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Abstract
Nickel-based superalloys are critical materials for high-temperature components 
in core equipment, such as aerospace engines and gas turbines. In recent years, 
with the rapid advancement of metal additive manufacturing (AM) technologies, 
the fabrication of complex geometries using nickel-based superalloys has been 
successfully applied in modern engines and gas turbines. These components 
demonstrate significant advantages in integration, weight reduction, 
multifunctionality, and performance enhancement. However, due to the complex 
alloy composition and multiphase microstructure of nickel-based superalloys, the 
AM process is accompanied by intricate phase transformations and high thermal 
stresses. This often leads to defects, such as hot cracking—particularly in the vicinity 
of the molten pool. In addition, the rapid non-equilibrium solidification and repeated 
thermal cycles from layer-by-layer deposition result in complex microstructural 
evolution and phase transformations during both solidification and subsequent 
solid-state reactions. These factors significantly influence the strengthening 
and toughening behavior of the superalloys. Consequently, the comprehensive 
mechanical properties of additively manufactured nickel-based superalloys still lag 
behind those of their traditionally forged counterparts. This article reviews recent 
domestic and international research progress on the mechanisms of crack formation 
and control strategies in AM of nickel-based superalloys, as well as the evolution 
of microstructure and the associated strengthening and toughening mechanisms. 
Furthermore, it discusses the design of nickel-based superalloys tailored specifically 
for AM, and offers insights and future perspectives on the development of advanced 
strengthening strategies and alloy design methodologies for AM applications.

Keywords: Additive manufacturing; Nickel-based superalloy; Cracking mechanism; 
Microstructural evolution; Strengthening mechanism; Alloy design

1. Introduction
High-temperature alloys refer to materials capable of maintaining long-term structural 
stability and operational performance at temperatures above 600°C. They exhibit 
excellent mechanical properties at both room and elevated temperatures, including high 
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static mechanical strength, creep resistance at elevated 
temperatures, and fatigue performance. In addition, they 
possess good oxidation and corrosion resistance, as well as 
exceptional microstructural stability under harsh service 
conditions. As a result, they are extensively employed 
in aerospace engines, gas turbines, and petrochemical 
industries.1 Based on their matrix composition, high-
temperature alloys can be classified into iron-based, nickel-
based, and cobalt-based alloys. Compared to iron-based and 
cobalt-based superalloys, nickel-based superalloys feature 
a single-phase crystal structure (face-centered cubic [FCC] 
structure) and do not undergo allotropic transformations 
at high temperatures, which enhance their structural 
stability. Moreover, the nickel matrix can dissolve a large 
quantity of strengthening elements, such as aluminum, 
molybdenum, niobium, tungsten, and titanium, allowing 
for a high degree of alloying and the formation of multiple 
strengthening phases within the matrix. Consequently, 
nickel-based superalloys demonstrate superior mechanical 
performance. In addition, nickel has a high melting point 
and excellent chemical stability, which endows these alloys 
with remarkable oxidation and corrosion resistance. For 
these reasons, nickel-based superalloys are the most widely 
used and extensively developed class of high-temperature 
alloys.2

In recent years, with the rapid advancement of 
technologies in modern aero-engines and gas turbines, 
increasingly stringent requirements have been placed 
on the structure, performance, and functionality of their 
hot-section components. The integrated structural and 
functional design of complex components in aero-engines 
and gas turbines can significantly improve lightweight 
characteristics, functional performance, and mechanical 
properties, and has gradually become a key direction in the 
design and manufacturing of high-performance complex 
components in this field. However, currently, 30–45% of 
hot-section components in aero-engines and gas turbines 
are manufactured from high-temperature alloys using 
forging processes, followed by subtractive machining, 
which often results in substantial material waste. Moreover, 
high-temperature alloys generally exhibit poor formability 
and machinability, making the production of complex 
structural components even more challenging. As a result, 
in actual component design and manufacturing processes, 
design compromises are frequently made regarding 
functionality and lightweight features due to limitations in 
current machining technologies,2,3 which severely restrict 
innovation and development in aero-engine and gas 
turbine technologies.

Metal additive manufacturing (AM), also known as 3D 
printing, is an advanced, freeform digital manufacturing 

method that has created a transformative pathway for the 
integrated structural-functional manufacturing of complex 
components in aero-engines and gas turbines. Meanwhile, 
it can also strengthen metallic materials, thereby improving 
their mechanical properties. At present, the mainstream 
high-performance laser AM (LAM) technologies for 
metals are primarily categorized into two types: laser-
directed energy deposition (LDED) and laser powder 
bed fusion (LPBF). LDED enables efficient fabrication of 
complex, high-performance components, with virtually no 
size limitation of the final part. Moreover, LDED features 
in situ material feeding (using metal powders or wires), 
which allows for arbitrary multi-material integration and 
the creation of functionally graded structures within a 
single component, providing a technological foundation 
for multifunctional design. In contrast, although LPBF 
has relatively lower build efficiency, it offers superior 
dimensional accuracy and surface finish, making it 
particularly suitable for producing intricate and highly 
detailed geometries.3-7 With the rapid development of 
AM technologies, numerous companies have successfully 
implemented metal AM in the production of critical high-
performance components for aero-engines and gas turbines. 
It has been demonstrated that metal AM can: (i) achieve 
near-net shaping of complex components with significantly 
improved material utilization; (ii) enhance lightweight 
design and overall performance; and (iii) shorten research 
and production cycles, thereby reducing manufacturing 
costs. For example, General Electric (GE) in the United 
States (U.S.) optimized the design of the fuel nozzle for the 
LEAP-1A engine and utilized AM to fabricate a previously 
unachievable complex internal channel structure using 
conventional manufacturing methods.7,8 This innovation 
enabled the integration of over 20 individual components 
into a single, monolithic part, which was manufactured 
in a single process step. As a result, fuel efficiency and 
nozzle durability were significantly improved. The 
redesigned nozzle is expected to reduce fuel consumption 
and emissions of the LEAP engine by approximately 
15%. At present, LEAP engines equipped with additively 
manufactured fuel nozzles have been installed on the 
Airbus A320neo aircraft, with the first successful flight 
completed on May 19, 2015. The engine has been certified 
by both the European Aviation Safety Agency and the 
U.S. Federal Aviation Administration. At the 2017 Paris 
Air Show, GE announced that LEAP engines containing 
additively manufactured components had generated $31 
billion in orders for the company.9

At present, the number of nickel-based superalloy 
components fabricated through AM for commercial 
applications remains relatively limited, and the range 
of nickel-based superalloys suitable for AM is also quite 
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narrow. This limitation primarily stems from the complex 
alloy composition and phase structure of nickel-based 
superalloys, as well as the intricate metallurgical behaviors 
and high thermal stresses that occur during the AM process, 
making them highly susceptible to defects such as hot 
cracking. The near-rapid, non-equilibrium solidification 
within the melt pool, coupled with repeated thermal 
cycling and associated solid-state phase transformations, 
further complicates microstructural evolution. Moreover, 
the diverse strengthening and toughening mechanisms 
inherent to nickel-based superalloys introduce additional 
challenges in achieving consistent control over mechanical 
properties. Although the mechanical performance of 
additively manufactured nickel-based superalloys has, in 
some cases, exceeded that of their forged counterparts, 
the available data often exhibit significant variability, with 
notable differences observed between different batches. As 
a result, research on the AM of nickel-based superalloys 
remains predominantly at the laboratory scale, hindering 
their widespread adoption in commercial applications.10

In addition, most of the nickel-based superalloys 
currently studied for AM are conventional commercial 
alloys, including cast superalloys (such as K465, IN738, 
DZ125, and CM247LC), wrought superalloys (such as 
Inconel 718, Inconel 625, and Hastelloy X [HX]), and 
powder metallurgy superalloys (such as IN100, Rene95, 
Rene88DT, and FGH4096). A review of the development 
history of superalloys reveals that alloy composition 
is closely tied to the processing method. To enhance 
mechanical properties, cast nickel-based superalloys 
typically contain relatively high levels of aluminum 
and titanium, resulting in a higher volume fraction of 
strengthening phases. However, this also makes them prone 
to macro- and micro-segregation during solidification, as 
well as the formation of coarse eutectic phases at the end 
of solidification, which negatively affects their weldability. 
In single-crystal superalloys, to avoid the formation of 
stray grains and low-angle grain boundaries, the content 
of grain boundary strengthening elements, such as carbon, 
boron, zirconium, and magnesium, is typically kept very 
low or even eliminated. In wrought superalloys, to reduce 
deformation resistance during plastic forming and to 
prevent cracking during forging, the aluminum and 
titanium contents are relatively low, and the volume fraction 
of strengthening phases is generally below 40%, which 
limits the extent of performance improvement achievable. 
In contrast, powder metallurgy superalloys completely 
avoid the solidification process, thereby minimizing 
elemental segregation. These alloys typically exhibit a 
higher volume fraction of strengthening phases (usually 
above 45%), leading to superior mechanical properties 
compared to wrought superalloys. This analysis highlights 

that the composition design of nickel-based superalloys 
has traditionally been optimized to align with the 
specific characteristics of their respective manufacturing 
processes. Since the processing characteristics of AM 
differ significantly from those of conventional methods, 
traditional commercial nickel-based superalloys may not 
be well-suited. Therefore, it is essential to develop novel 
nickel-based superalloys specifically tailored for AM to 
meet its unique requirements and promote the industrial 
application of additively manufactured nickel-based 
superalloys.10

The present review focuses on nickel-based superalloys, 
which are widely used as high-temperature structural 
materials for hot-section components in aerospace 
engines and gas turbines. It provides a comprehensive 
assessment of recent research progress, both domestically 
and internationally, in cracking mechanisms and crack 
prevention strategies in additively manufactured nickel-
based superalloys, microstructural evolution, and 
underlying strengthening-toughening mechanisms, as 
well as alloy composition design specifically tailored 
for AM. Furthermore, this review presents insights and 
forward-looking perspectives on the future development 
of additively manufactured nickel-based superalloys.

2. Cracking mechanisms and crack control 
in additively manufactured nickel-based 
superalloys
Cracking is a prevalent issue in additively manufactured 
nickel-based superalloys. It has been observed not only in 
cast superalloys with poor weldability (such as K465,11,12 
DZ125,13,14 CM247LC,15,16 and IN73817,18) but also in 
powder metallurgy superalloys with good weldability (such 
as Rene 104,19,20 Rene 88DT,21,22 and IN10023), and even in 
wrought superalloys with relatively low crack sensitivity 
(such as Inconel 71824-27, Inconel 62528-30, and HX31-37). The 
presence of cracks significantly degrades the mechanical 
properties of the material, rendering it unsuitable for 
service applications. Therefore, understanding the 
cracking mechanisms and developing effective crack 
control strategies are critical priorities in the AM of nickel-
based superalloys.

