clarifying the relationship between scan strategy, microstructural heterogeneity,
and the deformation behaviour of LPBF-fabricated Inconel alloys [108].

Figure 7. Mechanism of texture-induced anisotropy for Inconel 625, Inconel 718, and Inconel 738
alloys [46,78–81,90,91,106,108–110].
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Table 5. Key insights of texture and anisotropy in grain structure evolution.

Alloy Dominant Texture
Orientation

Grain-Growth
Mechanism Cause of Texture Formation Resulting Anisotropy

Inconel 625 Strong <001> texture
along the build direction

Epitaxial grain growth
across layers with
competitive grain

selection

Directional solidification
driven by steep thermal

gradients in LPBF; process
parameters (e.g., layer

thickness variation) can
disrupt epitaxy

Direction-dependent
tensile strength and

ductility, especially at
elevated temperatures

Inconel 718
Pronounced <001>

columnar texture parallel
to the build direction

Competitive grain growth
during layer-by-

layer solidification

Thermal gradient-driven
epitaxial growth favours

<001>-oriented grains; texture
evolution influences

slip activation

Micromechanical
anisotropy and

orientation-dependent
fracture toughness

Inconel 738 (IN738LC)
Dominant <001>

columnar grains aligned
with thermal gradient

Competitive grain growth
with texture-

control mechanisms

Strong directional heat flow
during LPBF promotes
epitaxial growth; grain

selection modifies
crystallographic texture

Orientation-dependent
deformation behaviour
and high-temperature
mechanical anisotropy

Overall, the literature consistently indicates that directional solidification and compet-
itive epitaxial growth cause the crystallographic texture in LPBF. The degree of preferred
orientation differs among Inconel 625, 718, and 738 due to differences in composition
and thermal response, but the formation mechanism is fundamentally the same in all
three systems [78–81,90,91,108–110]. Crystallographic texture bridges the gap between
grain morphology and mechanical behaviour in the process–structure–property paradigm.
Strong columnar textures result in increased directional strength but at the cost of in-
creased anisotropy, localised residual stress, and orientation-dependent fracture tendencies,
while suppression of the preferred texture by tailored processing favours more isotropic
properties and enhanced structural reliability. Texture control is thus a key lever to im-
prove the fatigue resistance, fracture toughness, and high-temperature performance of
LPBF-fabricated Inconel parts [78,79,81,90,91,108–110].

In addition to their effects on mechanical behaviour, grain morphology and crystal-
lographic texture also play a fundamental role in the evolution of defects during LPBF.
Grain orientation, grain boundary properties, and local solidification conditions are directly
responsible for the susceptibility to solidification cracking, porosity formation, and residual
stress development by controlling melt-pool stability and strain accommodation during
rapid solidification. Therefore, understanding the correlation between grain evolution and
defect formation is essential for establishing robust process–structure–property relation-
ships and enabling reliable LPBF processing of Inconel alloys. The next section discusses
mechanisms of defect formation and process stability [75,85,87–89,91,99].

5. Defect Formation and Process Stability
5.1. Insufficient Energy Input

One of the major causes of process instability in LPBF is insufficient energy input,
which directly results in lack-of-fusion (LOF) defects and broken melt tracks. This is
because when the laser power is low, the scanning speed is high, the hatch spacing is
wide, or the powder layer is thick, the energy actually delivered to the powder bed is
insufficient; the powder particles are not sufficiently melted, and the previously deposited
layer is not sufficiently remelted. Then, adjacent tracks fail to overlap properly, resulting in
irregular melt-pool shapes and poor metallurgical bonding between layers [36,50]. From
the melt-pool side, the thermal energy limits how far the liquid metal can flow and how
well it can wet the surrounding powder. Instead of a continuous track, melting occurs only
in isolated patches, leaving unmelted particles and unbonded zones scattered throughout
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the build. These gaps prevent epitaxial grain growth across layers and produce irregular
pore networks that are far more detrimental than isolated gas pores. LOF defects have
sharp, irregular edges that result in high stress concentrations under load and are among
the most damaging defect types to structural performance [36,50,69].

Low energy input can also cause balling, in which the melt breaks up into isolated
spherical droplets rather than forming a continuous track. This is because, at high scan
speeds, the poor wetting and capillary instability of the melt pool are exacerbated, reducing
the duration of laser–powder interaction. Broken tracks lead to weakened interlayer
bonding and increased local porosity, which destabilise the deposition of subsequent layers
and contribute to defect buildup throughout the build [111]. LOF defects are common in
LPBF processed Ni-based superalloys, but the mode of appearance varies with different
alloys. Inconel 625 is a generally weld friendly and crack resistant material, such that
moderate variations in process parameters will not cause significant structural damage.
In contrast, Inconel 718 is more sensitive to energy input, as partial melting can lead to
increased elemental segregation and to Nb-rich interdendritic regions during solidification.
Inconel 738 is already less processable due to its high γ′ fraction, but under insufficient
melting, it becomes even more microstructurally heterogeneous, creating sites where cracks
can later initiate [36,45,65,69].

5.2. Significant Energy Input

Where too little energy prevents complete melting, too much energy leads to a dif-
ferent kind of instability associated with keyhole-mode melting. High laser power, low
scan speed, or high volumetric energy density causes the melt-pool temperature to rise
rapidly, leading to rapid metal vaporisation and strong recoil pressure at the liquid–vapour
boundary. Under these conditions, the melt pool transitions from a shallow, conduction-
mode shape to a deep, narrow vapour cavity—the keyhole. A stable keyhole can improve
laser energy absorption, but heavy vaporisation tends to destabilise the cavity, leading to
continuous oscillation. The competition between surface tension, Marangoni convection,
recoil pressure, and vapour fluctuations defines stability. If the cavity closes before the
trapped vapour can escape, spherical pores are trapped within the solidifying melt, a
signature of keyhole porosity. These pores are smooth and roughly spherical, unlike the
jagged shapes typical of LOF defects, because they originate from trapped vapour bubbles
rather than incomplete melting [111,112].

Real-time melt-pool monitoring has also demonstrated that excessive energy input
leads to increased spatter and melt-pool fluctuations, both of which reduce process sta-
bility. Molten particles ejected from the melt pool can fall back onto the powder bed,
disrupting powder spreading and the absorption of subsequent laser passes. This addi-
tional unevenness of the thermal field increases the possibility of porosity formation in
subsequent layers [113]. In addition, the solidification behaviour and chemistry of each
alloy also determine its sensitivity to excess energy. In general, Inconel 625 has a larger
process window due to its good weldability and reduced risk of cracking. Nb segregation to
interdendritic liquid can promote the formation of brittle Laves phases upon solidification,
making Inconel 718 more susceptible to localised overheating problems. Inconel 738 is
the most prone to excessive thermal input due to its high γ′ strengthening fraction and
complex solidification behaviour, meaning that segregation-driven cracking is much more
likely to occur when melt-pool conditions are close to instability [45,65,69,103]. Thus, the
process needs to remain in the conduction mode to ensure stable LPBF builds rather than
drift into unstable keyhole mode. The right combination of laser power, scan speed, hatch
spacing, and layer thickness not only limits porosity but also reduces melt-pool oscillation,
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reduces spatter, and improves overall stability, setting up favourable conditions for the
microstructure that develops afterwards [36,50,111–113].

5.3. Defect Formation Mechanisms
5.3.1. Gas Entrapment and Powder-Related Effects

Aside from energy input, gas entrapment and powder quality are also important
factors in defect formation in LPBF [50,113]. Gas porosity is mainly caused by trapped
shielding gas, gas trapped in atomised powder particles and poor gas escape due to un-
stable melt-pool behaviour during fast solidification. Characteristics of the powder, such
as particle size distribution, morphology, oxidation state, moisture uptake, and recycling
history, influence powder packing density, laser absorptivity, and melt-pool stability. Ex-
cessive spattering has also been shown to hinder powder spreading and to induce local
thermal inhomogeneities that favour pore formation and surface defects [113]. Although
gas porosity is generally less detrimental than lack-of-fusion defects, an excess of pores still
degrades process consistency and causes localised microstructural heterogeneity under
unstable processing conditions.

5.3.2. Rapid Solidification and Alloy Segregation

Rapid solidification is an intrinsic property of LPBF and has a twofold effect. It
refines the microstructure on one side and causes elemental segregation under non-
equilibrium conditions on the other. The fast-cooling rate gives little time for diffusion,
trapping the alloying elements in the remaining interdendritic liquid and creating localised
chemical inhomogeneity that can encourage brittle-phase formation and cracking during
solidification [36,65]. The extent of segregation is strongly dependent on the alloy’s chem-
istry. Inconel 625 is characterised by the segregation of Nb and Mo mainly, and is relatively
resistant to cracking. Inconel 718 is susceptible to the formation of Nb-rich Laves phases,
which deteriorate local ductility [36,50,65].

The rapid thermal cycling inherent to LPBF can suppress the formation of the pri-
mary strengthening γ′′ (Ni3Nb) phase, along with secondary γ′ [Ni3(Al,Ti)] precipitates, in
the as-built condition, leaving a supersaturated γ matrix, while Nb partitioning toward
cellular and interdendritic regions encourages localised Laves-phase development. Sub-
sequent layer-wise thermal exposure, and particularly post-build ageing, supplies the
time-temperature conditions necessary for γ′′/γ′ precipitation to proceed. As a result, the
ultimate strengthening behaviour of LPBF-processed IN718 depends not only on the nomi-
nal alloy composition but also on the non-equilibrium Nb distribution inherited from rapid
solidification, since Nb tied up in interdendritic Laves constituents becomes unavailable
for later γ′′ precipitation [114].

In contrast, Inconel 738 exhibits substantially greater cracking susceptibility due to its
γ′-strengthened microstructure and complex segregation behaviour. For IN738, however,
segregation alone does not explain crack initiation. Solute enrichment can depress the
local solidus and prolong the persistence of interdendritic or grain-boundary liquid films,
creating a mechanically weak region during the final stages of solidification or subsequent
reheating. Cracking becomes critical when this vulnerable liquid state coincides with
transient tensile stress/strain generated by constrained thermal contraction during rapid
heating and cooling. Thus, crack susceptibility is governed by the temporal overlap between
liquid-film persistence and thermo-mechanical loading rather than by thermal gradients
or segregation independently. This coupling distinguishes two cracking mechanisms in
IN738. Solidification cracking occurs within the solidifying melt pool or mushy region
when persistent interdendritic liquid films cannot accommodate the tensile strain generated
during terminal solidification.
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In contrast, liquation cracking occurs in the reheated heat-affected region, where
local grain-boundary liquation creates mechanically weak intergranular regions that can
separate under transient tensile loading. Grain-boundary character and crystallographic
misorientation may further influence liquid-film continuity and strain accommodation,
thereby modifying crack susceptibility. Consequently, cracking should be interpreted as the
coupled outcome of alloy-specific segregation and solidification, liquid-film persistence,
grain-boundary characteristics, and transient thermo-mechanical loading rather than any
single processing parameter [45,69,103]. The primary mechanisms of defect production,
the process conditions controlling them, the defects they cause and the microstructural
properties observed for Inconel alloys manufactured by LPBF are summarised in Table 6.

Table 6. Physics-based classification of defect formation mechanisms during LPBF.

