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Abstract
Additive manufacturing (AM) has created new possibilities to eliminate secondary 
processes such as machining. By reducing material waste and shortening lead 
times, AM is regarded as a key enabling technology for Industry 4.0 in the global 
market. Among nickel-based superalloys, Inconel 939 (IN939), a precipitation-
hardened alloy, is widely explored for high-temperature components operating 
at service temperatures of ~850 °C in demanding aerospace applications such as 
gas turbine blades. The pronounced cracking susceptibility of IN939 introduces 
processing challenges in the AM environment. Fabricating dense components 
requires optimized processing parameters (laser power, scan speed, hatch spacing, 
and layer thickness). This review addresses the influence of AM routes—specifically 
powder bed fusion, directed energy deposition, and electron beam melting—on the 
microstructure and tensile properties of IN939. The mechanical performance of IN939 
is primarily determined by the alloying element composition, with microstructural 
studies focusing on the formation of precipitate types. Mechanistic insights are 
provided that correlate the thermodynamic factors (solidification pathway and 
driving force for precipitation) and kinetic factors (cooling rate, diffusion) governing 
microstructural evolution with their influence on the strength-ductility trade-off. The 
compiled literature sheds light on the effects of heat treatment, the formation of 
various defect types, and fatigue and creep behavior of IN939.

Keywords: Additive manufacturing; Laser powder bed fusion; Inconel 939; Mechanistic 
modeling

Materials Science in Materials Science in 
Additive ManufacturingAdditive Manufacturing

*Corresponding author: 
A. Raja Annamalai  
(raja.annamalai@vit.ac.in) 

Citation: Singh P, Khan 
S, Annamalai AR. Additive 
manufacturing of Inconel 939: 
A review of microstructure, 
defects, and mechanical 
properties. Mater Sci Add Manuf. 
2026;5(3):026080014. 
doi: 10.36922/MSAM026080014

Received: February 17, 2026

Revised: March 30, 2026

Accepted: April 3, 2026

Published online: June 19, 2026

Copyright: © 2026 Author(s). 
This is an Open-Access article 
distributed under the terms of the 
Creative Commons Attribution 
License, permitting distribution, 
and reproduction in any medium, 
provided the original work is 
properly cited.

Publisher’s Note: AccScience 
Publishing remains neutral with 
regard to jurisdictional claims in 
published maps and institutional 
affiliations.

1. Introduction
The scientific community is harnessing additive manufacturing (AM) to its fullest 
potential, as it simplifies the creation of complex geometries and enhances specific 
manufacturing processes and material properties.1 AM technology can be traced to the 
invention of stereolithography by Chuck Hull in 1984 (foundational patent), followed 
by selective laser sintering2,3 developed by Carl Deckard and patented in 1989. The 
concept of laser-based powder bed fusion (LPBF) was pursued by EOS in Germany 
(1989), introducing the first commercial laser sintering system (1990). By the late 1990s, 
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powder bed fusion and directed energy deposition (DED) 
had emerged as two important AM processes. 

The Inconel family was developed in the early 1930s 
by the International Nickel Company (INCO, founded in 
Canada) and is capable of sustaining high-temperature 
service in corrosive environments. Table 1 provides a 
chronological overview of the Inconel series. In 1930, 
Inconel 600, the first commercial alloy, exhibited solid-
solution strengthening, non-magnetic properties, and 
resistance to oxidation across a wide temperature range from 
which subsequent alloys were derived.4 In 1950, Inconel 
713C was developed as a vacuum-melted precipitation 
hardened cast superalloy, in which the addition of Al and 
titanium (Ti) generates gamma prime (γ’) precipitate.5 In 
the early 1960s, two alloys were developed: Inconel 718, 
introduced in 1962, and Inconel 625, introduced in 1964. 
Inconel 718 is widely produced owing to its high tensile 
strength, which is regulated by the γ’’ precipitate (Ni3Nb) 
and helps reduce the driving force for cracking during 
solidification.6,7 Inconel 625 is solid-solution strengthened 
by molybdenum (Mo) and niobium (Nb) in the nickel 
(Ni)–chromium (Cr) matrix and exhibits high strength.8