The metallurgical processes occurring in the melt 
pool during AM are comparable to those in welding. 
Therefore, established principles from welding metallurgy 
can be referenced to investigate the cracking mechanisms 
in additively manufactured nickel-based superalloys. 
According to well-established knowledge in the welding 
metallurgy of nickel-based superalloys, hot cracking is 
a prevalent metallurgical defect, and the primary types 
of cracks include solidification cracking (SC), liquation 
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cracking (LC), ductility dip cracking (DDC), and strain-
age cracking (SAC).38 SC occurs during the final stage of 
solidification when a low-melting-point eutectic liquid 
film forms between dendrites. Under the influence of 
shrinkage and thermal stresses, this film ruptures. Due to 
the closure of feeding channels, insufficient compensation 
for shrinkage leads to crack formation, typically located 
between dendrites and along grain boundaries. The key 
metallurgical factors influencing the SC susceptibility 
of nickel-based superalloys include the solidification 
temperature range, the amount and distribution of 
interdendritic liquid during late-stage solidification, and 
the morphology and size of grains. In general, the larger 
the solidification temperature range, the higher the 
susceptibility to SC.39

LC occurs in the heat-affected zone (HAZ) near the 
deposited layer during AM, where the material remains 
within the temperature range between the solidus and 
liquidus for an extended period. Within this range, some 
low-melting-point eutectic phases may partially remelt, 
forming liquid films that cannot withstand the applied 
stress, leading to crack initiation—most commonly along 
grain boundaries. DDC typically occurs in pure metals 
or single-phase austenitic alloys. Within the temperature 
range of 0.5TS to TS (where TS is the solidus temperature), 
the material’s ductility experiences a sharp decline. When 
localized deformation exceeds the critical strain limit 
under stress, cracks may form. As this type of cracking 
occurs in the solid state, it is also referred to as solid-state 
cracking. DDC is closely associated with grain boundary 
migration and is frequently observed at grain boundaries. 
SAC develops during reheating or subsequent heat 
treatment and is specific to precipitation-strengthened 
nickel-based superalloys. When the temperature range for 
precipitate formation overlaps with the stress relaxation 
range during heating, high local stresses can develop 
at grain boundaries. If the local stress exceeds a critical 
threshold, grain boundary failure occurs, resulting in 
SAC. The volume fraction of precipitates is the main factor 
affecting SAC susceptibility; the higher the aluminum and 
titanium content, the greater the cracking susceptibility.40 
The main types of cracking and their characteristics in 
additively manufactured nickel-based superalloys are 
displayed in Figure 1.

The AM process of nickel-based superalloys 
involves rapid cooling of small melt pools and repeated 
thermal cycling of the fabricated part, which leads to 
the development of significant thermal and residual 
stresses.43-46 Although the near-rapid solidification in the 
melt pool during AM can effectively prevent macroscopic 
segregation, microscopic segregation still occurs—and 

in some cases, it may be even more severe than that 
observed in conventional casting. During solidification, 
alloying elements with equilibrium partition coefficients 
<1 tend to segregate into the interdendritic regions. 
This microsegregation results in a wider solidification 
temperature range and facilitates the formation of low-
melting-point eutectic liquid phases between dendrites 
in nickel-based superalloys,47-51 thereby promoting liquid 
film formation and further increasing susceptibility to SC 
and LC. Furthermore, repeated thermal cycling can expose 
already-deposited material to elevated temperatures that 
fall within the brittle temperature range of the alloy. At 
such temperatures, the alloy exhibits reduced ductility, 
making it more susceptible to DDC under thermal 
stress. In the case of precipitation-strengthened nickel-
based superalloys, precipitate phases may form during 
thermal cycling, increasing the risk of SAC. Ojo et al.,52,53 
in their study of the welding of IN-738 alloy, observed 
that cracks primarily formed at grain boundaries within 
the HAZ, a characteristic feature of LC. They attributed 
this phenomenon to the rapid heating during welding, 
which prevented the complete dissolution of coarse γ’ 
particles located at grain boundaries. The residual γ’ then 
underwent a eutectic reaction with the surrounding γ 
matrix (γ + γ’ → L), resulting in the formation of a liquid 
film. In addition, grain-boundary M(Ti, Mo, W)C (MC) 
carbides, borides, and carbon-sulfide inclusions were 
found to experience similar liquation reactions, further 
promoting liquid film formation and crack initiation 
under stress. Other researchers have proposed that the 
liquid film in the HAZ may also arise from the direct 
melting of low-melting-point eutectic phases at grain 
boundaries.54 Xu et al.,41 in a study on laser solid-formed 
IN738LC superalloys, found that liquation cracks in the 
HAZ were predominantly located along grain boundaries. 
The primary cause of this liquation was the melting of low-
melting γ–γ’ eutectic at grain boundaries during processing, 
leading to continuous or semi-continuous liquid films. 
Moreover, boron enrichment at grain boundaries was 
found to lower the local melting temperature. It was, 
further, clarified that the liquation observed in laser 
solid-formed IN738LC was primarily due to direct 
eutectic melting rather than compositional liquation. This 
observation was supported by the fine size (~100 nm) and 
coherent nature of the γ’ particles with the γ matrix, which 
implied that their dissolution was interface-controlled, 
resulting in a slow increase in solute concentration at 
the γ/γ’ interface and thereby suppressing compositional 
liquation during rapid heating. In multilayer, multipass 
specimens, the overlapping regions exhibited the most 
severe cracking, with both liquation and solidification 
cracks present. Solidification cracks in the melt pool of the 
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overlay layer were observed to propagate directly from pre-
existing liquation cracks in the HAZ. This crack linkage 
was attributed to a mismatch in thermal flow direction on 
either side of the overlap region, promoting the formation 
of high-angle grain boundaries. These boundaries have 
a lower complete solidification temperature and higher 
wettability compared to low-angle grain boundaries, 
making them more susceptible to liquid film spreading 
and, consequently, to crack initiation and propagation. 
Residual stress analysis of these specimens revealed that 
stress in the overlap zones was 300 MPa higher than in the 
bead interiors, providing a strong driving force for crack 
formation.

In the laser solid-forming process of Inconel 625, 
the present authors observed the segregation of alloying 
elements, such as Nb and Mo, into the interdendritic 
regions during solidification. This promoted the formation 
of Laves phases, which increased the alloy’s solidification 
temperature range from 90°C to 210°C and significantly 
raised its susceptibility to SC.39 In addition, the high 

thermal gradients inherent in the laser-forming process 
induced large thermal stresses in the deposited layers. These 
stresses acted on the thin, continuous liquid films present 
between dendrites at the end of solidification, leading to 
crack initiation. The mushy zone in Inconel 625 was found 
to be relatively wide, yet with a low liquid phase volume 
fraction. As a result, feeding channels became blocked, 
and the liquid phase could not adequately compensate for 
solidification shrinkage, allowing cracks to persist in the 
deposited layers. Chen et al.,55 in their investigation of the 
cracking mechanisms in laser-additively manufactured 
Inconel 718, observed both solidification and liquation 
cracks in as-deposited specimens. However, he emphasized 
that liquation cracks had a more detrimental effect on 
mechanical properties. Hot cracks mainly propagated 
along Laves phases near grain boundaries, attributed to 
significant elemental segregation at grain boundaries, 
which promoted the formation of additional low-melting-
point eutectics. This segregation enhanced constitutional 
supercooling, lowered the local solidification temperature, 

Figure 1. Cracking types and the characteristics of additively manufactured nickel-based superalloys. (A) Solidification cracking. Adapted with permission 
from Hu et al.39 Copyright © 2017 Elsevier Ltd. (B) Liquation cracking. Adapted with permission from Xu et al.41 Copyright © 2018 Elsevier Ltd. 
(C) Ductility dip cracking. Adapted with permission from Cloots et al.42 Copyright © 2016 Elsevier Ltd. (D) Strain-age cracking. Adapted with permission 
from Li et al.14 Copyright © 2018 Elsevier Ltd
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and widened the solidification temperature range—
factors that collectively contributed to increased stress 
concentration and greater susceptibility to liquation or 
partially liquated hot cracking. Cloots et al.,42 in their 
study of selective laser melting (SLM)-formed IN738LC, 
employed focused ion beam slicing and atom-probe 
tomography to perform 3D reconstructions around 
cracks and found that Zr segregation was a primary 
cause of SC. Simulation results indicated a solidification 
temperature of 670°C for IN738LC, with pronounced Zr 
enrichment in the residual liquid phase, increasing crack 
susceptibility. Harrison et al.56 concluded that cracks in 
SLM-formed HX were predominantly of solid-state origin, 
specifically ductility dip cracks. Similarly, Zhong et al.57 
reported multiple cracking modes in laser-cladded IN-738, 
including not only LC but also non-liquation DDC and 
SC. SAC commonly occurs in precipitation-strengthened 
superalloys, with γ’ phase-strengthened superalloys 
exhibiting higher sensitivity. There is a positive correlation 
between SAC sensitivity and both the volume fraction and 
precipitation kinetics of the strengthening precipitates.