Physical Mechanism Primary Process
Conditions Typical Defects Characteristics References

Insufficient energy
input

Low laser power,
high scan speed,

large hatch spacing

Lack of
fusion, balling

Incomplete melting,
discontinuous melt

tracks
[36,50,69]

Excessive energy
input

High laser power,
low scan speed,
excessive VED

Keyhole porosity
Vapour cavity
instability and

pore entrapment
[111,112]

Gas entrapment and
powder-related

effects

Powder
contamination,
shielding gas,

recycled powder

Gas porosity,
inclusions,

spatter-induced
defects

Trapped gas, oxide
inclusions and

local heterogeneity
[50,113]

Rapid solidification
and alloy segregation

High cooling rates,
steep thermal
gradients, and
alloy chemistry

Microsegregation,
solidification

cracking

Interdendritic
segregation and
grain-boundary
embrittlement

[36,45,65,69,103]

5.3.3. Coupled Defect Evolution and Failure Pathways

Defects in LPBF are not independent outcomes, as melt-pool instability, metallurgi-
cal heterogeneity, and thermo-mechanical loading interact to produce sequential-failure
pathways. Keyhole instability and collapse drive pore entrapment [111,112], while insuffi-
cient melting produces irregular, unbonded regions due to lack of fusion [36,50,69]. These
discontinuities act as local stress-concentration sites, increasing the susceptibility to crack
initiation when combined with residual tensile stresses or embrittled grain boundaries. De-
fect evolution is therefore represented as a coupled sequence: process instability → primary
defect → local stress/metallurgical concentration → cracking and property degradation,
rather than as isolated defect categories.

Powder-related effects provide a second coupling pathway. Recycled or contaminated
powder promotes gas porosity, oxide inclusions, and local chemical heterogeneity [50,113],
which interact with segregation-sensitive grain boundaries and transient thermal stresses.
This interaction is more critical in IN718 and particularly IN738/IN738LC, where in-
terdendritic segregation and grain-boundary embrittlement already increase cracking
susceptibility [36,45,65,69,103]. Porosity, lack of fusion, inclusions, segregation, and resid-
ual stress are therefore interacting contributors to crack initiation and mechanical degra-
dation rather than mutually independent defects. This coupled-defect interpretation is
incorporated into the PSPC framework to connect upstream melt-pool and solidification
instabilities with downstream failure behaviour.
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5.4. Specific Defect Behaviour of Inconel

The fundamental mechanisms of defect generation are similar to those of general Ni-
based superalloys processed by LPBF, but the susceptibility of each alloy to specific types
of defects is highly dependent on the chemistry, solidification behaviour, and precipitation
characteristics. These alloy-to-alloy differences influence the processing window, melt-pool
stability, and defect tolerance of each alloy during fabrication. Of these three, Inconel
625 has the widest processing window due to its good weldability and relatively low γ′

strengthening fraction, which makes it fairly immune to solidification cracking even in
the presence of Nb- and Mo-rich interdendritic segregation at rapid solidification [36,50].
Inconel 718 is more sensitive to thermal fluctuations because Nb segregation and Laves-
phase formation reduce local ductility [65].

IN738 represents the most crack-sensitive case because segregation-sensitive solid-
ification interacts with the transient thermal stresses generated during LPBF [45,69,103].
Importantly, its cracking response should not be treated as a single generic hot-cracking
mechanism. Solidification cracking develops during the final stage of melt-pool solidifica-
tion, when solute-enriched interdendritic liquid persists while thermal contraction imposes
tensile strain on the mechanically vulnerable mushy region. In contrast, liquation cracking
occurs after nominal solidification in the reheated heat-affected region, where segregated
low-melting constituents or grain-boundary regions locally remelt, forming liquid films
that can separate under thermal stress. These mechanisms and their distinct locations are
directly reported for IN738/IN738LC. Grain-boundary crystallography further modifies
this susceptibility. LPBF IN738LC has been reported to exhibit preferential cracking along
grain boundaries with high misorientation angles, indicating that grain-boundary char-
acter influences the ability of liquid-containing boundaries to accommodate the imposed
strain [115]. Thus, the high cracking tendency of IN738 is better explained by the coupled
interactions of segregation, liquid-film persistence, grain-boundary character, and transient
thermo-mechanical loading rather than by alloy chemistry or thermal gradients alone.

Such differences show that alloy chemistry is as important as process parameters in
determining defect evolution during LPBF. Stable processing conditions reduce defects
across all three alloys, but the acceptable processing window narrows from Inconel 625
to Inconel 718 and IN738 as segregation and cracking susceptibility increase. For IN738,
optimisation must therefore control not only melt-pool stability but also the metallurgical
and thermo-mechanical conditions under which liquid-containing boundaries are subjected
to tensile loading. This interpretation is consistent with experimental LPBF IN738LC results
showing that both residual stress and melt solidification time influence crack density [70].
Table 7 summarises the alloy-specific factors affecting defect generation and
process stability.

Table 7. Comparative study on the defect susceptibility and process stability of LPBF fabricated
Inconel alloys.

Alloy Dominant Metallurgical
Characteristics Primary Defect Susceptibility Relative Process

Stability

Inconel 625 Good weldability; Nb and
Mo segregation

Lack of fusion and gas porosity under
inadequate processing conditions High

Inconel 718 Nb segregation and Laves
phase formation Segregation-induced defects and porosity Moderate

Inconel 738 High γ′ content;
complex solidification

Solidification cracking and grain-
boundary embrittlement Low
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While understanding the mechanisms of defect formation is important in itself, effec-
tive LPBF processing requires defect-specific mitigation techniques. As different defects
arise from distinct thermal and metallurgical instabilities, it is not possible to expect a
single optimisation approach to eliminate all defect types simultaneously. The choice
among optimising process parameters, thermal management, controlling powder qual-
ity, modifying the scan strategy, and post-processing treatments should be made based
on the defect mechanism that dominates the given case. Table 8 summarises the main
approaches to defect mitigation and their effects on process stability and component
quality [36,50,65,103,111–113].

Table 8. Comparison of defect mitigation techniques for LPBF-fabricated Inconel alloys.

Defect Type Primary Cause Recommended Mitigation
Strategy Expected Outcome Representative

References

Lack-of-fusion (LOF)
Inadequate energy input,
weak melt-track overlap,

overly wide hatch spacing

Raise the laser power, lower
the scan speed, and fine-tune

the hatch spacing and
layer thickness

Better densification,
stronger interlayer
bonding, and less

LOF-related porosity

[36,50,69]

Balling
Elevated scan speed,

inadequate wetting, and
capillary instability

Fine-tune scan speed, enhance
powder spreading, and sustain

a stable melt-pool geometry

Continuous melt tracks,
lower surface roughness

and porosity
[111,113]

Keyhole porosity
Excessive laser-energy

density, unstable
vapour cavity

Lower VED, fine-tune laser
power and scan speed, apply

beam shaping

Stable conduction-mode
melting, reduced
keyhole porosity

[111,112]

Gas porosity

Trapped shielding gas,
powder contamination,

and reuse of
recycled powder

Employ high-quality powder,
sustain an inert atmosphere,

dry powder, and
control recycling

Fewer pores, improved
fatigue resistance, and

greater process
consistency

[50,113]

Solidification cracking
Steep thermal gradients,
alloy segregation, high

γ′ content

Preheat the substrate, optimise
scan strategy, refine grain

structure, modify
alloy composition

Lower cracking
susceptibility, improved

structural reliability
[45,65,69,103]

Microsegregation
Rapid solidification

coupled with limited
elemental diffusion

Optimise thermal history,
apply suitable post-build

heat treatment

Reduced segregation,
improved phase

homogeneity and
mechanical performance

[36,65,103]

Residual stress
and distortion

Rapid heating-cooling
cycles and steep

thermal gradients

Preheat the baseplate, optimise
scan strategy, and apply

stress-relief heat treatment

Reduced distortion, lower
residual stress, improved

dimensional accuracy
[24,25,116,117]

In general, defect formation in LPBF is a consequence of the interplay among process
parameters, melt-pool stability, rapid solidification, and alloy chemistry. Therefore, it is
important to maintain the melt pool in a stable conduction mode and to select processing
conditions appropriate to the alloy to minimise defects and maintain a stable process. Al-
though processing is the source of defects, its influence extends beyond the manufacturing
stage, affecting the microstructure’s development and, hence, the material’s mechani-
cal properties. The links are the process–structure–property relations discussed in the
next section.

6. Process–Structure–Property Relationships
6.1. Integrated Process–Structure–Property–Control Framework

As discussed in the previous sections, the performance of LPBF Inconel components
cannot be attributed to a single processing parameter or a single microstructural feature.
Instead, the final component performance results from coupled interactions among pro-
cessing conditions, thermal history, microstructural development, defect formation, and
post-processing strategies. This integrated PSPC relationship provides a holistic view of
how the changes introduced during fabrication are transferred through the material to
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determine its final mechanical behaviour. Therefore, LPBF optimisation is a multi-variable
problem, and the interdependence of the variables should be handled simultaneously
rather than tuning the parameters one by one.

The thermal history of the material in the LPBF process is governed by laser power,
scan speed, hatch spacing, layer thickness, powder characteristics, and scan strategy. Al-
though these parameters do not directly affect the final properties, they do affect melt-pool
stability, the temperature gradient, the cooling rate, and the solidification kinetics. These
thermal conditions then govern grain morphology, crystallographic texture, elemental seg-
regation, precipitate evolution, defect formation and the build-up of residual stress. These
structural features, together, in turn, control the strength, hardness, ductility, fatigue resis-
tance, creep behaviour, and high-temperature performance of the produced Inconel parts.
Therefore, the process–structure–property relationship is more a continuous hierarchical
path than a chain of independent, disconnected events [101,102,104].

This underlying PSP relationship is common to Inconel 625, Inconel 718, and Inconel
738, but the chemistry of each alloy changes at each stage of the framework in different ways.
Inconel 625 has relatively good weldability and a wider processing window, resulting in a
stable melt-pool behaviour over a wider range of conditions. Inconel 718 is more sensitive to
thermal history, as Nb segregation and the resulting gamma-prime/gamma-double-prime
precipitation strongly influence the final mechanical properties. The processing window for
Inconel 738 is even narrower due to its high γ′ volume fraction and greater susceptibility
to solidification cracking. This means that the same LPBF processing conditions can result
in different microstructures and mechanical responses depending on the alloy, highlighting
the need for an alloy-specific process optimisation [101,102,104,105,118–121].

Another important part of the PSP framework is the feedback loop between process
control and post-processing. In contrast to traditional manufacturing methods, the LPBF
process enables gradual improvement in material performance by adjusting process param-
eters, scan strategies, heat treatment, hot isostatic pressing (HIP), remelting, and surface
engineering. These control strategies not only improve individual properties in isolation
but also act on the underlying microstructure itself, reducing porosity, relieving residual
stress, refining precipitate distribution, and improving microstructural stability. In this
respect, process control serves as a feedback mechanism that continuously links manufac-
turing parameters to the desired structural features and ultimately component performance,
closing the loop of the integrated process–structure–property–control cycle [101,122,123].
The proposed Central PSPC framework shown in Figure 8 captures the relationships be-
tween LPBF processing parameters, thermal history, microstructural development, defect
formation, mechanical behaviour, and optimisation strategies.

The PSPC framework describes the hierarchical relationships that govern LPBF, but
the individual microstructural features do not contribute equally to material performance.
The influence of grain morphology, crystallographic texture, precipitate evolution, porosity,
and residual stress on the individual mechanical properties is associated with specific
strengthening and deformation mechanisms. Therefore, a comparative assessment of such
structure–property relationships is crucial to understand the mechanical behaviour of
LPBF-fabricated Inconel alloys.