Inconel 188 (Haynes 188), introduced in the mid-
1960s, is a cobalt (Co)–Ni–Cr–tungsten (W) alloy 
designed for oxidation resistance at elevated temperatures, 
finding application in liners, ducts, and aero-engine gas 
turbines.9 Inconel 690 was introduced towards the end of 
the 1960s and used in nuclear steam tubing, with a lower 
Co and higher Cr content. Inconel X-750, developed in the 
middle of the 20th century, became popular for its usage in 
turbine blades, seals, and high-temperature fasteners, due 
to its high oxidation and creep resistance.10 Inconel 617, 
developed in the 1970s, is a solid-solution strengthened 
alloy by Co, Mo, and Cr; it offers high-temperature 
strength, oxidation and corrosion resistance with excellent 
weldability.11 Alloys introduced during the 1980s extended 
the application range of the Inconel series. In 1982, Inconel 
925 was invented, which improved mechanical properties 
and oxidation and corrosion resistance.12 Thermally stable 
Inconel 230 was introduced in 1984 and was designed to 
be used in gas turbine combustors, heating systems, and 
chemical processes.13 Inconel 725, designed to provide 
excellent corrosion protection, was introduced in 1989. 
Ti additions enable age hardening after heat treatment, 
thereby expanding the alloy’s structural applications.8 
During the same period, Inconel 751, containing higher 
levels of aluminum (Al), enhanced the rupture strength 
of Ni alloys at high operating temperatures (~1,600 °F).14 
Inconel 939 (IN939) was developed in 1970,15 with high 
Cr and Co content (18–20 wt%), providing superior 
oxidation and corrosion resistance for industrial gas-

turbine applications. Previous studies have also supported 
the use of IN939 as a cladding material. The mechanical 
behavior is strongly governed by the volume fraction of the 
strengthening γ’ precipitate. The alloying elements such as 
Al, Ti, tantalum (Ta), and Cr are essential for stabilizing γ’ 
precipitates and ensuring long-term performance during 
high-temperature operations.

This review summarizes current insights on IN939 
developed via different powder-bed fusion techniques, 
focusing on the microstructure-strength relationship. 
LPBF, which is of great interest to automotive and aerospace 
applications16, is considered an ideal processing route for 
the fabrication of components.17–19 The optimal processing 
route is application-driven, with the cooling rate factor 
playing a vital role. High cooling rate, on the order of 105–
106 K/s, controls microstructural stability. Furthermore, 
LPBF enables the fabrication of conformal cooling 
channels with high geometric resolution, allowing more 
uniform heat extraction. The fine-powder bed resolution 
enables the production of intricate geometries with a 
fully enclosed interior cavity without support structures. 
DED, by comparison, lacks resolution, and electron beam 
melting is constrained by a larger powder size.

1.1. Laser powder bed fusion
The LPBF method is used to print three-dimensional parts 
by continuously adding thin layers of material, guided by a 
digital approach. This process involves designing complex 
geometry using computer-aided design (CAD) and an 
automated batch system. Computer-aided manufacturing 
and controlled material deposition are used to achieve 
the accuracy of the built part. LPBF is an AM process that 
builds parts with complex geometries layer by layer from 
CAD-designed models.1,2 Figure 1 shows how LPBF works 
by using a laser to melt metal powder within the powder 
bed selectively. During this process, a thin layer of metal 
powder is evenly spread across the build platform, and a 
focused laser melts it. Support structures are formed from 
the unmelted powder remaining in the bed.20 The build 
platform moves downward as each layer solidifies, allowing 
another layer to be deposited on top of the solidified 
surface.21 This process features rapid solidification rates 
of approximately 105–107 K/s3. When LPBF is combined 
with heat treatment, it improves the application of IN939 
in the aerospace industry. To fully utilize the properties of 
LPBF-produced IN939, standard heat treatment involving 
solutionizing is performed. This process dissolves γ’ 
phases formed during LPBF, resulting in a supersaturated 
solid solution, and removes η phases.22,23 To further 
enhance properties, aging is conducted, which promotes 
γ’ phase growth, the primary strengthening mechanism of 
IN939.22,24
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Table 1. A chronological overview of Inconel alloy: Strengthening mechanism and application

Alloy Year Strengthening mechanism Application

IN600 1930 Solid solution (Ni–Cr–Fe) Oxidation/corrosion-resistant heat exchangers and 
process equipment

IN713C 1950s Precipitation (γ’, Ni3(Al, Ti)) Vacuum-cast turbine blades and vanes

IN718 1962 Precipitation (γ”, Ni3Nb) Aerospace turbine discs, shafts, casings, and fasteners