From the above studies, it can be seen that cracking 
in additively manufactured nickel-based superalloys 
is highly complex, often involving the coexistence of 
two or more crack types. To address this complexity, 
researchers have conducted extensive studies on crack 
control from multiple perspectives, including process 
parameter optimization, substrate pre-treatment, and alloy 
composition modification. A  common strategy involves 
optimizing process parameters to suppress crack formation 
by adjusting heat input, modifying the solidification 
behavior of the melt pool, or tailoring the thermal history 
during deposition. Such adjustments help control the 
size and distribution of phases and mitigate thermal 
stresses generated during the build process. Zhao et al.58 
found that adjusting the overlap ratio between adjacent 
deposition tracks can effectively suppress crack formation 
in laser solid-formed Rene88DT superalloy. When the 
overlap ratio is too small, a “V”-shaped depression forms 
between tracks, where the fraction of low-melting (γ + γ’) 
eutectic phases is relatively high and stress concentration 
is more pronounced, increasing the likelihood of crack 
initiation. Conversely, an excessive overlap ratio leads to 
sloped surfaces on the deposited layers, compromising 
dimensional accuracy. The study identified an optimal 
overlap ratio of 40%, which effectively avoids both 
cracking and surface distortion. Furthermore, post-
process hot isostatic pressing (HIP) of the as-deposited 
components has been demonstrated to heal small 
internal cracks, thereby improving structural integrity. 
Chen et al.55 found that optimizing processing parameters 
during LAM of Inconel 718—specifically, using lower scan 

speeds and laser power—effectively reduced cracking. 
Moreover, a clockwise rotation of the laser beam along 
the scanning direction was observed to further suppress 
crack formation. This was attributed to the concentration 
of more laser energy at the front of the melt pool, which 
enhanced lateral heat dissipation. As a result, secondary 
dendrite arm growth was promoted, leading to a regular, 
interlocking banded microstructure that inhibited the 
formation of continuous, low-melting Laves phases and 
improved interdendritic connectivity, thereby enhancing 
crack resistance. In addition, this approach reduced the 
size of the HAZ, helping to suppress thermal cracking. 
In a follow-up study, carbon nanotubes (CNTs) were 
incorporated into Inconel 718 to evaluate their effectiveness 
in crack suppression. The results demonstrated that CNT 
addition significantly reduced cracking. This was attributed 
to an increased elastic modulus of the alloy, which lowered 
overall strain. CNTs also facilitated thermal stress transfer 
between dendrites, alleviating local stress concentration. 
Furthermore, the CNTs themselves absorbed part of the 
applied stress, increasing resistance to crack propagation 
and thus effectively suppressing crack initiation. 
Nematzadeh et al.59 and Zhong et al.57 reported that 
reducing heat input during welding significantly alleviated 
cracking. However, Idowu et al.60 reached the opposite 
conclusion: when grain boundary liquation is sufficiently 
severe, higher heat input can enhance grain boundary 
ductility and consequently reduce cracking. Similarly, 
Bian et al.61 found that moderately increasing heat input 
could effectively suppress crack formation during laser-
forming repair of DZ125 superalloy. This is because higher 
heat input reduces thermal stress to some extent and 
increases the amount of eutectic liquid phase, promoting 
better feeding and enabling in situ healing of incipient 
cracks during solidification. Ebrahimnia et al.62 employed 
a grain refinement strategy to suppress the formation 
of coarse γ’ phases, MC carbides, and γ–γ’ eutectics, 
successfully reducing cracking in welded IN-738LC 
alloy. Xu et al.41 investigated the influence of induction 
preheating on the microstructure and cracking behavior 
of laser solid-formed IN738LC. The results indicated that 
preheating the substrate significantly reduced thermal 
stresses during deposition, thereby decreasing crack 
density in as-deposited samples. In contrast, Chen et al.55 
demonstrated that bottom-side directional cooling of 
the substrate was an effective approach for inhibiting the 
initiation and propagation of thermal cracks. Directional 
cooling enhanced the directionality of heat flow during 
solidification, reduced grain boundary misorientation, 
destabilized interdendritic liquid films, and alleviated local 
stress concentration. In summary, while optimization of 
process parameters and substrate pretreatment can both 
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contribute significantly to crack mitigation, they have 
inherent limitations and are often insufficient to eliminate 
cracking. Moreover, conflicting requirements among 
different control strategies frequently arise, resulting in 
an extremely narrow processing window for nickel-based 
superalloys.

In recent years, alloy design has emerged as an 
increasingly recognized and widely investigated strategy 
for mitigating cracking in metallic materials. A substantial 
body of research has been devoted to this approach. To 
suppress SC in laser solid-formed Inconel 625, the authors 
of this study implemented a hybrid alloying strategy by 
incorporating varying amounts of titanium (Ti).39 The 
results revealed that when the Ti content in Inconel 625 was 
below 2 wt.%, the solidification temperature range remained 
relatively constant at approximately 210°C. However, 
with further increases in Ti content, the solidification 
temperature range significantly decreased. At a Ti content 
of 5 wt.%, the range dropped to 149°C—a reduction of 
30% compared to that of the base Inconel 625 alloy. This 
led to a marked improvement in crack resistance; cracks 
were eliminated in the as-deposited samples when the Ti 
content exceeded 3 wt.%. This enhancement is primarily 
attributed to the narrowed solidification temperature range, 
which reduces the alloy’s susceptibility to SC. In addition, 
the volume fraction of (γ + Laves) eutectic phases increased 
significantly with Ti addition, resulting in the formation of 
thicker interdendritic liquid films during the later stages 
of solidification. These thicker films enhance feeding 
capability and reduce the likelihood of crack initiation. 
When the volume fraction of interdendritic liquid exceeds 
7%, the feeding channels become more continuous, 
enabling sufficient liquid to backfill and heal incipient 
cracks during solidification. It has been found that reducing 
the contents of minor alloying elements manganese (Mn) 
and silicon (Si) significantly decreased cracking in laser-
additively manufactured HX superalloy.35,36 The primary 
mechanism is that lowering the levels of these elements 
narrows the solidification temperature range, thereby 
reducing its propensity for SC during processing. Chen 
et al.63 successfully reduced cracking in laser-cladded 
IN-738 alloy layers by incorporating small amounts of rare 
earth oxide (Y2O3). Han et al.64 found that the addition 
of nano-sized TiC particles to HX effectively suppressed 
crack formation. This was primarily attributed to an 
increased volume fraction of low-angle grain boundaries 
and subgrain boundaries, as well as the enhanced yield 
strength (YS) of the alloy, which collectively improved 
resistance to solid-state cracking. Harrison et al.56 proposed 
an alloy redesign strategy to mitigate microcrack formation 
in nickel-based superalloys during AM. Their approach 
focused on increasing the concentration of solid-solution 

strengthening elements to enhance the high-temperature 
strength of HX. As a result, the thermal stresses generated 
during fabrication were no longer sufficient to exceed 
the alloy’s strength, thereby effectively preventing crack 
initiation. These studies collectively demonstrate that 
compositional optimization is a highly effective strategy 
for minimizing cracking in laser-additively manufactured 
components. Moreover, this approach provides a promising 
pathway for the future design of nickel-based superalloys 
specifically tailored for AM applications.

3. Microstructural evolution and 
strengthening-toughening mechanisms of 
nickel-based superalloys fabricated by AM
The microstructure and mechanical properties of nickel-
based superalloys fabricated by AM are primarily determined 
by the near-rapid solidification process within the molten 
pool during deposition, as well as by the solid-state phase 
transformations occurring during subsequent thermal 
cycles and post-processing heat treatments. Therefore, 
a clear understanding of microstructural evolution 
during fabrication and heat treatment is a prerequisite 
for achieving superior mechanical performance. Unlike 
traditional manufacturing processes (e.g., casting, forging, 
and powder metallurgy), AM is characterized by rapid 
solidification in a small molten pool and repeated thermal 
cycling. During solidification, the molten pool exhibits a 
high temperature gradient (approximately 106 K/m) and a 
high cooling rate (103–106  K/s). Due to the heat transfer 
characteristics within the molten pool, the temperature 
gradient decreases from the bottom to the top, while the 
solidification rate increases, as illustrated in Figure  2C. 
In addition, the direction of the temperature gradient 
evolves from being nearly perpendicular to the scanning 
direction at the pool bottom to nearly parallel at the top. 
The growth direction of columnar grains is governed 
by the local heat flow direction and the crystallographic 
preferred orientation. Consequently, the columnar grain 
growth direction—perpendicular to the local temperature 
gradient at the pool top—shifts from perpendicular to 
parallel relative to the scanning direction, resulting in the 
formation of misoriented dendrites in the upper region of 
the molten pool. Furthermore, according to the columnar-
to-equiaxed transition diagram for nickel-based superalloys 
(Figure 2D), as the temperature gradient decreases and the 
solidification rate increases, a transition from columnar 
to equiaxed grains occurs, leading to the formation of 
equiaxed grains in the upper region of the molten pool. 
When the subsequent layer is deposited, the equiaxed 
grain region at the top of the previous layer is remelted. 
Since the matrix phase of nickel-based superalloys is the 
γ-phase with an FCC structure, which exhibits a strong 
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<001> crystallographic growth preference, columnar 
grains with non-<001> orientations are progressively 
eliminated during competitive growth. This enables the 
epitaxial growth of <001>-oriented grains across multiple 
deposited layers, ultimately resulting in a pronounced 
<001> solidification texture in the as-deposited material.65

The high cooling rate inherent in AM results in 
extremely fine dendritic substructures within the 
grains, and in some cases, even cellular structures may 
form. Although macrosegregation is generally absent 
in AM-processed materials, microsegregation remains 
significant. The segregation of alloying elements promotes 
the formation of interdendritic eutectic phases, which can 
be either dispersed or continuously distributed (Figure 3).39 
In addition, the rapid, localized heating, and cooling cycles 
during AM introduce substantial thermal stresses within 
the deposited layers. On cooling, significant residual 
stresses are retained, and the as-deposited samples exhibit 
high dislocation densities (Figure  4).64 Therefore, the 
microstructure of nickel-based superalloys fabricated by 
AM is characterized by coarse, epitaxially grown columnar 
grains, containing fine dendritic or cellular substructures 
and high dislocation density within the grains. Eutectic 
phases form in the interdendritic regions to a certain 
volume fraction, and the material develops a strong 
solidification texture. Consequently, AM-fabricated nickel-
based superalloys exhibit pronounced microstructural and 
mechanical anisotropy.10

The size and distribution of interdendritic eutectic 
phases significantly influence the strength and ductility of 
nickel-based superalloys. On one hand, the elements that 
segregate during solidification—such as Nb, Ti, and Al—are 
often the primary strengthening elements. The formation of 

interdendritic eutectic phases depletes these elements from 
the γ-matrix, thereby reducing the solute concentration 
available for precipitation hardening and ultimately 
lowering the alloy’s overall strength. On the other hand, 
interdendritic eutectic phases are typically hard and brittle, 
acting as preferential sites for crack initiation or serving 
as easy paths for crack propagation under applied stress. 
This behavior severely compromises the alloy’s fracture 
toughness and ductility. To achieve superior mechanical 
properties, precise control over the microstructure of laser-
based additively manufactured nickel-based superalloys is 
essential. Current strategies primarily focus on optimizing 
processing parameters to tailor solidification conditions 
within the molten pool and suppress the formation of 
continuously networked eutectic phases. These process 
optimizations are typically followed by post-processing 
heat treatments, which further refine grain morphology 
and size, as well as the morphology, volume fraction, and 
spatial distribution of secondary precipitated phases.65