6.2. Structure–Property Relationships

The mechanical properties of LPBF-processed Inconel alloys arise from an interplay
among grain morphology, crystallographic texture, precipitate evolution, defect population,
and residual stress, rather than a single microstructural feature. These structural features
evolve simultaneously during LPBF under common thermal conditions, and they interplay
to determine the final mechanical response. It is thus important to understand the individ-
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ual contribution of each microstructural feature to optimise the trade-off among strength,
ductility, fatigue resistance, and high-temperature performance.

Figure 8. Integrated PSPC framework illustrating the relationships between LPBF processing pa-
rameters, thermal history, microstructural evolution, defect formation, mechanical properties, and
optimisation strategies for Inconel 625, Inconel 718, and Inconel 738.

6.2.1. Grain Morphology and Strengthening Mechanisms

Grain morphology is one of the main factors controlling the mechanical behaviour
of LPBF-fabricated Inconel alloys. Rapid solidification leads to fine cellular and cellular-
dendritic structures with a higher grain boundary density, which blocks dislocation motion
and increases yield strength through grain-boundary strengthening. The directional heat
flow also promotes the growth of epitaxial columnar grains in the build direction, which
leads to anisotropic mechanical behaviour. Thus, the overall mechanical response results
from the competition between grain refinement and directional grain growth, rather than
either alone [102,104,105,118–121].

The strengthening mechanism is active in all three alloys, but the dominant strength-
ening phases change with alloy chemistry. Most of the strength in Inconel 625 comes from
grain refinement and solid-solution strengthening associated with cellular structures rich in
Nb and Mo. Inconel 718, on the other hand, achieves substantially higher strength because
grain refinement is assisted by precipitation strengthening from γ′ and γ′′ phases, particu-
larly after appropriate heat treatment. In addition to carbide-reinforced grain boundaries,
Inconel 738 is primarily strengthened by a large amount of γ′ precipitates, which provide
excellent high-temperature strength but poor processability during LPBF [104,118–121].
These observations indicate that grain refinement alone cannot account for the improved
performance of LPBF-fabricated Inconel alloys. The mechanical strength arises from the
interplay among grain morphology, precipitate strengthening, and alloy chemistry, un-
derscoring the importance of integrated microstructural control during processing and
post-processing.
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6.2.2. Texture and Mechanical Anisotropy

LPBF is characterised by directional solidification, which promotes the formation of
strong crystallographic textures that strongly influence the mechanical property anisotropy.
Columnar grains oriented preferentially with the build direction provide efficient load
paths under longitudinal loading, but typically exhibit reduced ductility and different
deformation behaviour when loaded transverse to the build direction. As a consequence,
the tensile strength, elongation, and fracture behaviour of LPBF components with the same
composition may differ depending on the loading orientation [102,105,107,110,118].

The degree of anisotropy differs among the three alloys due to differences in solidi-
fication behaviour and post-processing response. The solidification behaviour of Inconel
625 is more stable and has a wider processing window, resulting in less anisotropy. The
interaction between directional grain growth and precipitation hardening results in more
pronounced orientation-dependent behaviour in Inconel 718, while Inconel 738 can re-
tain significant anisotropy due to its coarse columnar grains and limited recrystallisation
during processing. These results emphasise the importance of optimising scan strategies
and heat treatment schedules to reduce anisotropy and achieve more uniform mechanical
performance [102,105,106,119,121].

6.2.3. Porosity, Defects, and Tensile Properties

Although grain refinement and precipitation strengthening improve the mechanical
performance, defects induced by processing are often the most limiting factor to structural
reliability. Lack of fusion defects, keyhole porosity, and gas pores reduce the effective
load bearing area and act as stress concentrators to accelerate the initiation of cracks
under mechanical loading. Of these, irregularly shaped lack-of-fusion pores are the most
detrimental to tensile properties, with their sharp geometry generating greater local stress
concentrations than the more spherical gas pores [101,122,124–127].

The experimental work shows that tensile strength and ductility can be significantly
improved by increasing component density through optimised parameter settings or remelt-
ing strategies. Considerable improvements in the mechanical properties of LPBF-processed
Inconel alloys have been observed at relative densities above ~99.5%, underscoring the
importance of porosity control. But the sensitivity to defects differs among the alloys.
Inconel 625 shows relatively high ductility as long as porosity is low, while Inconel 718
is more susceptible to the combined effect of porosity and Nb-rich segregated areas. In-
conel 738 is the most sensitive among the three, because pore defects tend to interact
with grain boundary segregation and solidification cracking, resulting in faster fracture
under tensile load [101,122,126,127]. The effect of defects is therefore more than a mere
density reduction because their shape, distribution, and interaction with the surrounding
microstructure together determine mechanical reliability. Thus, defect mitigation should be
considered part of microstructural optimisation rather than a manufacturing target in itself.
Table 9 summarises the relationships between the main microstructural characteristics and
their effects on the mechanical behaviour of Inconel alloys produced by LPBF.

Table 9. Structure–property relationships in LPBF-fabricated Inconel alloys.

Microstructural
Feature

Strengthening/Degradation
Mechanism Effect on Properties Most Affected

Alloy(s) Key References

Fine cellular grains Grain-boundary
strengthening

Increase in Yield
strength and hardness 625, 718 [118–120]

γ′/γ′′ precipitates Precipitation hardening
Increase in tensile

strength and
creep resistance

718, 738 [102,104,105,120,121]
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Table 9. Cont.

Microstructural
Feature

Strengthening/Degradation
Mechanism Effect on Properties Most Affected

Alloy(s) Key References

Columnar grains and
texture Directional solidification Increase in Strength

and Anisotropy 718, 738 [102,104,105,121]

Porosity (LOF and
gas pores) Stress concentration Decrease in Ductility

and Fatigue life All alloys [101,122,124–127]

Residual stresses Crack initiation
Increase in Fatigue

resistance and
Distortion

718, 738 [116,117,128]

The inherent microstructure provides the baseline mechanical response of LPBF-
produced Inconel alloys, but final performance can be enhanced through suitable process
control and post-processing. Techniques such as heat treatment, hot isostatic pressing
(HIP), remelting, and surface engineering affect the basic microstructure, reduce defects
and residual stress, and enhance long-term mechanical reliability. In the next section, we
discuss these optimisation strategies.

6.3. Property Optimisation and Process Control

The mechanical properties of LPBF Inconel alloys can be further enhanced by combin-
ing process optimisation and post-processing strategies. The optimised laser parameters
lead to stable melt-pool behaviour and limit defect formation during fabrication, while
post-processing methods such as heat treatment, hot isostatic pressing (HIP), remelting,
and surface engineering further enhance microstructural homogeneity by relieving residual
stress, closing internal porosity, and controlling precipitate evolution [101,122,123]. These
approaches utilise the intrinsic strengths of LPBF to enhance strength, fatigue resistance,
and high-temperature performance.

The effectiveness of these optimisation strategies is alloy-chemistry-dependent. For
Inconel 625, the heat treatment mainly serves to homogenise the microstructure and relieve
stresses, whereas Inconel 718 can be strengthened considerably by precipitation of the γ′

and γ′′ phases, which also improve creep resistance. In comparison, optimisation of Inconel
738 involves controlling γ′ precipitation, grain-boundary stability, and susceptibility to
cracking, due to its narrow processing window [101,102,104,105,121,128]. In addition,
recent progress in in situ monitoring and data-driven process control presents further
opportunities to detect melt-pool instabilities and defect formation at an early stage, thereby
improving process reliability and repeatability during LPBF fabrication [113,129]. The
literature generally suggests that process optimisation and post-processing alone cannot
lead to optimal mechanical performance. Instead, an integrated approach of stable LPBF
processing with suitable post-processing treatments is key to producing dense, defect-
minimised, and mechanically reliable Inconel components capable of meeting the demands
of aerospace and high-temperature applications.

Based on the literature examined, it is concluded that the mechanical behaviour of
LPBF-produced Inconel alloys depends on the coupled effects of process parameters,
microstructure development, defect types, and post-processing, rather than on a sin-
gle factor. Grain refinement, precipitation strengthening, and microstructural stability
are beneficial for strength and high-temperature performance. However, structural in-
tegrity can be significantly compromised if defects, porosity, anisotropy, and residual
stress are not adequately controlled. The comparison of Inconel 625, Inconel 718, and
Inconel 738 further demonstrates that alloy chemistry heavily influences each alloy’s re-
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sponse to the same LPBF processing conditions, highlighting the need for alloy-specific
optimisation strategies.

Significant progress has been made in establishing process–structure–property relation-
ships through experimental work; however, the complex coupling between thermal history,
melt-pool dynamics, microstructural evolution, and mechanical behaviour is difficult to
capture solely through experimental approaches. This has led to an increasing importance
of advanced modelling techniques to understand these multi-physics interactions, predict
process outcomes, and accelerate process optimisation. The next section critically reviews
the modelling approaches developed for simulating LPBF processing and discusses their
capabilities, limitations, and prospects for Inconel alloys.

7. Critical Review of Modelling Approaches
7.1. Finite-Element Thermal Modelling

Numerical modelling based on the Finite-Element Method (FEM) remains the most pop-
ular approach for describing the thermal and thermomechanical response of LPBF, including
the transient temperature distribution, melt-pool properties, residual-stress development,
and part distortion. Most physics-based modelling frameworks developed for LPBF pro-
cessing of Inconel 625, Inconel 718, and Inconel 738 [130–133] are based on the FEM, as the
thermal history dictates the solidification pathways and the resulting microstructure. The
FEM can quantitatively predict thermal gradients, cooling rates, and cyclic heating effects
by introducing formulations of moving heat sources and physically representative boundary
conditions, thereby supporting the development of process–structure–property relationships
in nickel-based superalloys [130–132].

A systematic FEM-based framework for optimising the LPBF process is shown in
Figure 9. The model uses key process parameters, such as laser power, scan speed, hatch
spacing, and layer thickness, as inputs to predict melt-pool behaviour and the associated
thermal history. The resulting simulation outputs are validated against experimental
measurements and in situ monitoring data. Recent efforts have coupled FEM with machine-
learning algorithms and digital twin architectures to improve predictive accuracy and
computational efficiency across a wide range of manufacturing conditions [132,134].

Simulations of LPBF using FEM typically rely on a transient heat-conduction formu-
lation, incorporating appropriate thermal boundary conditions, to capture how temper-
ature evolves across the build. The predicted thermal fields, in turn, govern melt-pool
dimensions, cooling rates, and thermal gradients, all of which have a direct bearing on
solidification behaviour, the development of residual stress, and the extent of component
distortion [130–133].

While FEM provides reliable thermal predictions, fully resolved simulations of entire
LPBF parts remain computationally demanding, as the melt pool accounts for only a small
portion of the overall computational domain. To overcome this constraint, multiscale FEM
approaches employ a refined mesh near the moving melt pool and a coarser mesh else-
where in the domain, thereby reducing computational expense while preserving predictive
accuracy [133]. The thermal coupling between the global and local computational domains
can be expressed as:

c+ρ+
∂T+

∂t
−∇ · (k+∇T+) = Q + (k+ − k−)

∂T−

∂n
, (3)

c−ρ−
∂T−

∂t
−∇ · (k−∇T−) = Q, (4)

where T+ and T− are the temperature fields of the global and local domains, respectively,
while k+ and k− denote the thermal conductivities associated with the corresponding
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domains. This hierarchical approach allows for accurate resolution of local melt-pool
dynamics while simultaneously capturing the overall thermal response of the component,
making it well suited to industrial-scale LPBF simulation [133].