IN625 1964 Solid solution (Mo, Nb in Ni–Cr) Marine, chemical processing, and aerospace structural 
components

IN188 1966 Solid solution (Co–Ni–Cr–W) Combustion liners, transition ducts, and afterburner 
hardware

IN690 ~1968 Solid solution (high Cr, ~30 wt%) Nuclear steam generator tubing; chemical plant heat 
exchangers

IN X-750 Mid-20th 
century Precipitation (γ’, Ni3 (Al, Ti)) Turbine blades, seals, springs, and high-temperature 

fasteners

IN617 1970 Solid solution + carbide (Co, Mo, Cr) Reformer tubes, combustors, and high-temperature 
heat exchangers

IN939 1970 Precipitation (γ’, Ni3 (Al, Ti, Ta)) Industrial gas turbine vanes and blades; weld-
repairable hot-section components

IN925 1982 Precipitation (γ’/γ’’, Ti and Al addition) Oil and gas wellbore completion components

IN230 1984 Solid solution + carbide (W, Mo) Combustors, industrial heating systems, and high-
temperature reactors

IN725 1989 Precipitation (γ’/γ’’, Ti and Nb addition) Sour-gas wellbore components in high-pressure/high-
temperature service

IN751 ~1989 Precipitation (γ’, Al-rich Ni3Al) Exhaust valves; high-temperature rupture-strength 
applications

Figure 1. Process overview of laser powder bed fusion
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1.2. Directed energy deposition

Directed energy deposition is an AM process. Figure 2 
illustrates the working principle, which uses a focused 
heat source produced by a laser or electron beam to melt 
the deposited material.25,26 DED printers have a nozzle 
head that can move in multiple directions around an 
object, based on a CAD model, depositing material along 
the required areas. The focused energy source melts 
the delivered feedstock and a portion of the substrate, 
forming a melt pool that solidifies into a deposited track. 
A continuous layer-by-layer process is followed until the 
object is complete. The solidification rate for this process 
ranges from 103 to 105 K/s.27–29 This process is used for 
large-scale printing and has a high deposition rate, making 
it a cost-efficient technique.30

1.3. Electron beam melting

Electron beam melting is a three-dimensional (3D) 
printing method in which metal powder is held in a vacuum 
chamber and melted by an electron beam.30 Figure 3 shows 
that this process requires a high-energy electron beam and 
a vacuum chamber to prevent oxidation, which can cause 
deterioration of the finished parts.20,31,32 The powder on the 
bed is first preheated, sintered, and then melted. The bed 
is lowered so a new layer of powder can be laid on top, 
and this process repeats until the final part is created.33 
This process operates at high temperatures, around 1,000 
°C, affecting phase formation through solidification and 
solid-state transformations.34 Electron beam melting has a 
cooling rate of up to 102–103 K/s.35 The grain size can vary 
with location, current, electron-beam velocity, and cooling 

rate. This variation promotes heterogeneous nucleation and 
grain-size refinement before solidification.36 The process 
provides low thermal gradients and residual stresses.37 
Metal powder is processed as a feedstock by DED, LPBF, 
binder jetting, selective laser melting (SLM), and electron 
beam melting.

1.4. Effects of alloying elements

Nickel-based superalloys are composed of 8–10 elements, 
each with a specific role. Here, we focus on IN939, which 
is traditionally known as a Ni–Cr alloy, as Cr is its most 
significant element. Ni, present in the highest percentage, 
forms the γ matrix. After Cr, Co is the next most abundant 
element, which leads to the formation of various secondary 
phases, precipitates, and deleterious phases at different 
temperatures.38–44 In IN939, the γ phase begins to form 
early at approximately 63 wt% at 600 °C. The γ matrix 
has a face-centered cubic (FCC) crystal structure with the 
space group Fm-3m (No. 225).45,46 Ti, Ta, and Al promote 
the formation of γ’ precipitate, i.e., (Ni3(Al, Ti)).47–49 The 
γ’ phase forms up to ⁓35 wt% at 600 °C24 and serves as a 
high-temperature strengthening phase in superalloys.48 It 
possesses FCC L12 crystal structure (space group Pm-3m 
[No. 221]), where Al/Ti atoms occupy corner positions 
while Ni atoms reside at face-centered positions.44,45,50,51 
γ’’ precipitates, which have a body-centered tetragonal 
structure with the space group I4/mmm (No. 139), formed 
through Nb addition and commonly expressed as Ni3Nb. 
Strengthening performance occurs due to the γ’ and γ’’ 
barriers limiting dislocation movement, which requires 
additional energy.49,52–54 Table 2 shows the phases, crystal 
structure, and space group for the respective precipitates 