Extensive research has been conducted by numerous 
domestic and international institutions on the 
microstructural evolution and mechanical properties of 
laser-additively manufactured nickel-based superalloys 
with relatively good weldability, such as Inconel 718, 
Inconel 625, and HX.65-77 Some additively manufactured 
components made from these alloys have already been 
successfully implemented in aerospace engines and 
gas turbines. Among these alloys, Inconel 625 and HX 
are solid-solution-strengthened superalloys, whose 
microstructural evolution, phase composition, and 
strengthening-toughening mechanisms are relatively 
straightforward. In contrast, Inconel 718 is a precipitation-
strengthened superalloy characterized by more complex 

Figure 2. Solidification conditions of the molten pool and structure selection map for laser solid-formed Inconel 625 alloy. (A) Schematic of laser-directed 
energy deposition processing.66 (B) The molten pool morphology and temperature filed of single-track; (C) Evolution of the local solidification variables 
G and V as the depth z for the 1st  layer; (D) Microstructure selection map for Inconel 625 superalloy under the experiment conditions. Adapted with 
permission from Hu et al.65 Copyright © 2018 Elsevier Limited
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phase assemblages and multi-faceted strengthening 
mechanisms. Despite significant progress, several critical 

challenges in the AM of nickel-based superalloys remain 
unresolved:

Figure 3. Microscale elemental segregation in the as-deposited sample of laser solid-formed Inconel 625 alloy. (A) Distribution of elements in dendritic 
and interdendritic region. (B) The distribution of Ni and Cr elements in the interdendritic regions and dendritic arms. (C) The distribution of Mo, Nb, and 
Fe elements in the interdendritic regions and dendritic arms. Adapted with permission from Hu et al.39 Copyright © 2017 Elsevier Limited
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Figure 4. Dislocation configurations in laser-additively manufactured Hastelloy X (HX) alloy. (A-C) Transmission electron microscopy (TEM) images of 
the as-built HX alloy at different magnifications: Characteristic structure of high-angle grain boundaries (A), subgrain structure (B), and characteristic 
structure of dislocations and low-angle grain boundaries (LAGBs) (C). (D-F) TEM images of TiC nanoparticles enhanced HX sample, displaying increased 
dislocation density and the presence of LAGBs: Subgrain structure (D), dislocation cell (E), and characteristic structure of subgrain and LAGBs (F). Scale 
bars: 1 μm. Adapted with permission from Han et al.64 Copyright © 2019 Elsevier Limited
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(i)	 Non-equilibrium phases, such as Laves phases, 
carbides, and γ–γ’ eutectic phases, formed during 
rapid solidification in the molten pool can significantly 
degrade the mechanical properties of the material.

(ii)	 AM-  fabricated nickel-based superalloys typically 
exhibit mechanical anisotropy and a combination 
of high strength with low ductility. Although post-
processing heat treatments can eliminate or reduce 
microstructural anisotropy, anisotropic mechanical 
behavior often persists. Compared to their wrought 
counterparts, AM superalloys generally display 
inferior tensile ductility even after heat treatment, 
failing to meet stringent requirements for structural 
stability and operational safety.

(iii)	Fatigue, creep, and long-term durability data for 
AM nickel-based superalloys remain limited. These 
materials also suffer from poor long-term plasticity, 
and the underlying deformation mechanisms under 
creep or sustained loading conditions are not yet 
fully understood. Consequently, the full application 
potential of AM nickel-based superalloys has not been 
fully realized.

Dinda et al.78 found that the laser scanning strategy is a 
key factor influencing the crystallographic texture of laser-
additively manufactured Inconel 718 alloy. Unidirectional 
laser scanning tends to promote the formation of a fiber 
texture, whereas bidirectional scanning results in a rotated 
cube texture. The difference in texture type is primarily 
attributed to the significant variation in temperature 
gradients within the melt pool induced by different 
scanning strategies. Ma et al.79 investigated the texture of 
as-deposited Inconel 625 fabricated by LAM and found 
that it is dominated by a strong Goss texture ({011}<100>), 
with a weaker cube texture ({001}<100>) component. This 
specific texture type leads to a lower work hardening rate in 
the additively manufactured alloy compared to its wrought 
counterpart. The observed texture in Inconel 625 differs 
from that reported by Dinda et al.78 for Inconel 718. Analysis 
indicates that, at a constant scanning speed, increasing the 
laser power and the material’s absorptivity enhances the 
heat input, resulting in a deeper molten pool. Consequently, 
the temperature gradient along the deposition (z) direction 
decreases, and the maximum heat flow direction becomes 
increasingly aligned with the laser scanning direction. As a 
result, <100>-oriented grains are favored to grow along the 
scanning path, promoting the formation of a Goss texture. 
These findings demonstrate that process parameters—
such as laser power, scanning speed, scanning strategy, 
and material absorptivity—exert a significant influence 
on texture development in laser-additively manufactured 
nickel-based superalloys, which, in turn, affects their 
mechanical anisotropy and overall performance.

For Nb-containing nickel-based superalloys, such as 
Inconel 625 and Inconel 718, the segregation of Nb and 
Mo during solidification is the primary driver for the 
formation of topologically close-packed (TCP) Laves 
phases. The presence of Laves phases significantly degrades 
the mechanical properties of these alloys. Studies have 
demonstrated that needle-like or plate-like Laves phases 
often act as preferential sites for crack initiation and 
propagation pathways, thereby substantially reducing 
the creep strength and room-temperature ductility of 
the superalloys.80,81 When Laves phases precipitate as 
continuous films along grain boundaries, they can severely 
embrittle the interfaces and drastically reduce the creep 
life of the alloy.82 In the GH2135 alloy, a small amount of 
fine, granular Laves phases at the grain boundaries did not 
significantly affect the strength or ductility. However, as 
the volume fraction of Laves phases increased, pronounced 
mechanical degradation became evident.83 Li et al.,84 in 
their study of the K4169 alloy, found that a large volume 
of coarse, blocky Laves phases led to a 20% reduction in 
room-temperature tensile strength and a 60% reduction in 
ductility. Under creep testing conditions of 650°C and 620 
MPa, the alloy exhibited a 60% decrease in both creep life 
and creep elongation. Similarly, Sullivan et al.85 reported 
that in Inconel 718, even a small Laves phase volume 
fraction of just 2–3% can lead to a significant deterioration 
in both strength and ductility.

Therefore, in the AM of Nb-containing nickel-based 
superalloys, it is essential to strictly control the size, 
morphology, and distribution of Laves phases. Studies 
have demonstrated that in laser-additively manufactured 
Inconel 625 alloys, as the deposition height increases, the 
accumulated heat in successive layers is not effectively 
dissipated, leading to a gradual rise in baseplate temperature. 
Consequently, the temperature gradient within the molten 
pool decreases during solidification, primary dendrite arm 
spacing increases, and secondary dendrite arms become 
more developed. This provides greater interdendritic space 
and longer solidification time for Laves phase formation. 
As a result, the size of Laves phases gradually increases 
from the bottom to the top of the deposited structure. 
This indicates that controlling the solidification conditions 
in the molten pool is critical to avoiding coarse and 
continuously distributed Laves phases in interdendritic 
regions. Ling et al.86 found that increasing the cooling 
rate during solidification reduces secondary dendrite arm 
spacing, which effectively suppresses both the size and 
volume fraction of Laves phases in Inconel 718 alloys. The 
laser AM process inherently features high cooling rates, 
resulting in finer Laves phases compared to those formed 
during conventional casting. Xiao et al.87,88 investigated the 
influence of quasi-continuous wave (QCW) pulsed laser 
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and continuous wave (CW) laser on Nb segregation, Laves 
phase characteristics, and mechanical properties in laser-
additively manufactured Inconel 718. The results indicated 
that compared to continuous laser, pulsed laser operation 
provides higher peak cooling rates during solidification, 
which more effectively suppresses Nb microsegregation, 
reduces Laves phase size, and enhances overall mechanical 
performance. In addition, high-temperature solution 
treatment significantly affects the content, morphology, 
and size of Laves phases in AM Inconel 625 and Inconel 
718 alloys. During solution treatment of laser-additively 
manufactured Inconel 625, substantial dissolution of Laves 
phases is observed. As the solution temperature increased, 
both the size and volume fraction of Laves phases decreased 
progressively. The dissolution kinetics of Laves phases are 
primarily governed by the long-range diffusion of alloying 
elements, such as Nb and Mo. With increasing solution 
temperature, the diffusion coefficients of these elements 
increase considerably, greatly accelerating the dissolution 
process. Chlebus et al.68 reported that after solution 
treatment at 980°C and 1040°C for 1 h, Nb- and Mo-rich 
granular Laves phases, a small amount of MC-type carbides, 
and δ-phases were still present at the grain boundaries 
of as-built Inconel 718  samples. However, after solution 
treatment at 1100°C for 1  h, the δ-phase completely 
dissolved, large Laves phases nearly disappeared, and 
noticeable grain growth occurred. Tucho et al.89 reported 
that in SLM-manufactured Inconel 718, Laves phases did 
not fully dissolve even after heat treatment at 1250°C for 
7 h, with nanoscale remnants persisting within coarsened 
grains. Sui et al.80 studied the effect of Laves phases on the 
room-temperature tensile properties of laser-additively 
manufactured Inconel 718 alloys. They found that Laves 
phases influence the YS primarily by altering the volume 
fraction and morphology of strengthening phases. 
Moreover, compared to elongated or network-like Laves 
phases, spherical or isolated morphologies are more 
favorable for plastic deformation and ductility. Therefore, 
by optimizing the solidification conditions in the molten 
pool and applying tailored solution heat treatments, it is 
possible to effectively regulate the morphology, size, and 
spatial distribution of Laves phases, thereby enhancing the 
mechanical properties of the alloy.

During the solution treatment of additively 
manufactured nickel-based superalloys, in addition to the 
dissolution of eutectic phases, significant microstructural 
evolution occurs in the morphology and size of the 
initial grains due to static recrystallization.65 Studies have 
demonstrated that after solution treatment above 900°C, 
the coarse, epitaxially grown columnar grains in laser-
additively manufactured Inconel 625 are gradually replaced 
by finer equiaxed grains. As the solution temperature 

increases, the volume fraction of recrystallized grains 
also increases. When the temperature reaches 1200°C, 
complete static recrystallization is achieved. Concurrently, 
the texture strength of the alloy decreases significantly with 
increasing temperature, the original <100> solidification 
texture formed during deposition weakens, and grain 
orientation becomes increasingly random. Compared with 
the recrystallization temperature range of conventionally 
forged Inconel 625  (930–1040 °C), AM Inconel 625 
exhibits a higher recrystallization temperature onset. This 
behavior can be attributed to several factors66:
(i)	 The grain size in AM alloys is relatively large, and the 

grain boundary area fraction is low, resulting in fewer 
nucleation sites for recrystallization.