Figure 9. Systematic FEM framework of LPBF process optimisation.

Although widely adopted, standard FEM formulations do not explicitly account for
melt-pool fluid dynamics, Marangoni convection, recoil pressure, or keyhole instability,
all of which are critical in determining defect formation under high-energy-density con-
ditions. Furthermore, since FEM provides thermal history but not a direct description
of microstructural evolution, it is often coupled with phase-field, CALPHAD or cellular
automata approaches to construct a more complete picture of process–structure–property
relationships. As the mesh resolution increases and the component size grows, the com-
putational demand increases as well, but recent coupling with reduced-order modelling,
machine learning, and digital-twin frameworks has dramatically improved the compu-
tational efficiency and the predictive capacity of the models, thus allowing for real-time
optimisation of the LPBF process [132–139]. However, the phenomena of grain nucleation,
dendritic growth, and phase transformations during rapid solidification cannot be directly
resolved by FEM alone. Therefore, phase-field and CALPHAD models are widely used to
describe these mesoscale mechanisms and to establish quantitative relationships between
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thermal history and resulting microstructural evolution in LPBF-processed nickel-based
superalloys [94,95,134,135,140].

7.2. Phase-Field and CALPHAD Modelling

FEM provides reliable predictions of thermal history and cooling rates in LPBF, but it
does not capture the microstructural evolution associated with rapid solidification. Proper-
ties that ultimately determine the mechanical performance of nickel-based superalloys are
dendritic growth, competitive grain development, solute redistribution, and phase trans-
formations; thus, mesoscale modelling is mandatory. Phase-field modelling combined with
CALPHAD thermodynamics is one of the most powerful computational frameworks for
describing the evolution of microstructure under the strongly non-equilibrium conditions
typical of LPBF [94,95,134,135,140].

The phase-field variable evolves in time by minimising the system’s total free energy.

.
ϕα = ∑β ̸=α

Mαβ

(
δF
δϕα

− δF
δϕβ

)
, (5)

where Mαβ is the interface mobility, and F is the total free energy functional. This relation
controls interface migration during solidification and allows prediction of dendritic growth,
grain competition, and microstructural evolution during rapid solidification [94,95].

To capture microsegregation during rapid solidification, phase-field models incorpo-
rate solute transport through

.
ci = ∇∑N

α=1 ∑k−1
j=1 ϕαDα

ij∇cα,
j , (6)

where Dα
ij is the diffusion coefficient of the component i in phase. These relations are useful

for predicting microsegregation, elemental partitioning, and subsequent precipitation,
which are of special interest for nickel-based superalloys, as segregation of Nb, Ti, and Mo
strongly affects the formation of strengthening phases and cracking susceptibility [94,95].

The CALPHAD method provides a thermodynamic basis for describing how phase sta-
bility in multicomponent alloy systems depends on temperature and composition. Together
with phase-field modelling, it enables the prediction of more physically realistic dendritic
growth, γ/γ′ evolution, Laves-phase formation, and microsegregation, thereby reinforcing
the connection between thermal history and microstructural evolution in LPBF-processed
Inconel alloys [94,95,135,140].

However, phase-field and CALPHAD models remain computationally expensive,
as the motion of the solid-liquid interfaces must be accurately resolved, which requires
fine spatial resolution and small time increments. Therefore, these models are usually
applied in representative microscale regions driven by thermal histories from FEM, and
hybrid multiscale frameworks combining FEM, phase-field, CALPHAD, and data-driven
methods are continually improving computational efficiency while maintaining predictive
accuracy [94,134,135,140].

7.3. Critical Comparison of Modelling Approaches

LPBF is characterised by strongly coupled thermal, fluid-flow, metallurgical and me-
chanical phenomena across several spatial and temporal scales. Consequently, a wide
variety of computational modelling approaches have been employed to study different
aspects of the process, including melt-pool behaviour and temperature evolution, as well
as microstructure formation, residual-stress development, and mechanical performance.
However, all the modelling techniques are tailored to a single physical phenomenon
and have their own strengths and limitations. The choice of a suitable modelling ap-
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proach depends on the prediction target, available computational resources, and the re-
quired level of physical fidelity. Therefore, a critical comparison of the existing modelling
approaches is needed to clarify their applicability, limitations and directions for future
development [95,130–137,140]. Tables 10 and 11 summarise their principal characteristics,
predictive capabilities and engineering applications.

Table 10. Comparative analysis of the modelling methodologies used in the laser powder bed fusion
of nickel-based superalloys [85,94,130–140].

Method Main Strength Main Limitation Computational Cost Best-Suited Application

FEM
Reliable prediction of

temperature distribution,
residual stress, and distortion

Does not explicitly account for
melt-pool fluid flow or

microstructural evolution
Medium–High

Predicting residual stress
and distortion in Inconel

718 components

Computational
Fluid Dynamics

(CFD)

Resolves melt-pool flow
dynamics, Marangoni

convection, recoil pressure,
and keyhole formation

Substantial computational
demand with

limited scalability
Very High

Modelling melt-pool
dynamics and keyhole

behaviour in Inconel 625

Phase-Field
Delivers high-fidelity

prediction of dendritic growth
and grain evolution

Computationally demanding
and confined to

microscale domains
Very High

Predicting solidification
behaviour and

grain morphology

CALPHAD
Provides an accurate

prediction of phase stability
and precipitation

Excludes spatial thermal
gradients and melt-

pool physics
Medium Predicting phase evolution

and precipitation

Cellular
Automata (CA)

Enables efficient simulation of
grain growth

Relies on simplified physical
assumptions relative to

phase-field models
Low

Predicting
columnar-to-equiaxed

grain transition

Machine Learning Offers fast prediction of
process–property relationships

Heavily dependent on the
quality and availability of

training data
Low (after training) Process optimisation and

defect prediction

Digital Twin
Combines modelling,

monitoring, and adaptive
process control

Implementation is complex,
requiring robust
data integration

High
Intelligent manufacturing

and closed-loop
process optimisation

Table 11. Comparative evaluation of the predictive capabilities of LPBF modelling approaches
[85,94,130–140].

Method Thermal
Analysis Melt-Pool Flow Microstructure Phase

Evolution Residual Stress Real-Time
Process Control

FEM Excellent Limited Limited Not Applicable Excellent Not Applicable

CFD Good Excellent Limited Not Applicable Limited Not Applicable

Phase-Field Not Applicable Not Applicable Excellent Good Not Applicable Not Applicable

CALPHAD Not Applicable Not Applicable Good Excellent Not Applicable Not Applicable

Cellular
Automata Not Applicable Not Applicable Good Limited Not Applicable Not Applicable

Machine
Learning Moderate Moderate Moderate Moderate Moderate Excellent

Digital Twin Excellent Excellent Excellent Excellent Excellent Excellent

Tables 10 and 11 indicate that a single modelling technique is not sufficient to capture
the complexity of the LPBF process. FEM can reliably predict thermal history, residual stress,
and distortion, but does not explicitly account for melt-pool hydrodynamics. In contrast,
CFD can efficiently capture melt-pool flow, Marangoni convection, and keyhole behaviour,
but its computational load limits its application for large-scale simulations [132,135,137].
Phase-field and CALPHAD models provide detailed insight into solidification, grain evo-
lution, and phase transformations, but they are typically restricted to the microscale and
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require thermal histories from FEM. However, cellular automata methods have increased
computational efficiency at the expense of decreased physical fidelity. The complemen-
tary strengths and limitations have spurred an increasing interest in hybrid multiscale
frameworks that couple multiple modelling strategies to achieve more comprehensive and
predictive simulations of the LPBF process [95,134,135,140].

Current Challenges and Future Perspectives

One of the major challenges in LPBF modelling is the absence of reliable validation due
to the experimental difficulty of measuring transient melt-pool behaviour, thermal gradients
and rapid solidification. Most computational studies validate their predictions indirectly
by comparing them with melt-pool dimensions, porosity measurements, residual-stress
data, and post-build microstructural characterisation. Differences in the laser’s absorp-
tivity, powder morphology, temperature-dependent material properties, and boundary
conditions also contribute to deviations between simulation results and experimental
observations [130–133,135,137]. Another challenge is the lack of standardised benchmark
problems and validation procedures. The wide range of process parameters, material sys-
tems, and experimental methods reported in the literature makes the direct comparison of
different modelling approaches difficult. Shared validation protocols and publicly available
benchmark datasets would help to build confidence in computational predictions and allow
more consistent evaluation of emerging modelling strategies.

Although individual modelling techniques have made considerable progress, effi-
ciently coupling thermal, fluid-flow, microstructural, and mechanical models remains a
major challenge. Most existing frameworks are based on one-way coupling, in which the
thermal histories computed by the FEM are passed to phase-field or CALPHAD simulations
without feedback from the evolving microstructure or material properties [135,137,140].
Differences in spatial and temporal resolution only increase computational overhead, under-
scoring the need for more efficient multiphysics coupling strategies that can link melt-pool
dynamics, solidification behaviour, phase transformations, and mechanical response.

Future LPBF modelling efforts should focus on integrated multiscale frameworks
that can simultaneously capture thermal behaviour, melt-pool dynamics, microstructural
evolution, and mechanical response. Achieving industrial-scale applicability will require
the development of reduced-order models, adaptive meshing techniques, and hybrid
modelling strategies to reduce computational cost. There needs to be greater emphasis
on developing standardised validation procedures, quantifying uncertainty, and enhanc-
ing interoperability among numerical approaches, thereby improving model reliability
and transferability [85,94,130–140]. Ultimately, progress is more likely to come from inte-
grating the complementary strengths of existing modelling approaches, rather than from
supplanting one approach by another.

8. Emerging LPBF Technologies
8.1. Beam Shaping

Most LPBF systems still use Gaussian beams, mainly because of their ability to concen-
trate energy, the simplicity of their optical setups, and the large amount of existing process
data. But more and more evidence points to a different culprit than energy density: the real
problem with Gaussian irradiation is how tightly its thermal energy is concentrated in the
melt pool. This concentration results in steep thermal gradients, which increase the risk of
keyhole instability, spatter, and epitaxial columnar grain growth that degrades mechanical
properties, as well as intensifying recoil pressure, Marangoni convection, and directional
heat flow. Tinkering with laser power, scan speed, or hatch spacing only gets you so far
in addressing these issues, because the heat source itself does not change. This insight
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has prompted research to focus instead on beam shaping, where the aim is not to deliver
more energy, but to redistribute the energy delivered to stabilise the melt pool’s dynamics
and shape its simultaneous solidification. Essentially, beam shaping is a transition from
conventional parameter tuning to the direct engineering of the thermal field, providing a
new lever for tuning the relationship between the process and the resultant structure in
LPBF-processed Inconel superalloys [141,142].