Table 2. Phases, crystal structure, and space group of Inconel 939

Phase Crystal structure Composition Space group

γ matrix FCC Ni, Co, Nb, Cr, Fe Fm-3m (No. 225)

γ’ L12 ordered FCC Ni3(Al, Ti) Pm-3m (No. 221)

γ” BCT Ni3Nb I4/mmm (No. 139)

MC, M23C6 FCC MX (Nb, Ti, etc.) and M23C6 types Fm-3m (No. 225)

η HCP, D0₄ structure Ni3Ti or Ni3Ta P63/mmc (No. 194)

σ Tetragonal (Ni, Co, Cr, Mo, W, Ta, Nb) P42/mnm (No. 136)

Laves Hexagonal (C14) (Ni, Fe, Cr)2 (Nb, Mo, Ti) P63/mmc (No. 194)

Abbreviations: BCT: Body-centered tetragonal; FCC: Face-centered cubic.
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Figure 2. Overview of directed energy deposition

present in IN939. A small amount of carbon is added, 
forming MC-type carbides or M23C6 carbides, which 
have an FCC crystal structure and the Fm-3m (No. 225) 
space group.53,55 The precipitates are solidification-stable 
at a concentration of about 1–2 wt% and will remain 
unchanged over a wide temperature range, which is 
useful for creep resistance, allowing stress relaxation and 
limiting grain boundary sliding at high temperatures.23,53,55 
They dissolve at temperatures around 1,320 °C.23 Some 
deleterious precipitates, such as η (Ni3Ti with Ta, Nb, 
Al), are also formed, which deteriorate the material by 
causing embrittlement, reducing ductility, and affecting 
creep life. This η phase has a hexagonal D024 crystal 
structure with space group P63/mmc (No. 194). It forms 
around 911 °C, with its wt% increasing up to ~5% at 
1,050 °C, before dissolving completely at around 1,134 
°C.23 Other precipitates, such as Laves and sigma phases, 
also exist, with topologically close-packed hexagonal and 
tetragonal crystal structures, assigned space groups P63/
mmc (No. 194) and P42/mnm (No. 136), respectively.47,49,52 

Each element in IN939 is crucial in enhancing the overall 
material performance.

2. Overview of the structural integrity of 
laser powder bed-fused IN939
The mechanical behavior of IN939, widely used in the 
aviation sector for making turbine blades and vanes, is 
heavily influenced by thin-walled geometries, especially 

during LPBF manufacturing. Experimental research and 
application-based studies on conventionally processed 
IN939 have shown that the component’s thickness plays a 
crucial role in tensile strength, with a consistent decrease in 
tensile strength as thickness decreases. This dependence has 
also been observed in variants of additively manufactured 
materials, with the critical importance of wall thickness 
to the mechanical performance of LPBF-produced 
IN939 parts.15,56 Research has also focused on the effects 
of temperature changes on the mechanical properties 
of superalloys, as illustrated in Table 3. It shows that 
elongation and tensile strength decrease with increasing 
temperature. This decrease is primarily due to increased 
dislocation motion, as more thermal energy is required to 
activate slip systems.57 In addition, studies on silicon (Si) 
alloying have examined the crack reduction behavior of 
IN939. Although earlier studies reported reduced crack 
density at lower Si content, more recent work suggests 
that controlled Si addition within a specific composition 
range can reduce cracking by altering crystallographic 
orientation and grain refinement. The microstructural 
modification, the primary dendritic arm spacing increases 
with the addition of Si, leading to a drop in cooling rate 
during LPBF.25 The associated increase in solidification 
time reduces thermal stresses, thereby lowering the 
susceptibility to solidification cracking. Experimental 
research shows that AM has higher tensile strength at 
three temperatures compared to traditional casting. In 
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Figure 3. Process overview of electron beam melting

addition, tensile strength is also significantly enhanced 
by the formation of spherical γ’ precipitates in samples 
produced by AM subjected to heat treatment.58 Tensile tests 
at three different temperatures revealed that secondary γ’ 
precipitates are primary contributors to increased strength, 
as they act as obstacles to dislocation motion and, as a 
result, restrict the slip and enhance the alloy strength.59 
The differences in the macro and microstructures of 
IN939 significantly influence its tensile performance. It 
is important to preheat at about 400 °C, which increases 
the solidification time and allows more time to carry out 
crystallization and promotes the formation of carbides and 
γ’ precipitates, thereby improving alloy strength. These 