(ii)	 The plastic strain introduced during laser AM is 
generally less than 5%, which is significantly lower 
than the 30% strain typically experienced in forging, 
leading to reduced stored energy and a weaker driving 
force for recrystallization.

(iii)	A considerable amount of Laves phase remains 
in the as-built microstructure, which can act as 
pinning points that hinder grain boundary migration 
during recrystallization, thereby further suppressing 
recrystallization kinetics.

Dinda et al.,90 in their study on the microstructural 
evolution and thermal stability of laser-additively 
manufactured Inconel 625, observed that when the heat 
treatment temperature is below 1000°C (~3/4 Tm), the 
dendritic structures formed during the AM process 
remain stable. Full recrystallization only occurred at 
around 1200°C, indicating that AM Inconel 625 possesses 
high thermal stability. Kreitcberg et al.91 investigated the 
effects of different heat treatment regimens and HIP on 
the microstructure and mechanical properties of selective 
laser-melted Inconel 625. Their results demonstrated 
that recrystallization occurred after post-processing and 
HIP, leading to the formation of equiaxed grains. In AM 
Inconel 625, interdendritic Laves phases were significantly 
dissolved during solution treatment, and the grain 
morphology transitioned from epitaxial columnar grains 
to equiaxed grains, resulting in a marked improvement 
in ductility. However, due to the reduction in dislocation 
density after recrystallization, the contribution from 
dislocation strengthening is diminished, leading to a 
decrease in the alloy’s YS.

For Inconel 718 alloys, the δ-, γ”-, and γ’-phases play 
a critical role in determining mechanical properties. 
Therefore, in addition to solution treatment, aging 
treatment is essential to achieve sufficient strength through 
controlled precipitation. Figure 5 displays the precipitation-
temperature-time diagram for various precipitates in 
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Inconel 718.92 When the aging temperature (Tf) is between 
870°C and 900°C, the δ phase precipitates as long needle-
like particles, often continuously distributed along grain 
boundaries or within grains, and occasionally forming 
Widmanstätten structures. When 900°C < Tf < 930°C, 
the δ phase appears as granule particles located at grain 
boundaries or in intragranular regions. At 940°C < Tf < 
960°C, it forms short rod-like morphologies preferentially 
along grain boundaries. At temperatures above 980°C, 
the δ phase is partially or completely dissolved. In laser-
additively manufactured Inconel 718, the precipitation 
behavior of the δ-phase differs significantly from that 
in conventionally forged alloys. Liu et al.93 investigated 
δ-phase precipitation in laser-additively manufactured 
Inconel 718 and found that, in the as-deposited condition, 
short needle-like or rod-like δ-phases precipitate within 
interdendritic regions during aging between 810°C 
and 950°C. After high-temperature solution treatment, 
elemental segregation in the interdendritic regions is 
substantially reduced or eliminated, and the δ-phase 
preferentially nucleates at high-angle grain boundaries and 
twin boundaries. Azadian et al.94 demonstrated that both 
the nucleation and growth of δ-phases require a critical Nb 
concentration, and higher Nb content leads to an increased 
volume fraction of δ-phase. These studies collectively 
indicate that the morphology, size, and distribution of the 
δ-phase are strongly influenced by the degree of elemental 
segregation, as well as the temperature and duration of 
solution treatment. As presented in Table  1, the δ-phase 
morphology, size, and distribution vary significantly 
under different processing routes and heat treatment 
conditions.92-97 Compared with wrought and cast alloys, 
the δ-phase in AM Inconel 718—under standard heat 
treatment—exhibits significantly finer precipitates at grain 
boundaries. In addition, the distribution of the δ-phase is 

closely correlated with the initial microstructural state of 
the material.

At present, there are two main perspectives regarding 
the influence of the δ-phase on the mechanical properties 
of Inconel 718 alloy. The first perspective holds that the 
presence of the δ-phase is beneficial to the mechanical 
performance of Inconel 718.98 Li et al.96 found that 
spheroidized δ-phases distributed along grain boundaries 
can inhibit crack initiation and propagation during 
high-temperature creep and fatigue processes, thereby 
improving the creep ductility of the alloy while maintaining 
creep life. Cai et al.95 suggested that a moderate amount of 
δ-phase can reduce the notch sensitivity of Inconel 718. 
Yuan et al.99 also reported that short rod-shaped δ-phases 
can enhance both the strength and ductility of Inconel 718 
at elevated temperatures. The second perspective argues 
that the δ-phase degrades the mechanical properties of 
Inconel 718.100 Hong et al.101 pointed out that Nb-depleted 

Table 1. Morphology, size, and distribution of the δ phase 
under different manufacturing methods and heat treatment 
conditions

Manufacturing 
method

Heat treatment Grain boundary Intragranular

Selective laser 
melting 

δ aging Length: 1–2 μm
Width: 0.2–0.4 μm

Length: 0.5–1 
μm
Width: 50–90 
nm

Homogenization+ 
δ aging

Length: 0.2–0.4 μm
Width: 10–20 nm

None

Wrought δ aging Length: 2–8 μm
Width: 0.2–0.5 μm

None

Casting Homogenization+ 
δ aging

Length: 2–8 μm
Width: 0.5–0.9 μm

None

Figure 5. Lattice structure and precipitation kinetics curves of δ-phase. (A) Unit cell structure of the δ-phase. (B) Precipitation-temperature-time diagram 
of different phases in wrought Inconel 718 alloy. Adapted with permission from Thomas et al.92 Copyright © 2006 Elsevier Limited
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zones surrounding δ-phases can reduce the low-cycle 
fatigue performance. Zeng et al.102 observed that the YS 
of Inconel 718 decreases significantly with increasing 
δ-phase content. Zhang et al.103 identified the δ-phase as 
the preferential site for micropore nucleation during high-
temperature tensile deformation in Inconel 718, and its 
presence reduces the alloy’s high-temperature ductility. 
Wang et al.104 also noted that δ-phases formed along 
Nb-rich grain boundaries consume a large amount of Nb 
atoms, resulting in local compositional deviations. An 
excessive volume fraction of δ-phase may impair the alloy’s 
low-cycle fatigue performance at elevated temperatures. 
In fact, the influence of the δ-phase on mechanical 
properties is strongly dependent on its morphology and 
volume fraction. Needle-like δ-phases hinder lateral grain 
boundary migration and promote intergranular fracture, 
leading to reduced ductility. In contrast, granular δ-phases 
delay necking and inhibit crack propagation, thereby 
enhancing the mechanical performance of Inconel 718.105 
When short rod-shaped δ-phases are present, the alloy 
tends to exhibit superior ductility, whereas needle-like 
δ-phases are associated with higher strength.106

The disc-shaped γ”-phase (comprising three variants), 
which is coherent with the matrix, along with the 
spherical γ’-phase, acts as the primary and secondary 

strengthening phases, respectively, in Inconel 718 alloy.107 
Due to a significant lattice mismatch with the γ-matrix, 
the γ”-phase exerts strong coherent strengthening effects 
and is widely recognized as the principal contributor 
to strength in Inconel 718.108 Consequently, current 
research predominantly focuses on the evolution of the 
γ”-phase and its influence on mechanical properties. A. 
Drexler et al.109 reported that the coarsening behavior 
of the γ”-phase in Inconel 718 can be described by the 
Lifshitz-Slyozov-Wagner theory. Calculations indicate that 
γ”-phase coarsening is governed by bulk diffusion of Nb 
in the γ-matrix, with an activation energy of 272 kJ/mol. 
Liu et al.93 found that, during aging at 720°C, the growth 
rate of γ” precipitates in solution-treated laser additive 
manufactured Inconel 718 is lower than that in wrought 
Inconel 718. This suggests that γ” precipitates in the AM 
alloy exhibit superior size stability. The dimensional 
stability of the γ”-phase has a significant impact on the 
alloy’s high-temperature mechanical performance. As the 
size of the γ” precipitates increases, they may lose coherency 
with the matrix, and under mechanical stress, transform 
into δ-phase—a transformation that degrades mechanical 
performance. The size of strengthening precipitates plays a 
crucial role in precipitation hardening. Figure 6 illustrates 
the interaction between dislocations and precipitates.110 It 

Figure 6. Interaction between dislocations and precipitates: (A) weak coupling; and (B) strong coupling. (C) Relationship between precipitate size and 
critical shear stress. Adapted with permission from Collins and Stone110 Copyright © 2014 Elsevier Limited
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can be seen that strong and weak coupling exists between 
dislocations and precipitates: weak coupling increases 
with precipitate size, while strong coupling decreases. 
Consequently, there exists a critical precipitate size at 
which the critical shear stress for dislocation cutting 
reaches a maximum. To determine the optimal precipitate 
size for strengthening in Inconel 718, numerous studies 
have investigated the interaction mechanisms between γ” 
precipitates of varying sizes and dislocations. Slama and 
Abdellaoui111 suggested that the optimal γ” precipitate size 
in Inconel 718 is approximately 30 nm; beyond this size, 
the tetragonal distortion of γ” increases with particle size, 
leading to a reduction in strengthening efficiency. Srinivas 
et al.112 reported that degradation in high-temperature 
creep resistance is closely related to the reduction of 
γ” size, from 23  nm to 16  nm. Ming et al.113 studied the 
coarsening behavior of γ” precipitates in laser-additively 
manufactured Inconel 718 aged at 720°C for different 
durations and its influence on mechanical properties. The 
results indicated that hardness, room-temperature tensile 
strength, and high-temperature creep resistance of the alloy 
initially increase and then decrease with increasing γ” size. 
Chaturvedi and Han114 indicated that the steady-state creep 
rate decreases as γ” particle size increases. However, once 
the size exceeds a critical threshold, the creep rate begins to 
rise again. Moreover, the particle size corresponding to the 
minimum creep rate is slightly smaller than that associated 
with peak tensile strength at room temperature. This 
difference arises from distinct deformation mechanisms: 
at room temperature, deformation is primarily governed 
by dislocation cutting through the precipitates, whereas 
at elevated temperatures, dislocation climb becomes the 
dominant mechanism.