Beam shaping changes the spatial distribution of laser energy but not the total energy
input, and can therefore directly impact thermal conditions that determine melt-pool
evolution and solidification. Top-hat beam profiles result in a more uniform irradiance than
conventional Gaussian beams, helping reduce localised overheating, suppress excessive
recoil pressure, and limit steep thermal gradients that drive keyhole instability, spatter
formation, and powder denudation. This leads to a more thermally stable melt pool,
greater resistance to process parameter variations, and a wider processing window for
the manufacturing of high-density Inconel parts. However, this improved uniformity
in the energy distribution is achieved at the expense of a lower peak intensity, which
can limit melt-pool penetration and affect dimensional accuracy in complex geometries.
This trade-off implies that no universal solution exists for the beam profile; rather, the
beam geometry should be chosen to balance process stability, geometric fidelity, and
microstructural control [51,54,67,101,141,142]. Figure 10 shows that state-of-the-art beam-
shaping strategies go beyond traditional top-hat profiles, enabling tools to manipulate
the melt-pool heat flow direction and simultaneously control both grain morphology and
crystallographic texture. The reduction in grain elongation and the weaker texture intensity
observed with engineered beam profiles show that adjusting the laser intensity distribution
can directly reshape the thermal field controlling solidification, providing a more effective
way of microstructure control than parameter optimisation alone [142].

Figure 10. IPF maps and pole figures of diverse samples produced using distinct laser beam profiles:
(a) ring-shaped, (b) Line//SD, and (c) chair-shaped [142].

The effect of beam shaping extends beyond the stabilisation of the melt pool—the
change of the thermal field directly influences the grain morphology, the crystallographic
texture and the resulting mechanical anisotropy. Custom beam profiles lead to a more homo-
geneous solidification environment, reducing the potential for elongated columnar grains
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to grow epitaxially, therefore allowing for more isotropic microstructures and improving
the reliability of LPBF manufacturing of Inconel parts. This illustrates the general point
that control of heat flow during solidification is as important as control of conventional
process parameters to achieve desired structure–property responses [90,119–124]. Promis-
ing results have been obtained for melt-pool dynamics and microstructural evolution, but
the true industrial potential of beam shaping will be realised through integration with
new LPBF technologies rather than as a stand-alone process modification. Future develop-
ments should therefore combine beam shaping with multi-laser architectures, advanced in
situ monitoring and intelligent process control to establish robust PSPC relationships for
industrial-scale manufacturing of Inconel superalloys [94,123,134,136–140].

8.2. Multi-Laser LPBF

Scaling up Inconel component manufacturing has revealed a fundamental weakness of
single-laser LPBF: the inherent conflict between throughput and process stability. Increasing
the laser power or scanning velocity can increase the deposition rate, but the resulting
higher thermal gradients tend to increase residual stress, distortion, and defect formation.
This has led to a trend towards multi-laser LPBF (ML-PBF), where multiple lasers are used
simultaneously in different scan zones, reducing build times and enabling the fabrication
of larger components. Furthermore, ML-PBF not only yields a simple productivity gain
but also significantly alters the process’s thermal history. Indeed, the concurrent effects of
multiple moving heat sources on a single part result in complex thermal fields that cannot
be described by single-laser assumptions [143,144].

Despite its productivity advantages, the principal barrier to wider industrial use is
frequently reported in the literature to be the thermal interaction between neighbouring
laser zones. When multiple melt pools merge in neighbouring scan regions, this alters the
local heat build-up, melt-pool flow behaviour, and solidification, leading to inconsistent
cooling across stitch boundaries. These overlap zones are more prone to uneven remelting,
collisions between molten pools, and droplet ejection, increasing the risk of porosity, surface
defects, and localised residual-stress build-up rather than creating a uniform thermal field.
Stitch-line defects should therefore be considered not only as geometrical defects but also
as sites where differences in local thermal history affect the subsequent microstructural
evolution and mechanical behaviour [143,145,146].

Traditional approaches for mitigating these effects have focused on improving laser
overlap, scan sequencing, and post-build heat treatment to reduce heterogeneity in stitched
regions. Results from Alloy 718 show that stitch zones exhibit microstructural and mechani-
cal differences relative to single-laser regions, but these differences are greatly reduced after
hot-isostatic pressing (HIP) and solution-ageing treatment, suggesting that the thermal
non-uniformity created during build can be largely eliminated thereafter. However, post-
processing alone does not address the root cause of stitch-line formation. Instead, newer
multi-laser approaches prefer proactive thermal control using coordinated low-power
lasers or supplementary laser sources to distribute heat more evenly, increase melt-pool
size, and improve inter-track bonding, while also reducing residual stress and porosity
levels. Such findings imply that future ML-PBF research should focus on managing thermal
interactions during the build itself, rather than remedying their effects afterwards [143,145].

Multi-laser LPBF is based on coordinated scanning, where multiple lasers simulta-
neously scan different areas of a large Inconel 718 component, with the stitching zones
deliberately moved from layer to layer, as visualised in Figure 11. This method reduces
localised heat build-up, spreads the thermal loading across the overlap areas more evenly,
and promotes stronger adhesion between layers, thereby reducing the risk of stitch-line de-
fects and high residual stress. The figure also shows that the successful production of large,
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high-aspect-ratio parts is not simply a matter of running multiple lasers simultaneously
but rather the effective coordination of those lasers to manage the thermal interactions
across neighbouring scan fields. Thus, laser coordination and control of stitching zones are
important for dimensional accuracy and structural integrity in industrial-scale multi-laser
LPBF [143].

Figure 11. Scanning methodologies employed for ML-PBF in the DMP 500 system. Panel (a) illustrates
the trajectories of the three lasers, distinguished by green, black, and blue colours, across layers 100 to
103 for the adjusted 1× complete geometry. Panel (b) offers a detailed perspective of the left stitching
area, emphasising the positional variation of the stitching line across successive layers [143].

The growing implementation of multi-laser LPBF, therefore, marks a transition from
merely increasing throughput to controlling complex thermomechanical interactions across
large build volumes. Numerical simulations and experimental work indicate that well-
designed scan coordination, supplementary laser strategies, and compensation methods can
effectively limit distortion and enhance inter-track fusion; however, the ability to predict
stitch-zone behaviour under realistic industrial conditions with multiple synchronised
lasers and complex part geometries remains limited. Therefore, future research should
integrate multi-laser process planning with in situ monitoring, adaptive scan control, and
physics-informed predictive models to establish reliable PSPC relationships for the large-
scale production of Inconel. This push for a real-time understanding of melt-pool behaviour
naturally leads to the next emerging technology, in situ monitoring and synchrotron
imaging, where high-speed sensing enables direct observation of the thermal mechanisms
responsible for defect formation [143,144,146].

8.3. In Situ Monitoring and Synchrotron Imaging

As LPBF becomes increasingly important for manufacturing critical components in
aerospace and energy, the focus on defect detection shifts from traditional post-build
inspection to real-time process monitoring. With modern in situ monitoring, you can
continuously observe the build so that defects are detected while the part is being built, not
after it is complete. Recent advances in optical, thermal, and X-ray sensing are combined to
track melt-pool dynamics, thermal changes, and subsurface defect development, laying the
groundwork for smarter process qualification and, eventually, closed-loop control [147,148].

The main in situ monitoring techniques used in LPBF are summarised in Figure 12
and grouped into optical, thermal, acoustic, and X-ray-based sensing. Optical monitoring
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employs DSLR cameras, photodiodes and digital image correlation (DIC) to observe melt-
pool shape, vapour-plume behaviour, and spatter. Thermal monitoring is performed
using pyrometers and high-speed cameras to record melt-pool temperatures, cooling rates,
and thermal gradients, helping assess process stability. Acoustic sensing detects process-
related vibrations and emissions associated with abnormal melting, while X-ray imaging
provides direct observation of subsurface melt-pool behaviour, keyhole formation, and pore
formation. Collectively, these monitoring methods provide complementary information
on the initiation and progression of defects, which can be leveraged to develop reliable
real-time monitoring and control strategies for LPBF.

Figure 12. Classification of in situ monitoring techniques utilised in LPBF. Adapted from [147].

The most commonly used monitoring tool is high-speed optical cameras that continu-
ously record melt-pool shape, vapour-plume behaviour, and spatter generation during laser
scanning. Early indications of unstable melting, such as deviations in the melt-pool shape
and excessive spatter, disrupt powder spreading and increase the risk of lack-of-fusion de-
fects in subsequent layers. Optical monitoring is mainly limited to surface observation, but
it is still useful for detecting abnormal melting before the appearance of defects [147–149].
Optical imaging is complemented by thermal monitoring with pyrometers and infrared
cameras to measure melt-pool temperature, cooling rate and thermal gradients. Unlike
visible-light imaging, thermal measurements follow the evolution of heat distribution dur-
ing melting and solidification, providing a direct link between thermal instability and defect
formation. Combined infrared and synchrotron X-ray imaging has shown that changes
in the thermal history correlate closely with melt-pool fluctuations, vapour depression
behaviour, and resulting pore formation, indicating that thermal signatures are reliable
markers of process stability [150].

The most important advances in process understanding have been achieved through
high-speed synchrotron X-ray imaging, which enables direct observation of subsurface
melt-pool behaviour that is not possible with conventional optical techniques. This imaging
has revealed the dynamic behaviour of keyholes, including pore nucleation, migration, and
collapse during laser scanning. These findings indicate that keyhole porosity is caused by
unstable vapour depression and melt-pool behaviour, rather than by high laser energy alone.
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Synchrotron imaging has also directly verified numerical melt-pool models by visualising
the fluid-flow mechanisms that lead to pore entrapment and defect formation [151]. Current
research is increasingly focused on integrating multiple sensing modalities rather than a
single sensor type. Surface morphology and spatter behaviour are recorded by optical
monitoring; pyrometers measure the thermal history; and the evolution of internal defects is
monitored by synchrotron X-ray imaging. The integration of these complementary datasets
enables more accurate identification of process anomalies and lays the groundwork for
machine-learning-based defect prediction and adaptive closed-loop control. Therefore,
multi-sensor in situ monitoring is emerging as an enabling technology to improve process
repeatability, reduce defect occurrence, and enhance the reliability of LPBF-fabricated
Inconel components [147,148,150].

8.4. AI and ML-Driven Optimisation

Artificial intelligence (AI) and machine learning (ML) have become powerful tools
for LPBF process optimisation, enabling rapid prediction of process outcomes, defect
formation, and parameter selection using experimental, simulation, and in situ mon-
itoring data. Unlike traditional trial-and-error methods, ML algorithms can capture
the non-linear relationships between processing parameters, melt-pool behaviour, and
manufacturing quality, thereby reducing the experimental effort required for process
qualification [152–156]. However, high in-domain prediction accuracy does not necessarily
imply physical interpretability or transferability [152,155,156].

A major application area of AI in LPBF is defect prediction based on process pa-
rameters, melt-pool characteristics and multi-sensor monitoring data. Artificial neural
networks (ANNs), convolutional neural networks (CNNs), support vector machines
(SVMs), and ensemble learning algorithms have achieved high accuracy in predicting
lack of fusion, keyhole instability, porosity, balling, and cracking across varied processing
conditions [152,153,155,156]. The more important distinction is whether these models learn
empirical parameter–defect correlations or retain the underlying process physics. Incor-
porating thermal-history and melt-pool descriptors as intermediate features provides a
mechanistic link between processing conditions and defect formation. Hybrid FEM–ANN
approaches illustrate this strategy by using simulation-derived melt-pool characteristics
to identify defect-prone processing windows in IN718 [153]. Thus, physics–ML integra-
tion can improve interpretability by constraining predictions using physically meaningful
process states rather than relying solely on raw parameter correlations.