precipitates directly affect the mechanical properties, 
either enhancing or degrading performance depending 
on their size and volume fraction.60–64 The properties of 
IN939 have been investigated using techniques such as 
wire electric discharge machining (W-EDM). Different 
build orientations of the alloy have shown anisotropic 
behavior under various W-EDM parameters, e.g., pulse-on 
and pulse-off periods. It is interesting to note that the 
Z-direction exhibits lower tensile strength than the 
XY-plane, which is attributed to differences in grain growth 
and microstructural evolution. Microstructural changes in 
the Z-direction, due to the formation of elongated grains, 
directly influence mechanical performance.65–69 Solution 
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treatments have also been studied to understand their 
effects on the mechanical properties of LPBF-manufactured 
IN939. The findings indicate that tensile properties are 
not always improved by solution treatment alone. The 
formation of larger recrystallized grains with intragranular 
carbides can create preferential sites for crack initiation 
and reduce mechanical performance. Consequently, 
the Heat Treatment 2 (HT2) condition does not exhibit 
improved room-temperature strength. Additionally, 
comparisons between Heat Treatment 1 (HT1) and HT2 
samples reveal that tensile strength decreased under both 
conditions. These findings suggest that solution treatment 
alone is insufficient; further aging is necessary to promote 
γ’ precipitation and enhance IN939’s strength.63,70,71

The mechanical behavior and microstructural 
development of LPBF-processed IN939 under various 
heat treatment pathways, such as direct aging and 
solutioning followed by aging, have been studied in recent 
research. Unlike in the solutionized and two-step-aged 
conditions, the γ’ precipitate size varied significantly 
between the solutionized and water-quenched states. 
Tensile strength improved at room temperature under 
direct aging conditions (DA1 and DA2), although ductility 
decreased. The water-quenched samples provided a better 
combination of mechanical properties, showing a more 
favorable balance between high strength and moderate 
ductility.57,72–74

Table 3. The reported tensile strength of additively manufactured Inconel 939

No. Author Condition/parameter Tensile strength (MPa) References

1. Fardan et al.

0.5 mm thickness; 90° 
orientation 932

56

0.5 mm thickness; 45° 
orientation 955 

1 mm thickness; 90° 
orientation 1,269 

1 mm thickness; 45° 
orientation 1,134 

2 mm thickness; 90° 
orientation 1,331

2 mm thickness; 45° 
orientation 1,204 

2. Zou et al.

Room temperature (RT)
650 °C
700 °C
850 °C
950 °C

1,437
960
880
400
200

57

3. Zhang et al.
IN939

IN939 + 1.5% Si
IN939 + 3% Si

1,000
1,100
1,200

25

4. Shaikh et al.
Direct aged 1,429

75

Solution+aged 1,438 

5. Šulák et al.

23 °C 1,106

58700 °C 936 

800 °C 786 

(Cont’d...) 
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No. Author Condition/parameter Tensile strength (MPa) References

6. Gusain et al. HT1 1,450 59

7. Malý et al.

Room temperature 1,074

60400 °C 1,341 

200 °C 1,062 

8. Li et al. Hot isostatic pressing 1,153 62

9. Kanagarajah 
et al. Aged 1,286 64

10. Piwowarski 
et al. HT1 1,410 71

11. Kumar et al. DA2 1,236 73

3. Microstructural relationship of Inconel 
939
The Gibbs energy characteristics of the Ni–Cr binary 
system help explain the stability of the FCC phase of IN939. 