From the above analysis, it is evident that the size 
and distribution of eutectic phases formed during the 
solidification of nickel-based superalloys, as well as the size, 
volume fraction, and spatial distribution of strengthening 
phases after heat treatment, all have a significant influence 
on the mechanical properties of the alloy. By optimizing 
processing parameters and subsequent heat treatment 
conditions, it is possible to tailor the microstructure and 
enhance mechanical performance. However, the selection 
of heat treatment procedures should fully account for 
the initial microstructural state of the alloy. At present, 
heat treatment processes for additively manufactured 
superalloys largely follow conventional procedures. For 
example, the heat treatment regime used to control the 
size of strengthening phases in Inconel 718 still follows 
the traditional two-step aging treatment developed 
for wrought alloys, without adequately considering 
the microstructural characteristics of the as-deposited 
condition. Liu et al.93 have demonstrated that the growth 

kinetics of γ” precipitates differ between wrought and 
laser-additively manufactured Inconel 718 alloys under 
identical aging conditions. Furthermore, in-depth research 
and analysis remain limited regarding the optimization of 
strengthening phase size in AM nickel-based superalloys 
and their impact on deformation mechanisms.

Superalloy components serve for long periods under 
high-temperature, high-pressure, and oxidizing conditions. 
Their high-temperature fatigue performance, creep 
rupture life, creep properties, and oxidation resistance 
significantly influence their service life. Among these, 
defects, surface quality, and microstructure are key factors 
determining the high-temperature service performance of 
superalloys. Wan et al.115 have investigated the effects of 
different thicknesses (1.3 and 3.3 mm) and surface states 
(as-formed and machined) on the fatigue performance 
of Inconel 718 alloys fabricated by LPBF. Combined with 
3D high-resolution X-ray tomography (3D-XRT) and 
finite element analysis (FEA) simulations, the impact 
of surface defects on fatigue life was analyzed in depth. 
The results indicated that as wall thickness decreases, 
the material’s microstructure and surface roughness 
undergo significant changes, leading to distinct thickness 
dependencies in its high-temperature fatigue strength: 
unmachined thin-walled samples exhibited longer fatigue 
life, while machined thick-walled samples exhibited the 
opposite trend, primarily attributed to differences in stress 
distribution, surface roughness, and thickness-dependent 
microstructure. In addition, FEA simulations revealed that 
the depth and shape of defects exert important effects on 
fatigue life; when defect sizes are small, the shape of defects 
reduces the material’s fatigue limit more significantly than 
depth. Crack growth rates are significantly influenced 
by material microstructure, temperature, and loading 
direction. At 25°C, as crack length increases, the crack 
growth rates in different loading directions (X-, XZ-, and 
Z-axes) follow the order Z > X > XZ. At 650°C, this order 
changes to XZ > X > Z, with only a small difference between 
the X and XZ directions. Furthermore, crack growth 
rates under high-temperature conditions are significantly 
higher than those under low-temperature conditions, 
indicating a notable regulatory effect of temperature 
on crack propagation. The crack propagation process is 
accompanied by complex fracture mechanisms, including 
grain boundary blocking, slip activity, and secondary crack 
formation, all of which are closely related to the material’s 
microstructural characteristics.116 Yu et al.117 studied the 
high-cycle fatigue (HCF) performance of Inconel 718 alloys 
fabricated by LDED at room temperature and 650°C, and 
explored the influence of heat treatment on the material’s 
microstructure and mechanical properties. By adopting 
a specific heat treatment scheme—homogenization + 
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solution + aging (HSA)—the alloy’s microstructure was 
optimized. Results indicated that Inconel 718 alloys treated 
with HSA exhibit a typical bimodal granular distribution, 
including coarse grains (CGs) and fine grains. Compared 
with Inconel 718 produced by traditional manufacturing 
methods, the fatigue limit (σₐ) of HSA-treated LDED 
Inconel 718 is approximately 385 MPa at room temperature 
and 280 MPa at 650°C, suggesting obvious temperature 
dependence. Further analysis indicated that as the test 
temperature increases, the fatigue crack initiation mode 
transitions from surface slip to fracture along large grain 
boundaries, and the presence of CGs significantly affects 
the material’s fatigue strength.

Zhang et al.118 conducted a comparative analysis 
of the microstructure and creep properties of Inconel 
718 alloys fabricated by LPBF and forging. The results 
indicated that Inconel 718 fabricated by LPBF has a 
more complex microstructure, characterized by uneven 
grain size and shape, as well as the distribution of a small 
amount of second phases, while the forged alloy exhibits 
more regular grain shape and uniform grain size. This 
difference leads to lower average creep life, reduction of 
area, and uniform elongation of the LPBF alloy during 
the creep stage. Studies also found that in the steady creep 
stage, the LPBF alloy has fewer activated slip systems due 
to its irregular grain morphology, whereas the grains of 
the forged alloy can more easily activate slip systems to 
alleviate stress concentration. In addition, in the tertiary 
creep stage, the abnormal grain size distribution and shape 
in the LPBF alloy exacerbate stress concentration at grain 
boundaries, promoting the initiation and propagation of 
initial microcracks and thus accelerating material fracture. 
Subsequently, they further investigated the influence of 
grain boundary serration (GBS) on creep properties and 
its formation mechanism in Inconel 718 alloys fabricated 
by LPBF. By adjusting heat treatment conditions, such 
as intermediate solution temperature and cooling rate, 
different degrees of GBS were successfully achieved. 
Studies found that GBS significantly increases creep life by 
approximately 56%, increases creep strain by about 19%, 
and reduces creep strain rate by roughly 26%. Analysis of 
crack surface morphology and grain boundary dislocation 
density using Scanning Electron Microscopy and Electron 
Backscatter Diffraction confirmed that the main role of 
GBS in delaying crack initiation is its ability to effectively 
alleviate stress concentration. Further research revealed 
three GBS formation mechanisms: serration formation 
caused by the growth of δ phases along specific directions, 
inhibition of grain boundary migration by δ-phases larger 
than the critical size, and grain boundary distortion 
induced by element segregation.119

4. Alloy design for AM of nickel-based 
superalloys
There is a strong correlation among composition, 
processing, microstructure, and properties in materials 
science. In AM of nickel-based superalloys, the size 
and distribution of precipitates play a crucial role in 
determining the mechanical performance of the alloy. For 
instance, in laser-additively manufactured Inconel 718 and 
Inconel 625 alloys, the presence of chain-like Laves phases 
distributed in interdendritic regions not only increases 
the susceptibility to hot cracking but also serves as 
preferential sites for crack initiation and pathways for crack 
propagation under load, thereby significantly degrading 
the mechanical properties. Studies have demonstrated that 
during the AM process, reducing laser power, increasing 
scanning speed, applying active cooling to the substrate, 
and employing QCW laser modes can enhance the 
cooling rate, refine dendrite arm spacing, and promote a 
more uniform and dispersed distribution of precipitates 
within the interdendritic regions. Moreover, adjusting 
heat treatment temperature and holding time can modify 
the size and morphology of precipitates, thus improving 
the mechanical properties of nickel-based superalloys. 
However, an increase in cooling rate also leads to a 
significant rise in residual stress, which may induce plastic 
deformation or cracking and consequently compromise 
dimensional accuracy and structural integrity. In addition, 
excessively high heat treatment temperatures can result 
in grain coarsening, whereas overly low temperatures 
may prevent complete dissolution of secondary phases. 
These factors impose limitations on the extent to which 
microstructure and mechanical properties can be tailored 
through post-process heat treatments. Therefore, under 
the constraints of maintaining dimensional precision and 
forming quality, the potential for enhancing mechanical 
properties solely through optimization of processing and 
heat treatment parameters is inherently limited.56

In recent years, significant progress has been made in 
the AM of aluminum alloys. Researchers have developed 
Sc-modified Al-Mg-Sc-Zr alloy powders specifically 
tailored for laser-based AM, taking into account the 
unique thermal and solidification characteristics of AM 
processes. After SLM and subsequent heat treatment, 
these alloys exhibit excellent overall mechanical properties 
(with tensile strength exceeding 500 MPa and elongation 
surpassing 10%) and have been successfully applied in 
aerospace components.120 This success demonstrates 
that alloy composition design aligned with the inherent 
characteristics of AM processes holds great potential 
for advancing the industrial application of nickel-based 
superalloys in AM.
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From the above analysis, it is evident that current 
challenges in AM of nickel-based superalloys primarily 
lie in crack control during both the fabrication and post-
processing stages, as well as in microstructural regulation 
and toughening strategies. Therefore, alloy design should 
first consider the influence of different alloying elements 
on crack initiation and propagation. Furthermore, to 
ensure the service performance, efforts should be made 
to maximize the volume fraction of strengthening phases. 
At present, compositional optimization of existing alloys 
through minor modifications has been demonstrated 
to reduce or even eliminate cracking to some extent, as 
discussed in detail in Section 2. However, there remains a 
lack of in-depth research on the mechanical properties of 
these modified alloys. Sreeramagiri et al.121 combined laser 
AM with synchronized powder feeding, high-throughput 
compositional design, and phase diagram modeling to 
develop a novel nickel-based superalloy (WSU 150). By 
suppressing premature precipitation of strengthening 
phases during solidification, cracking was effectively 
avoided. A  suitable heat treatment was then applied to 
fully precipitate the strengthening phases and enhance 
mechanical performance. Specifically, in the laser deposition 
process, two powder feeders were used to deliver Alloy A 
(with low γ’ phase volume fraction) and Alloy B (with high 
γ’ volume fraction) into the melt pool at a predetermined 
ratio, enabling in situ compositional synthesis. This created 
compositional gradients across different regions of the 
XY-plane in the deposited component, transitioning from 
Alloy A to Alloy B. Microstructural characterization and 
hardness testing of these gradient samples were performed 
to identify optimal compositions—those exhibiting no 
cracks and high microhardness. Through this high-
throughput screening, the WSU 150 alloy (with a γ’ phase 
volume fraction of 38%) was selected. In the as-deposited 
state, WSU 150 exhibited no cracking and a relatively high 
hardness of 375 HV. Subsequent optimization of laser 
deposition parameters and mechanical testing revealed 
that the as-deposited WSU 150 alloy achieved a YS of 867 
MPa, ultimate tensile strength (UTS) of 1188 MPa, and 
an elongation of 27.9%. After aging at 760°C for 4 h, the 
yield and tensile strengths increased to 1114 MPa and 
1396 MPa, respectively, while the elongation decreased 
to 16.1%. These room-temperature mechanical properties 
surpass those of Rene 88DT and indicate potential for 
service temperatures up to 800°C.