ML is also central in the analysis of the large datasets produced by in situ monitoring
systems. The combination of thermal imaging, optical monitoring, photodiode signals, and
acoustic emission data, with ML algorithms, allows the detection of process instabilities.
Explainable artificial intelligence (XAI) is used to improve model interpretability by identi-
fying the sensor features most strongly associated with defect prediction [152,155,156]. Nev-
ertheless, statistical feature importance is not equivalent to physical causality; an influential
sensor feature becomes physically informative only when it can be related to the thermal,
melt-pool, or solidification mechanism responsible for the predicted defect [155,156].

Transferability remains a more severe limitation of purely empirical models. A rela-
tionship calibrated for one LPBF platform may change with machine configuration, sensing
conditions, or processing window, while alloy-dependent thermal and melt-pool responses
further complicate transfer across IN625, IN718, and IN738. Consequently, direct transfer of
nominal process–defect relationships can produce domain shift. Physics-informed features,
physical normalisation, and model recalibration provide a more defensible route towards
cross-platform and cross-alloy generalisation [152–156].
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Intelligent manufacturing has become a growing focus of research. Multi-sensor
monitoring, physics-informed ML, and digital-twin frameworks enable adaptive process
control by rapidly assessing process conditions and adjusting parameters. Although fully
autonomous closed-loop control is still under development, these integrated approaches
hold great promise for enhancing the process stability, repeatability, and manufacturing
reliability of LPBF-fabricated Inconel components [152,154,155]. Table 12 summarises rep-
resentative AI and ML approaches applied to LPBF optimisation, including their learning
algorithms, input data, optimisation objectives, advantages, and limitations. These studies
collectively suggest a shift from independent defect prediction to integrated intelligent
manufacturing systems that combine simulation with in situ sensing and adaptive process
control. Collectively, the key challenge is therefore not prediction accuracy alone, but
achieving physically interpretable and transferable models.

Table 12. Typical artificial intelligence and machine-learning strategies for optimisation of
LPBF processes.

AI/ML Approach Input Data Primary
Objective

Representative
Outputs Advantages Limitations Reference

Artificial Neural
Network (ANN)

Laser power, scan
speed, layer

thickness,
melt-pool

dimensions, and
FEM-derived

datasets

Optimising
process

parameters and
forecasting

defects

Generation of
processing maps,

defect-free windows,
and predicted

melt-pool geometry

Able to model
intricate nonlinear

behaviour, lowering
the need for

extensive
experimentation

Depends on the
availability of

large,
high-quality
training data

[153]

Convolutional
Neural Network

(CNN)

Melt-pool and
thermal imagery,

optical
monitoring data

Automated
classification of

defects

Recognition of
porosity,

lack-of-fusion,
delamination, and

spatter

Delivers strong
classification
performance

through automated
feature extraction

Accuracy is
sensitive to image

quality and
demands

significant
computing power

[152,156]

Support Vector
Machine (SVM)

Acoustic
emission,

photodiode, and
other sensor

signals

Classifying
process states

Distinguishing stable,
conduction, and
keyhole-melting

regimes

Performs well with
smaller datasets

and provides
reliable

classification

Less effective
when handling

complex,
multi-class
scenarios

[155,156]

Extreme Gradient
Boosting

(XGBoost)

Frequency-
domain acoustic
emission features

and statistical
parameters

Selecting relevant
features and

predicting defects

Pinpointing signal
features most linked
to defect occurrence

Achieves high
accuracy while
keeping feature

importance
interpretable

Needs meticulous
tuning of

hyperparameters
[156]

Explainable
Artificial

Intelligence (XAI)

Acoustic emission
and combined

multi-sensor data

Making ML
outputs

interpretable

Determining which
sensor features drive

defect formation

Enhances the
transparency of

models and builds
trust for

industrial use

Application
within LPBF is
still in the early

stages

[156]

Hybrid
Physics–ML

(FEM + ANN)

Simulation results
validated against
experimental data

Speeding up the
process of

qualification

Processing maps and
defect prediction for

Inconel 718

Merges physical
insight with
data-driven
refinement

Accuracy is tied
to the fidelity of
the underlying

simulation

[153]

Multi-sensor ML
framework

Combined
thermal, optical,

acoustic, and
photodiode

signals

Enabling
real-time

monitoring and
optimisation

Ongoing quality
evaluation and defect

identification

Draws on
complementary
sensor inputs to
boost reliability

Fusing and
synchronising
diverse sensor
data remains

difficult

[152,155]

AI-enabled
closed-loop

control/Digital
twin

Live sensor
feedback

combined with
predictive
modelling

Achieving
adaptive process

control

Real-time adjustment
of parameters during

fabrication

Supports intelligent
manufacturing and

greater process
stability

Industrial
adoption is still

restricted
[154,155]
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Overall, AI/ML can accelerate LPBF optimisation, but empirical models remain con-
strained by training-domain dependence and limited physical interpretability. Coupling
physically meaningful process descriptors with simulation, sensing, and model recalibra-
tion provides a more robust route towards transferable defect prediction and adaptive
control [152–156]. Long-term reproducibility additionally depends on powder-feedstock
evolution, motivating the recyclability considerations discussed next.

8.5. Powder Recyclability and Degradation

Powder recyclability has emerged as a significant consideration in LPBF, given the
substantial expense of nickel-based superalloy feedstock and the growing emphasis on
sustainable production. In the LPBF process, only a portion of the powder spread onto
the bed is consolidated into the finished part, with the unconsolidated material subjected
to repeated heating and cooling cycles, spatter generated by the laser, and exposure to
the build atmosphere before being reclaimed for further use. While recycling powder
offers considerable cost savings, successive reuse gradually alters its properties, thereby
affecting process stability, build-to-build consistency, and the overall quality of finished
components [157,158].

Degradation in recycled powder stems chiefly from physical and chemical alterations
that build up over repeated cycles. Prolonged exposure to high temperatures promotes
oxygen absorption and oxide layer formation on particle surfaces, while repeated contact
with laser-generated spatter results in partially fused particles, satellite attachment, and
irregular particle shapes. At the same time, shifts in particle size distribution, surface
texture, and sphericity affect how the powder flows and packs, leading to uneven spreading
during the recoating step. These effects, in turn, alter how efficiently the powder absorbs
laser energy and how stable the melt pool remains, even under unchanged processing
conditions [157–159].

As powder characteristics continue to shift, defect formation during LPBF is directly
impacted. Diminished flowability and inconsistent powder deposition increase the like-
lihood of localised variations in layer thickness, which, in turn, promote lack-of-fusion
defects and unstable melting. In addition, elevated oxygen content promotes the forma-
tion of oxide inclusions, which serve as preferred sites for crack initiation, while irregular
particle shapes and overall powder deterioration contribute to greater porosity and defect
concentration. As a result, powder degradation shapes not only the defects that arise
during fabrication but also the subsequent microstructural development in the deposited
material [159,160].

These microstructural shifts eventually manifest as changes in mechanical properties.
Higher levels of oxide inclusions, porosity, and cracking diminish ductility, fatigue life, and
overall structural reliability. That said, a number of studies have shown that nickel-based
superalloys like Inconel 718 can withstand a moderate number of reuse cycles provided
suitable powder management practices are followed, such as sieving, controlled storage
conditions, and periodic blending with fresh powder. Thus, the impact of powder recycling
is governed not simply by how many times the powder has been reused, but also by
how rigorously powder qualification and handling procedures are applied throughout
production [157,158].

The main degradation pathways linked to powder recycling and their effects on LPBF
performance are outlined in Table 13. This comparison shows that oxygen absorption, changes
in particle shape, shifts in particle size distribution, and reduced flowability are closely linked,
jointly influencing melt-pool stability, defect generation, and resulting mechanical properties.
As such, rigorous powder qualification and reuse practices are critical to sustaining reliable
process performance in industrial-scale LPBF manufacturing [157–160].
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Table 13. Impact of powder recyclability and degradation on process–structure–property evolution
during LPBF of nickel-based superalloys.

Powder-
Degradation
Mechanism

Cause During
Powder Reuse

Change in Powder
Characteristics

Effect on LPBF
Process

Resulting De-
fects/Microstructure

Impact on
Mechanical
Properties

References

Oxygen pickup
and oxidation

Cyclical heat
exposure, contact

with ambient
atmosphere, and
handling during

processing

Elevated oxygen
levels, formation of

oxide films
and inclusions

Disrupts
melt-pool

chemistry and
promotes
instability

Oxide inclusions,
sites favouring
crack initiation,

and non-
uniform

microstructure

Diminished
ductility, fatigue
life and fracture

toughness

[158,159]

Particle
morphology

evolution

Adhesion of laser
spatter, presence

of partially
melted particles,
and cumulative

recycling

Formation of satellite
particles, irregular

shapes, and
lower sphericity

Impaired powder
spreading and

inconsistent layer
formation

Greater incidence
of lack-of-fusion

and pore
development

Reduced density
and weaker

tensile behaviour
[157–159]

Particle size
distribution (PSD)

evolution

Sieving effects,
incorporation of

spatter, and
preferential
depletion of
fine particles

Shift toward a coarser
or wider particle

size range

Lower packing
efficiency and

irregular powder
bed

Instability in the
melt pool and

elevated porosity

Diminished
process

repeatability and
dimensional

precision

[157,158]

Flowability
degradation

Increased surface
roughness,

oxidation, and
morphological

changes

Reduced flow and
spreading behaviour

Inconsistent
powder layering

and variable
thickness

Lack-of-fusion
defects and

incomplete fusion

Lower strength,
ductility, and

reproducibility
[157,158]

Absorptivity
variation

Surface oxide
formation and
altered particle

surface condition

Change in how laser
energy is absorbed

Fluctuations in
melt-pool

temperature and
shape

Keyhole-related
instability or
insufficient

melting

Variable
mechanical

performance
[157]

Powder
contamination

Vapour
condensation and

exposure to the
surrounding
environment

Altered chemical
makeup and

inclusion generation

Irregular melting
response

Higher inclusion
levels and greater

defect
concentration

Shortened fatigue
life and

compromised
structural
reliability

[157,159]

Repeated powder
recycling

Successive reuse
cycles lacking

proper
qualification

Combined physical
and chemical
deterioration

Greater
variability

throughout the
process

Accumulating
defects and an

inconsistent
microstructure

over time

Decline in
properties once
reuse surpasses

acceptable
thresholds

[157–160]

Powder
qualification and

management

Sieving practices,
inert-atmosphere

storage, and
blending in

virgin powder

Preserves consistent
powder quality

Stable melt-pool
behaviour and
even powder

spreading

Fewer defects and
a more uniform
microstructure

Better
repeatability and

enhanced
mechanical
properties

[157,158,160]

Within the PSPC framework, powder properties should therefore be treated as dy-
namic material-state variables rather than fixed process inputs. Each build/recovery
cycle can alter oxygen content, particle-size distribution, morphology, flowability, and
absorptivity, and these properties should accordingly be reassessed before the powder is
reused [157–160]. This establishes an inter-build feedback pathway running from powder
recovery/reuse to degradation, quality assessment, and the decision to reuse, refresh, or
reject the powder, ultimately updating the feedstock state for the next build. The Control
component of PSPC thus extends beyond intra-build adjustment of processing conditions
to encompass build-to-build feedstock management, directly linking powder qualification
to subsequent melt-pool stability, defect evolution, and part quality.

In summary, powder recyclability is more than a cost-saving measure; it has become a
decisive factor in achieving reliable LPBF manufacturing results. The progressive evolution
of oxygen content, particle shape, flow behaviour, and absorptivity directly impacts melt-
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pool dynamics, defect generation, and the mechanical properties ultimately obtained,
highlighting the need for systematic protocols governing powder qualification and reuse.
Therefore, from the PSPC perspective, Powder recycling links the material state and Control
parts through ongoing feedstock qualification, in which the new powder condition becomes
the material input for the next build cycle. Hence, sound powder management is an
important control lever to sustain a stable process–structure–property relationship and
to achieve consistent and reliable production of high-performance Inconel components
by LPBF.

9. Digital Twin and AI Framework for Predictive LPBF
Driven by the limitations of physics-based simulations and data-driven optimisation

alone, digital twin (DT) frameworks have emerged for LPBF. FEM accurately predicts
thermal history, melt-pool behaviour, and residual stress. However, its computational
demands limit its suitability for real-time applications. In contrast, machine learning
(ML) accelerates prediction but heavily relies on the quality and extent of the training
data and often lacks physical interpretability. These limitations are addressed by digital
twins that couple physics-based modelling, in situ monitoring, and AI within a common
cyber-physical framework to enable real-time prediction, process monitoring, and adaptive
control [138,139,152,153,161]. To avoid this integration becoming a computationally effi-
cient black-box surrogate, physics-based, and data-driven components should be connected
through physically meaningful thermal and melt-pool states rather than solely nominal
process parameters [152,153].

Figure 13 shows the overall architecture of a digital-twin framework for LPBF. The
physical manufacturing system is connected to its virtual twin through a constant two-way
data flow. Sensor data are used in real time to predict process behaviour and component
quality using physics-based and data-driven models. The resulting outputs are stored,
visualised, and analysed, providing the basis for continuous process monitoring and well-
informed decision-making. Finally, a closed-loop feedback mechanism completes the
framework, enabling adaptive tuning of process parameters and thereby improving the
reliability, quality, and productivity of the manufacturing process [134].

Figure 13. Digital-twin framework for the additive manufacturing process [134].
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Hybrid modelling marries the computational speed of AI-based methods with the
physical accuracy of numerical simulations. For example, melt-pool features extracted
through FEM have been used to train artificial neural networks that can quickly identify
processing windows associated with lack-of-fusion, balling, and keyhole defects in LPBF-
fabricated Inconel 718, significantly reducing computational cost without compromising
predictive accuracy [152]. Here, the value of hybridisation extends beyond computational
acceleration: simulation-derived melt-pool features provide an intermediate physical link
between process inputs and ML-predicted defects [152,153]. This hybrid approach further
enhances the predictive capabilities of digital twins by fusing data from multiple sensors,
including thermal imaging, optical monitoring, photodiode signals and acoustic emis-
sion. Digital twins enable early detection of process instabilities by combining these data
streams with ML algorithms, reducing reliance on post-process inspection and destructive
testing [153,154,161].

Digital twins do more than observe the process; they also allow the transition from
predictive manufacturing to adaptive process control. The digital twin enables dynamic
tuning of process parameters, such as laser power, scan speed, and hatch spacing, by
continuously comparing predicted and measured process states, thereby compensating for
variations in melt-pool behaviour and thermal history. While fully autonomous closed-loop
control is still an active area of development, recent research indicates that an interesting
path towards intelligent LPBF systems is the combination of digital twins and AI-assisted
decision-making, leading to improved process repeatability, reduced defect formation,
and increased manufacturing reliability [138,139,161]. Digital twins provide an integrated
platform for linking processing conditions, thermal behaviour, microstructural evolution,
defect formation, and component performance through continuous feedback and adaptive
control. This capability provides the technological basis of the integrated PSPC framework
proposed in this review.

In this architecture, beam shaping, multi-laser processing, in situ monitoring, powder-
state management, and digital twins are complementary elements of a single closed-loop
control system. The actuation layer is controlled by beam shaping and multi-laser systems
to manage the spatial energy input and melt-pool behaviour. In situ monitoring provides
real-time thermal and melt-pool state information. Physics-based and AI models in the
digital twin assimilate these measurements to estimate the process state, predict instability,
and decide on corrective actions. The adjustment of laser power, scan speed, beam profile,
or laser allocation feeds the resulting decisions back to the actuation layer, forming a
sensing–prediction–decision–actuation loop. Powder recycling, including powder-quality
assessment to update the state of the feedstock and model inputs prior to further processing,
further improves this control [136–139,152–154,157–161]. The integrated technical route
thus connects actuation, LPBF process response, sensing, state prediction, decision-making,
and corrective actuation in a closed-loop sequence, whereas a parallel pathway, including
powder assessment, feedstock-state updating and subsequent build-cycle adjustment,
supports build-to-build control. Together, both pathways enable real-time and inter-build
optimisation within the PSPC framework.

Despite this potential, several barriers restrict the industrial implementation of LPBF
digital twins. The lack of standardised, interoperable datasets and variations in machine
architecture, sensing systems, and processing conditions limit model robustness and trans-
ferability. This limitation becomes more critical across different LPBF platforms and Inconel
compositions because equivalent nominal-process parameters do not necessarily represent
equivalent physical-process states. Direct transfer of empirical relationships can therefore
introduce a domain shift, requiring physical normalisation and model recalibration for
cross-platform and cross-alloy deployment. Other challenges include the computational
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expense of coupling real-time monitoring with high-fidelity multiphysics simulations, het-
erogeneous sensor-data fusion, limited cross-platform validation, software interoperability,
data security, and infrastructure requirements. Future work should therefore prioritise stan-
dardised data frameworks, computationally efficient and physically interpretable hybrid
models, robust multi-sensor fusion, and rigorous cross-platform and cross-alloy validation
to enable scalable and reliable digital twins for predictive modelling of LPBF-processed
Inconel alloys [136–139].

10. Scientific Synthesis and Future Research Roadmap
10.1. Scientific Synthesis of the PSPC Framework

The literature reviewed in this work shows that isolated process variables or individual
material responses cannot simply explain the performance of LPBF-fabricated Inconel alloys.
Instead, component quality results from a hierarchical, tightly coupled PSPC relationship,
in which each stage controls the subsequent evolution of the material and interacts with
previous stages via feedback mechanisms. In this framework, powder characteristics
and processing parameters determine the initial thermal conditions governing melt-pool
formation, whereas melt-pool dynamics determine the local temperature distribution, fluid
flow behaviour, and solidification conditions. These thermal phenomena, in turn, control
grain morphology, crystallographic texture, and phase evolution, which collectively control
defect formation, residual-stress development, and ultimately the mechanical performance
of LPBF-fabricated components. These stages are not independent scientific phenomena
but a connected sequence of local changes at one level that ripple through the whole
manufacturing process.

The review also indicates that melt-pool dynamics is the fundamental physical rela-
tionship between processing conditions and microstructural evolution. Thermal gradients,
cooling rates, and melt-pool stability are affected by changes in laser power, scan speed,
hatch spacing, layer thickness, and powder characteristics, thereby controlling solidifica-
tion behaviour and competitive grain growth. The resulting grain morphology directly
influences the formation of porosity, lack of fusion defects, keyhole instability, cracking,
and residual stresses, which, in turn, dictate tensile strength, ductility, fatigue resistance,
and high-temperature performance. Therefore, process optimisation should be viewed
not as the adjustment of individual processing parameters but as the systematic control of
melt-pool behaviour that governs the whole process–structure–property relationship.

Another important result of this review concerns the evolution of predictive manufac-
turing strategies. While traditional experimental optimisation and standalone numerical
simulations have made significant contributions to understanding LPBF, they are insuffi-
cient for reliable real-time process optimisation when used independently. Recent progress
indicates that combining multiphysics simulations, in situ monitoring, and artificial intelli-
gence enables continuous prediction of process behaviour, while digital-twin technologies
provide the framework to translate these predictions into adaptive process control. Thus,
the Control component of the PSPC framework extends traditional parameter optimisation
by providing continuous feedback between the physical manufacturing process and its vir-
tual counterpart, creating a closed-loop manufacturing paradigm that can improve process
repeatability and defect formation. The unified PSPC framework proposed in this review,
therefore, provides a scientific perspective beyond the individual topics discussed in the
previous sections. Instead of treating melt-pool physics, grain evolution, defect formation,
residual stress, mechanical behaviour, computational modelling, and intelligent manufac-
turing as separate research areas, the framework describes their intrinsic interdependencies
within a single predictive manufacturing philosophy. This integrated understanding pro-
vides the scientific foundation for the future development of physics-informed, data-driven
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and closed-loop LPBF systems capable of producing high-performance Inconel compo-
nents with enhanced reliability, consistency and manufacturing efficiency [137–139]. The
proposed PSPC framework, summarised in Figure 14, combines the main scientific mech-
anisms of LPBF of Inconel alloys into a holistic workflow. The framework shows how
melt-pool dynamics, resulting from processing parameters and the material state, in turn
control solidification behaviour, grain evolution, defect formation, and the resulting me-
chanical properties. It further underlines the sequential and interdependent character of
these process–structure–property relationships. The framework proposes a closed-loop
approach to intelligent, predictive LPBF manufacturing using digital twin technologies,
including AI, in situ monitoring, predictive modelling, and feedback control.

Figure 14. Scientific synthesis of the process–structure–property–control (PSPC) framework showing
the interrelated relationships between process parameters, melt-pool dynamics, microstructural
evolution, defect formation, mechanical performance, and digital-twin-enabled feedback control for
predictive LPBF of Inconel alloys.

The applicability of the proposed PSPC framework should nonetheless be considered
within the compositional and metallurgical boundaries of the alloy system in question. The
framework as presented is derived primarily from IN625, IN718, and IN738/IN738LC, al-
loys that exhibit distinct strengthening mechanisms and solidification behaviour within the
Inconel family. At a fundamental level, the relationships connecting processing conditions,
heat transfer and melt-pool dynamics, solidification behaviour, grain evolution, defect
formation, and resulting properties can be extended to other Ni-based superalloys, given
that comparable process–structure–defect–property relationships have been extensively
documented across additively manufactured Ni-based systems [162]. This transferability,
however, does not mean that alloy-specific quantitative criteria can be applied without
modification. Thermophysical properties, solidification range, solute partitioning, microseg-
regation, precipitation kinetics, and cracking susceptibility all require recalibration based on
alloy chemistry. This distinction becomes especially critical for high-Al/Ti γ′-strengthened
superalloys, where γ′ precipitation together with segregation-assisted solidification, liqua-
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tion, and strain-age cracking can emerge as the dominant metallurgical responses [163,164].
Similarly, Nb- and Mo-rich segregation can drive interdendritic Laves-phase formation in
susceptible compositions, necessitating explicit consideration of phase stability and local
chemistry [164]. Consequently, extending the PSPC framework beyond IN625, IN718, and
IN738/IN738LC should preserve its core physical architecture while incorporating alloy-
specific thermodynamic, kinetic, and constitutive descriptions, rather than transferring
process-window boundaries in a direct, unmodified manner.

10.2. Core Scientific Insights

Scientific Insight 1. Melt-pool dynamics dominate the physical link between processing
conditions and component performance.