The alloy design strategy adopted in the study,121 known 
as the element blending method, involved combining two 
well-established superalloys in controlled ratios for laser 
deposition. While this approach offers certain advantages, 
it also presents notable limitations. When blending two 
complex alloys, the concentration of multiple elements 

changes simultaneously, making it difficult to isolate the 
specific contributions of individual elements to improve 
cracking resistance or mechanical performance. As a 
result, the underlying mechanisms often remain unclear. 
Moreover, since nickel-based superalloys are typically 
employed in high-temperature environments, evaluation 
based solely on room-temperature tensile properties is 
insufficient for assessing practical applicability. More 
recently, Tang et al.122 employed a physics-guided high-
throughput computational alloy design approach to develop 
two AM-specific nickel-based superalloys: ABD-850AM 
(with ~3 wt.% Al and Ti) and ABD-900AM (with ~5 wt.% 
Al and Ti). These alloys were evaluated for both room- and 
high-temperature mechanical properties. Compared to 
commercial alloys, such as IN 939 and CM247LC, the 
newly developed alloys demonstrated superior printability 
and enhanced mechanical performance. The alloy design 
was guided by physically informed high-throughput 
computational models, which establish quantitative 
correlations between alloy composition and key 
mechanical properties. For AM applications, the primary 
design criterion is an alloy’s resistance to cracking during 
solidification. Therefore, the Scheil non-equilibrium 
solidification model was used to calculate solidification 
temperature ranges, and the alloys’ susceptibility to SAC 
during thermal cycling and heat treatment was also 
assessed. To ensure high mechanical performance and 
thermal stability, YS and creep resistance were predicted 
by considering key microstructural parameters, including 
anti-phase boundary energy, γ’ phase volume fraction, 
and elemental interdiffusion coefficients. In addition, the 
tendency for TCP phase formation was evaluated using 
d-electron band theory. Based on these multi-objective 
criteria, two promising alloy compositions were identified, 
as displayed in Figure  7. The ABD-850AM alloy was 
selected for experimental validation and compared with 
IN 939 and CM247LC.122

Results indicated that ABD-850AM exhibited superior 
printability (i.e., enhanced crack resistance) and reduced 
texture intensity. As illustrated in Figure 8, the ABD-850AM 
samples were free of cracks, whereas the other two alloys 
frequently exhibited SC, LC, and SAC. Research by Kou123 
on SC pointed out that evaluating crack susceptibility based 
solely on the solidification temperature range is limited, 
as it neglects the alloy’s solidification path during the final 
stages. He proposed a new evaluation metric—Solidification 
Cracking Index—which integrates both the strain rate in the 
solid phase and the feeding capability of the residual liquid 
phase to assess the likelihood of SC. Tensile tests across 
a range of temperatures were conducted to evaluate the 
alloys’ susceptibility to hot ductility loss and SAC. The high-
temperature tensile and creep properties of ABD-900AM 
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demonstrated excellent strength and ductility, with creep 
performance significantly surpassing that of IN 718 and 
approaching that of CM247LC. The study comprehensively 
evaluated the printability and mechanical performance of 
AM-specific nickel-based superalloys, providing valuable 
insights and strategic guidance for future design of alloy 
compositions tailored for AM.

Liang et al.124 utilized coaxial powder-fed laser AM 
technology to develop a novel nickel-based superalloy 

(ZK401), characterized by low crack susceptibility, low 
density, and high strength, and obtained a corresponding 
patent. According to the patent, this alloy is primarily 
intended for the repair of high-temperature alloy 
components and for the AM of medium-  and low-
temperature nickel-based alloy parts. The alloy composition 
includes Al, Ti, and Nb as key precipitation-strengthening 
elements that promote γ’ phase formation; Cr, Mo, and Co 
as solid-solution strengthening elements; and Si, C, and 
Hf as grain boundary-strengthening elements. Cr plays 

Figure 7. Composition screening of nickel-based superalloys. (A) Modified weldability diagram with maximum strain-age cracking index identified.  (B 
and C) Strain-age cracking merit index and its relationship to γ’ fraction (B) and creep merit index (C). (D and E) Magnitude of freezing range in relation 
to γ’ fraction (D) and creep merit index (E), where strain-age cracking and creep merit contours are indicated. (F) Final design space used to isolate new 
grades of alloy based on freezing range, strain-age cracking index, and minimum required strength and creep. Adapted with permission from Tang et al.122 
Copyright © 2021 Elsevier Limited
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a key role in oxidation resistance, corrosion resistance, 
and solid-solution strengthening. In addition, it can form 
carbides with C to enhance precipitation strengthening. To 
suppress the formation of TCP phases, the Cr content is 
controlled within the range of 9.0–11.0 wt.%. Mo increases 
the lattice misfit between the matrix and the strengthening 
phase, enhances atomic bonding strength, and promotes 
dislocation network formation, thereby improving both 
printability and mechanical performance.

However, excessive Mo promotes TCP phase formation, 
which is detrimental to oxidation and corrosion resistance. 
Therefore, its content is limited to 4.0–6.0 wt.%. Co 
contributes to solid-solution strengthening and reduces 

the stacking fault energy, thus improving the alloy’s 
intermediate-temperature mechanical properties and 
structural stability. Its content is maintained between 
9.0 and 11.0 wt.%. Nb acts as the primary strengthening 
element and also enhances oxidation and corrosion 
resistance. Nevertheless, excess Nb can promote TCP 
phase formation; thus, its content is controlled within 
3.0–5.0 wt.%. Al is the main constituent of the γ’ phase; 
its concentration directly determines the γ’-phase and 
improves oxidation resistance. However, excessive Al may 
lead to the formation of low-melting-point eutectic phases, 
which negatively affect printability. Thus, Al is maintained 
within 3.0–5.0 wt.%. Ti can substitute for Al in the γ’-phase 

Figure 8. Microstructure comparison of additively manufactured ABD850AM, CM247LC, and IN939 alloys. (A-F) Microstructure of the XZ-plane at two 
magnifications (×100 and ×1000). (G-L) Microstructure of XY-plane at two magnifications. (M-O) Inverse pole figure of both planes along the building 
direction. (P-R) Bulk texture strength of {1 0 0}, {1 1 0}, and {1 1 1} poles. Adapted with permission from Tang et al.122 Copyright © 2021 Elsevier Limited
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and serves as a major precipitation-strengthening element. 
It also enhances resistance to hot corrosion, though it may 
impair oxidation resistance. Its content is kept between 
1.0 and 2.0 wt.%. Si improves oxidation and corrosion 
resistance but can form brittle Nb₃Si phases when combined 
with Nb, thereby reducing mechanical performance. Thus, 
its content is limited to 0.0–0.6 wt.%. C aids in deoxidation 
during melting, improves melt fluidity, and forms grain 
boundary-stabilizing carbides. However, excessive C 
increases crack susceptibility; thus, its content is strictly 
controlled within 0.0–0.02 wt.%. Sun et al.125 have revealed 
that in the AM of IN738LC alloy, a moderate increase 
in C content can improve its mechanical properties 
to a certain extent, particularly in terms of hardness. 
Nevertheless, excessive C content will instead reduce the 
alloy’s high-temperature performance and introduce new 
defects. Hf enhances precipitate strengthening, purifies 
grain boundaries, prevents sulfur-induced embrittlement, 
broadens the solidus-liquidus temperature range, improves 
melt fluidity, and reduces SC tendency, thereby significantly 
enhancing weldability. Hf content is maintained within 
0.1–0.6 wt.%. This alloy exhibits superior room- and 
intermediate-temperature tensile properties compared to 
Inconel 625: at room temperature, tensile strength > 900 
MPa, elongation>10.0%; at 650°C, tensile strength >800 
MPa, elongation>10.0%; at 800°C: tensile strength >680 
MPa, elongation>7.0%. In terms of creep performance, 
the alloy achieves: creep life >50 h at 650°C/690 MPa; and 
creep life >25  h at 800°C/400 MPa. Moreover, the alloy 
demonstrates excellent oxidation resistance at 800°C, with 
no observable weight gain or spallation after prolonged 
exposure.125

The aforementioned studies are based on alloying 
strategies for material design, whereby increasing the 
content of precipitation-strengthening elements, such as 
Al, Ti, and Nb—followed by appropriate heat treatment—
can effectively enhance the volume fraction of γ’-  and 
γ”-strengthening phases in the alloy, thereby improving 
its mechanical properties. However, when the Al and 
Ti contents exceed 6 wt.%, the weldability of the alloy 
deteriorates significantly. During the AM process, this leads 
to a marked susceptibility to hot cracking, which adversely 
affects the geometric fidelity and structural integrity of 
the fabricated components. Therefore, improvements 
in the mechanical performance of AM nickel-based 
superalloys through alloying approaches are inherently 
constrained by the alloy’s processability limitations.124 
Studies have demonstrated that incorporating nanoscale 
reinforcements—such as metal oxides, ceramic particles, 
and carbon-based nanomaterials—into nickel-based 
superalloys to form metal matrix composites (MMCs) can 
significantly enhance strength while maintaining favorable 

processability.126,127 This strategy offers an alternative 
and effective pathway for enhancing the mechanical 
performance of laser-additively manufactured nickel-
based superalloys.