Laser power, scan speed, hatch spacing, and layer thickness are typically considered
the main process parameters in LPBF, but their effects on component quality are essentially
indirect. These parameters primarily determine the distribution of thermal energy in the
powder bed, which, in turn, influences melt-pool geometry, fluid-flow behaviour, and
solidification conditions. Therefore, melt-pool stability controls the transition between
conduction-mode melting, lack-of-fusion, and keyhole regimes, and hence grain morphol-
ogy, defect formation, and residual-stress evolution. This suggests that future optimisation
efforts should focus on controlling melt-pool behaviour rather than fine-tuning individual
processing parameters, adopting a more physically based approach to achieve consistent
manufacturing results.

Scientific Insight 2. Microstructure is the missing link between the thermal history and
engineering performance.

The literature consistently demonstrates that the thermal gradients and cooling rates
imposed during LPBF do not directly determine mechanical properties but instead govern
grain morphology, crystallographic texture, and phase evolution. These microstructural
features then determine the strength, ductility, fatigue resistance, creep behaviour, and
fracture response. Hence, the microstructure is the key mediator between processing
conditions and the engineering performance. This means that reliable property optimisation
requires simultaneous control over the thermal history and solidification behaviour and is
not just about post-process mechanical testing.

Scientific Insight 3. Defects are not manufacturing defects but process instabilities.

Porosity, lack of fusion defects, keyhole collapse, hot cracking, and residual stresses
are often investigated as individual failure modes. The evidence accumulated throughout
this article, however, points to a common origin of these defects: melt-pool dynamics and
thermal evolution instability. The initiation and growth of defects are governed by changes
in energy input, powder properties, and local heat accumulation, whereas subsequent
microstructural modifications govern the impact on structural integrity. Defect mitigation
efforts should then focus on stabilising the underlying thermal and fluid-flow phenomena
rather than on individual defect types separately.

Scientific Insight 4: Predictive LPBF is achieved through the integration of physics-based
modelling and artificial intelligence.

No single approach, experimental optimisation, numerical simulation, or machine
learning can fully capture the complexity of LPBF processing by itself. Physics-based
models provide mechanistic insight and predictive strength while AI facilitates rapid
interpretation of high-dimensional process data and real-time decision-making. The fu-
ture of predictive LPBF, therefore, lies in hybrid frameworks that combine multiphysics
simulations, in situ monitoring, and data-driven learning in unified predictive systems.

https://doi.org/10.3390/jmmp10090341

https://doi.org/10.3390/jmmp10090341


J. Manuf. Mater. Process. 2026, 10, 341 47 of 56

This integration enables continuous improvement of process predictions while preserv-
ing physical consistency, thereby bridging the gap between computational precision and
industrial relevance.

Scientific Insight 5: Physics-informed feedback transforms LPBF from an open-loop PSP
relationship into a closed-loop Process–Structure–Property–Control system.

Among the most significant developments identified in this review is the shift from the
conventional forward process–structure–property relationship toward a closed-loop frame-
work, in which predicted or monitored physical process states inform upstream process
control. Within the proposed PSPC framework, the Control element is therefore not merely
the addition of digital twin, AI, or in situ monitoring technologies. Rather, it represents a
mechanism-informed feedback pathway that connects measurable or predicted interme-
diate physical states, particularly melt-pool stability, thermal history, and solidification
behaviour, back to controllable front-end processing parameters. Deviations in these inter-
mediate states can signal changes in energy transfer, melt-pool stability, or solidification
conditions before such changes manifest as undesirable microstructural features or defects,
thereby allowing corrective adjustment of processing conditions at an earlier point in the
causal chain. Digital twins supply the enabling infrastructure for this feedback by integrat-
ing sensor data, computational models, and intelligent algorithms to track process evolution
and support adaptive process optimisation. Monitoring, AI, and digital twins therefore
function as enabling technologies, while the physical basis of the Control component lies
in using process-state information to regulate the upstream mechanisms that govern the
evolution of structure and properties. This shift establishes a closed-loop manufacturing
paradigm in which processing conditions are continuously refined based on the evolving
physical state of the process, rather than solely on final component quality. Accordingly,
the next generation of LPBF systems is expected to progress from parameter-driven man-
ufacturing toward intelligent, self-monitoring, and self-optimising production platforms
capable of reliably and repeatedly producing high-performance Inconel components.

10.3. Future Research Roadmap

The scientific synthesis presented in this review highlights that the further develop-
ment of LPBF for Inconel alloys will need to move from incremental tuning of individual
process parameters to the development of integrated, predictive, and autonomous man-
ufacturing systems. Such a transition requires concerted progress in modelling, process
monitoring, intelligent control, and experimental validation. Given the current state of
the field, the following research directions are likely to have the greatest scientific and
industrial value.

Developing fully coupled multi-scale modelling frameworks. Future work should
aim to develop computational frameworks that directly link thermo-fluid dynamics, solidi-
fication, grain evolution, phase transformations, and thermomechanical behaviour within
a single simulation environment. This integration would increase the predictive power of
the LPBF models and strengthen the process–structure–property relationships needed for
component-scale optimisation.

Physics-informed AI for Predictive Manufacturing. Future AI models should include
physical constraints derived from heat transfer, fluid flow, and solidification principles,
rather than relying solely on data-driven learning. Physics-informed AI has the potential to
improve model generalisation, reduce the need for training data, and increase confidence
in predictions across various manufacturing conditions.

Closed-loop process control with a digital twin. The next step in the evolution
of digital twins is to go beyond monitoring processes and enable autonomous decision-
making by integrating real-time sensing, predictive simulations, and adaptive control
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algorithms. Such systems would enable continuous adjustment of process parameters
during fabrication, improving repeatability, reducing defect rates, and accelerating the
industrial qualification of LPBF components.

Standardised datasets and validation protocols. The lack of common benchmark
datasets and standard validation procedures remains a major hurdle to comparing com-
putational models, AI algorithms, and experimental studies. Standardised data formats
and validation methods, along with open benchmark problems, would improve model
reproducibility and enable wider industrial adoption of predictive manufacturing methods.

Integrated quality of powder, process, and part performance. Future qualification
approaches should instead be integrated to account for powder characteristics, process
stability, microstructural evolution, and mechanical performance as a single system, rather
than separate stages. Such holistic qualification frameworks would improve consistency
in manufacturing, enable certification of safety-critical components, and increase con-
fidence in LPBF-fabricated Inconel alloys for aerospace, energy, and high-temperature
engineering applications.

Collectively, these research directions chart a pathway toward next-generation LPBF
systems that incorporate multiscale modelling, intelligent monitoring, physics-informed AI,
and digital-twin technologies into a unified process–structure–property–control framework.
Moving from a descriptive understanding of the process to predictive and adaptive manu-
facturing will be critical to enable reliable, efficient, and industrially scalable production of
high-performance Inconel components. In this sense, the PSPC framework proposed in
this review is not only a scientific interpretation of the current state of LPBF research but
also a strategic roadmap for future progress in intelligent metal additive manufacturing.

11. Conclusions
LPBF has emerged as a critical manufacturing route for producing high-performance

Inconel components with complex geometry for aerospace, energy, and industrial appli-
cations. This review has shown that component quality and reproducibility are governed
by a chain of tightly coupled thermal, metallurgical, and mechanical phenomena rather
than by any single process parameter. It has proposed the PSPC framework as a unified
basis for linking processing conditions to microstructure, defects, and performance. The
principal conclusions are summarised below.

Melt-pool physics governs LPBF of Inconel alloys. Laser–powder interaction de-
termines melt-pool stability, thermal gradients, fluid flow, and solidification pathways,
which in turn control grain morphology, crystallographic texture, residual-stress develop-
ment, and defect formation. Process optimisation is therefore best directed at controlling
melt-pool behaviour rather than tuning individual parameters in isolation.

Modelling and in situ monitoring approaches provide complementary, not complete,
insight into LPBF. Thermal, thermo-mechanical, CFD, phase-field, cellular automata, and
crystal-plasticity models have advanced understanding of temperature evolution, melt-pool
behaviour, grain growth, and mechanical response, while in situ sensing captures transient
process behaviour experimentally. A computationally efficient multiscale framework
linking melt-pool physics to part-scale performance remains a major open challenge.

Traditional parameter-based optimisation (laser power, scan speed, hatch spacing,
layer thickness) has improved density and mechanical performance but treats process-
ing, microstructural evolution, and component performance as separate stages. Emerg-
ing technologies including beam shaping, multi-laser processing, adaptive scan strate-
gies, machine learning, and digital twins are converging into integrated systems of real-
time sensing, physics-based modelling, and data-driven decision-making, addressing
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this limitation through closed-loop control, improved process stability, and component-
specific optimisation.

Realising predictive, adaptive LPBF manufacturing requires robust multiscale frame-
works integrating melt-pool dynamics, solidification behaviour, grain evolution, residual
stress, and mechanical performance, together with standardised datasets, benchmarking
methods, and validation protocols across LPBF platforms and alloy systems.

Future LPBF systems should shift from parameter-driven manufacturing toward a
knowledge-driven, microstructure-by-design paradigm, integrating physics-based mod-
elling, real-time sensing, artificial intelligence, and digital twins within a unified PSPC
framework to enable reproducible, defect-controlled, application-specific Inconel compo-
nents for aerospace, energy, defence, and biomedical applications.

Taken together, these findings indicate that the future of LPBF for Inconel alloys de-
pends not only on process parameter optimisation, but also on the capability to intelligently
sense, predict, and control microstructural evolution in real time. Advancing the PSPC
framework through integrated modelling, monitoring, and control offers a pathway to-
ward autonomous, defect-controlled additive manufacturing of Inconel components for
next-generation engineering applications.
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Abbreviations
The following abbreviations are used in this manuscript:

LPBF Laser powder bed fusion
PSPC Process–structure–property–control
CALPHAD Calculation of phase diagrams
VED Volumetric energy density
IN738LC Inconel 738 low carbon
CET Columnar to equiaxed transition
KAM Kernal average misorientation
GND Geometrically necessary dislocation
Ni Nickel
Nb Niobium
Mo Molybdenum
HIP Hot isostatic pressing
FEM Finite-element method
DIC Digital image correlation
DSLR Digital single-lens reflex
AI Artificial intelligence
ML Machine learning
ANNs Artificial neural networks
CNNs Convolutional neural networks
SVMs Support vector machines
XAI Explainable artificial intelligence
DT Digital twin

https://doi.org/10.3390/jmmp10090341

https://doi.org/10.3390/jmmp10090341


J. Manuf. Mater. Process. 2026, 10, 341 50 of 56

References
1. Volpato, G.M.; Tetzlaff, U.; Fredel, M.C. A comprehensive literature review on laser powder bed fusion of Inconel superalloys.

Addit. Manuf. 2022, 55, 102871. [CrossRef]
2. Karia, M.C.; Popat, M.A.; Sangani, K.B. Selective laser melting of Inconel super alloy-a review. In AIP Conference Proceedings; AIP

Publishing: Melville, NY, USA, 2017; Volume 1859. [CrossRef]
3. Detrois, M.; Rozman, K.A.; Jablonski, P.D.; Hawk, J.A. Compositional Design and Mechanical Properties of INCONEL® Alloy

725 Variants. In Proceedings of the 9th International Symposium on Superalloy 718 & Derivatives: Energy, Aerospace, and Industrial
Applications; Ott, E., Liu, X., Andersson, J., Bi, Z., Bockenstedt, K., Dempster, I., Groh, J., Heck, K., Jablonski, P., Kaplan, M., et al.,
Eds.; The Minerals, Metals & Materials Series; Springer: Cham, Switzerland, 2018. [CrossRef]
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