Research indicates that the addition of nanoparticles 
reduces the thermal conductivity of the melt pool, thereby 
inhibiting heat transfer to the substrate. Meanwhile, 
the nanoparticles increase the viscosity of the molten 
alloy and suppress thermocapillary flow, which, in turn, 
reduces thermal convection within the melt pool. As a 
result, the HAZ is minimized, while the fusion zone is 
enlarged.126 Gu et al.126-129 systematically investigated multi-
phase reinforcement and gradient-interface synergistic 
toughening mechanisms in particle-reinforced nickel-
based superalloys fabricated by LAM. Their studies 
revealed that the addition of nanoscale TiC particles 
to Inconel 625 refined the grain structure. The TiC 
nanoparticles effectively impeded dislocation motion, 
resulting in a notable increase in tensile strength without 
compromising ductility, and also improved the alloy’s 
tribological performance. The incorporation of nanoscale 
TiB₂ particles into Inconel 625 effectively pinned grain 
boundaries and suppressed grain boundary migration 
during deformation, thereby enhancing mechanical 
properties.130 Yang et al.131 systematically investigated the 
effects of adding 10 vol.% micron-sized TiCN particles 
on the microstructure and mechanical properties of 
Inconel 718 matrix composites fabricated through LPBF 
and further analyzed the performance changes of the 
composites after heat treatment. The results indicated that 
the incorporation of TiCN particles significantly improved 
the hardness, tensile strength, and wear resistance of the 
composites. In addition, heat treatment further enhanced 
the mechanical properties of the composites, with the 
improvement in compressive strength being particularly 
prominent. Gruber et al.132 revealed that the addition of an 
appropriate amount of micron-sized carbides and nitrides 
to Inconel 718 alloy can significantly alter its macro 
morphology and microstructure, resulting in finer grain 
sizes and uniformly distributed second-phase particles. By 
adjusting process parameters to precisely control the type, 
content of additives, and the processing procedure, the 
mechanical properties of the material can be significantly 
improved while ensuring good machinability, with 
particular enhancement in the balance between strength 
and ductility. The addition of CNTs into AM nickel-based 
superalloys also contributed to grain refinement and 
strength improvement. However, it was accompanied by 
a reduction in ductility. After appropriate heat treatment, 
the composites exhibited superior overall mechanical 
properties compared to their unreinforced counterparts.133 
Furthermore, in Inconel 718, CNTs provided dispersion 
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strengthening, reduced localized strain accumulation 
between dendrites during solidification, and enhanced 
resistance to thermal stress and strain in the interdendritic 
regions, thereby effectively suppressing crack formation.55

These findings suggest that nanoparticles, as reinforcing 
agents, can significantly enhance alloy strength. However, 
this often comes at the expense of ductility, which poses 
significant challenges for effective toughening strategies. 
Therefore, there is an urgent need to explore novel reinforcing 
agents capable of simultaneously enhancing both strength 
and ductility.134,135 Graphene, as an emerging reinforcement 
in MMCs, offers a high aspect ratio (lateral dimension to 
thickness), an exceptionally large specific surface area, and 
outstanding intrinsic mechanical strength. Even at low 
volume fractions, graphene can dramatically improve the 
comprehensive performance of composites, resulting in 
high reinforcement efficiency. Its large surface area enables 
superior wettability with metallic matrices compared to 
CNTs, promoting stronger interfacial bonding. Moreover, 
graphene effectively suppresses grain growth in the 
matrix with minimal disruption to intergranular spacing, 
thereby enhancing stress transfer efficiency. The surface 
of graphene exhibits a unique wrinkled morphology, 
which flattens under applied stress, dissipating energy 
and contributing to simultaneous improvements in both 
strength and toughness.134,135 Xiao et al.135 employed laser 
cladding to fabricate graphene-reinforced Inconel 625 
composites. The resulting material exhibited increased 
hardness, enhanced thermal conductivity, and improved 
tribological performance, attributed to the self-lubricating 
effect of the graphene interlayer. Xiao et al.135 incorporated 
1 wt.% graphene into AM Inconel 718 and reported that 
the YS and UTS increased by 42% and 53%, respectively, 
compared to the unreinforced alloy. In addition, the 
friction coefficient and wear rate were reduced by 22.4% 
and 66.8%, respectively. Therefore, graphene serves as a 
highly effective reinforcement, capable of significantly 
improving both the mechanical and tribological properties 
of additively manufactured nickel-based superalloys.

5. Conclusion
The development of AM technology has liberated design 
constraints, making it possible to realize complex, 
lightweight, and functional designs and the manufacturing 
of engine components. This advancement has significantly 
contributed to the development of next-generation 
aerospace engines and gas turbines. At present, certain 
AM-fabricated nickel-based superalloy components 
have already been successfully installed in engines or 
passed rigorous qualification tests, achieving remarkable 
results. These milestones demonstrate the tremendous 
potential of AM technology in the aerospace propulsion 

field. However, several critical challenges remain in the 
AM of nickel-based superalloys, including the mitigation 
of process-induced defects (such as porosity and hot 
cracking), the precise control of microstructure evolution 
and resultant mechanical properties, and the design of 
AM-specific alloy compositions tailored to the unique 
thermal and solidification conditions of AM processes. 
Looking ahead, several key research directions warrant 
focused investigation and development in the field of AM 
nickel-based superalloys:
(i)	 The innovative structural design of nickel-based 

superalloy components leveraging AM enables 
lightweight, functionally integrated architecture 
and the fabrication of highly complex engine parts, 
thereby enhancing their service performance and 
multifunctional capabilities. With the continuous 
advancement of AM technology, achieving 
structural-functional integration in high-temperature 
components—while simultaneously improving the 
mechanical properties and service temperature of 
nickel-based superalloys—has become a critical 
development trend for meeting the demanding 
operational requirements of aerospace engines and 
gas turbines. AM offers unparalleled advantages over 
conventional manufacturing methods in fabricating 
complex geometries and enabling multi-material 
integration. By integrating AM with advanced design 
methodologies—such as topology optimization, 
biomimetic structures, architected metamaterials, 
and hierarchical architectures—the structural 
efficiency and material performance of components 
can be maximized. Therefore, structural innovation, 
functional design, and precise process control through 
AM represent key research and development directions 
for achieving structural-functional integration in 
nickel-based superalloy components for aero-engine 
and gas turbine applications.

(ii)	 In integrated components of engines and gas 
turbines—such as compressor disks and turbine 
hubs—different regions are subject to markedly 
distinct service conditions (e.g., temperature, loading), 
resulting in non-uniform distributions of thermal and 
mechanical stresses within the material. Traditional 
monolithic components are increasingly incapable of 
meeting the demanding performance requirements 
in such complex operational environments. Through 
functionally graded material (FGM) design, the 
blade section can be tailored to exhibit high ductility, 
excellent thermal stability, and superior HCF 
resistance at elevated temperatures, while the disk 
section can be engineered for high creep resistance, 
low-cycle fatigue strength, and enhanced fracture 
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toughness. By establishing a gradual transition in 
mechanical and thermal performance between the 
disk and blade regions—aligned with the spatial 
variations in temperature and mechanical load—
the full material and structural potential of nickel-
based superalloys can be exploited. This enables the 
fulfillment of region-specific thermal and mechanical 
demands, thereby improving overall engine efficiency 
and reliability. AM, with its layer-by-layer, point-by-
point fabrication principle, offers a unique capability 
to produce complex-shaped components with spatially 
tailored property gradients. This is achieved through 
in situ feeding of multiple materials with varying 
compositions, coupled with real-time adjustment 
of processing parameters based on predefined 
material and performance specifications. As a result, 
components with precisely controllable gradients 
in compositions, microstructures, and mechanical 
properties can be manufactured. The integration 
of AM with functionally graded material design 
represents a highly promising pathway toward the 
development of next-generation, high-performance 
gradient material components for the hot sections of 
aerospace engines.

(iii)	Traditional strengthening mechanisms, such as grain 
refinement, solid solution strengthening, precipitation 
strengthening through dispersed phases, and 
deformation strengthening, can effectively enhance 
the strength of metallic materials. However, these 
approaches often sacrifice ductility and toughness, 
making it challenging to achieve an optimal balance 
between strength and plasticity. In recent years, 
studies have demonstrated that heterogeneous 
composite architectures—such as those with 
hybrid, layered, gradient, bimodal, hierarchical, 
or harmonic structures—are more effective in 
harnessing the synergistic coupling effects among 
distinct microstructural constituents. This enables 
the simultaneous enhancement of both strength and 
ductility, thereby achieving a superior combination of 
mechanical properties. Metal AM provides a powerful 
platform for fabricating complex-shaped functionally 
graded components with spatially controlled gradients 
in compositions, microstructures, and properties. This 
capability greatly facilitates the design and realization 
of tailored composite architectures for concurrent 
strengthening and toughening. Without modifying 
the base alloy composition, AM can precisely control 
microstructural features, including grain morphology, 
size, crystallographic orientation, and substructures, 
across different regions of the component. This enables 
the construction of engineered “heterogeneous” 

architectures that fully exploit the performance 
potential of conventional structural metals to meet 
increasingly demanding industrial requirements. 
Such advancements are expected to accelerate 
the engineering deployment of laminated and 
architected metal composites in aerospace and related 
high-performance sectors. Therefore, composite-
architecture-based strengthening and toughening of 
AM-fabricated nickel-based superalloys represents a 
significant and promising research direction.

(iv)	 Alloy composition design for AM-specific nickel-based 
superalloys and nickel-based composites presents a 
critical research frontier. First, suitable compositions 
and phase constituents must be carefully selected to 
suppress the formation of processing defects, such as 
solidification and LC during both the fabrication and 
post-processing stages. Concurrently, the alloy must 
meet stringent service performance requirements 
under high-temperature and high-stress conditions. 
By integrating computational materials design 
software—such as Thermo-Calc and JMatPro for 
thermodynamic calculations, and DICTRA for kinetic 
simulations—with high-throughput experimental 
approaches, it becomes feasible to quantitatively 
predict the influence of elemental additions on the 
processability and mechanical behavior of nickel-
based superalloys. This integrated approach enables 
rapid screening and identification of promising 
alloy compositions with tailored properties, thereby 
accelerating the development of next-generation 
AM-specific superalloys. Likewise, the incorporation 
of secondary phase particles (such as ceramic particles, 
rare earth oxides, graphene, and CNTs) into nickel-
based superalloys offers an alternative strategy for 
performance enhancement. Research in this domain 
focuses on elucidating how these reinforcing phases 
affect microstructural evolution and mechanical 
response. However, in composite materials, the 
dispersion homogeneity of the secondary phase 
and the integrity of interfacial bonding are critical 
factors that significantly influence overall mechanical 
performance. To address these challenges, in situ 
characterization techniques—such as high-speed 
synchrotron X-ray radiography and small-angle 
neutron scattering (SANS)—can be employed to 
probe the dynamic behavior and spatial distribution 
of reinforcing phases, the initiation and propagation of 
metallurgical defects, and the underlying mechanisms 
of microstructural evolution. Such real-time 
insights are essential for deepening the fundamental 
understanding of formation and performance 
optimization in AM-fabricated nickel-based 
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composites. Consequently, AM process engineering 
is fundamentally distinct from conventional material 
processing. Therefore, the development of nickel-
based superalloys and composite materials specifically 
engineered to leverage the unique thermal and kinetic 
conditions of AM processes represents a pivotal 
direction for future research.
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