Precipitation hardening is the primary method used to 
strengthen IN939, which has an FCC austenitic matrix 
as its continuous phase. Its mechanical performance is 
improved by appropriate proportions of alloying elements 
such as Co, Cr, Mo, and W incorporated into this matrix.16 

Table 4. Selected studies on the microstructure of Inconel 939

No. Author Microstructure description Optical microscopy image References

1. Visibile et al.

Melt pool morphology 
with 100–200 μm width, 
along with laser tracks 

corresponding to the build 
direction

76

2. Piwowarski et al.

After HT1, elongated grains 
were observed in the sample, 

and a melt pool was also 
seen, which shows uniform 

dendritic morphology

71

Table 3. (Continued)

(Cont’d...) 
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No. Author Microstructure description Optical microscopy image References

3. Marchese et al.

Melt-pool boundaries 
defining fish scale structure 

with dominant columnar 
grains

24

4. Malý et al.

Uniform melt pools and laser 
tracks are seen in the XZ and 

XY axes, respectively, with 
columnar grains elongated 
along the build direction

60

5. Rodríguez-Barber et al.
Fine cellular structure 

defining columnar grains with 
<001> texture

77

6. Fardan et al.

Half-circle melt pool 
borders are observed in the 

microstructure that are non-
uniform, which is formed 
due to a 67° scan rotation 

that produces partly melted 
particles, resulting in surface 

roughness

56

Table 4. (Continued)

The FCC crystal structure has the highest atomic packing 
efficiency, ⁓74%, providing multiple slip systems.78 Gibbs 
free energy (G), defined as:

G H T S∆ = ∆ − ∆ 	 (1)

where ΔH is the enthalpy change, T is the absolute 
temperature, and ΔS is the entropy change. This 
relationship helps explain the thermodynamic stability of 
the FCC phase. Gibbs free energy represents the amount 
of a system’s internal energy available to perform work 
at constant temperature and pressure. Since FCC can 
accommodate a wide variety of substitutional solutes, the 
increase in configurational entropy in the IN939 FCC 
matrix complements the enthalpic decrease due to dense 
atomic packing. The thermodynamic stability of the FCC 
phase in Ni-based superalloy IN939 is maintained by the 
reduction of Gibbs free energy through the combined 

effects of lower enthalpy and higher entropy.79 Ni and 
Cr are the primary alloying elements in IN939, forming 
the basis for its phase stability. While Cr is stable in the 
body-centered cubic crystal structure, Ni exhibits a stable 
FCC crystal structure. The Ni–Cr binary phase diagram 
shows that at about 1,200 °C, Ni and Cr (Ni(Cr)) form 
a substitutional solid solution that maintains the FCC 
structure. Conversely, Cr (Ni), which stabilizes in the 
body-centered cubic structure, forms when Cr dissolves 
Ni. The alloy system is expected to be thermodynamically 
stable at high temperatures because both solid solutions 
correspond to regions of reduced Gibbs free energy. This 
stability is facilitated by the extensive FCC solid–solution 
zone in the Ni–Cr system, which forms the matrix phase in 
Ni-based superalloys such as IN939.80

 Inconel 939 is a high-performance superalloy that offers 
high strength at high temperatures. It has several phases 
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in its microstructure, including carbides, solid–solution 
constituents, and strengthening precipitates, which are 
the major contributors to its strength. To stabilize these 
phases and improve mechanical performance, alloying 
elements such as W, Ta, and Nb are also added.80,81 
These strengthening mechanisms are promoted in the 
FCC crystal structure using the γ-phase matrix. Several 
processing and heat-treatment methods have been 
studied to further enhance its properties, which require 
detailed microstructural analysis. Table 4 illustrates the 
existing literature on the microstructural morphology 
of IN939. Kanagarajah et al.64 analyzed microstructures 
along and across the build direction of IN939 samples 
made via LPBF. The study found that layer-by-layer AM 
forms homogeneous, archlike structures along the melt-
pool boundaries.64 As-built IN939 samples exhibit a wide 
range of microstructural variability at different volumetric 
energy densities (VEDs). Rodríguez-Barber et al.77 found 
that high VED favors the development of columnar 
grains characterized by a unique and uniform texture 
compared to weakly textured polycrystals with randomly 
shaped grains produced at low VED.77 The sensitivity of 
additively manufactured IN939 to processing parameters 
reflects the significant role of energy input in tailoring the 
microstructure.80

In LPBF-processed IN939, Güler et al.82 reported that 
arch-shaped melt pools with dendritic and interdendritic 
structures, which contribute to anisotropic mechanical 
behavior, can be observed.82 Additional observations by 
Zhang et al.25 were that pure IN939 often cracks along the 
build direction, whereas carefully controlled Si additions 
greatly suppress cracks, and even crack-free alloys can 
be obtained. Si acts as a surface-active element and can 
alter melt-pool dynamics at concentrations of 1.5–3.0 
wt%. Its incorporation inhibits the solidification cracking 
mechanism. It was noted that a shift in microstructural 
evolution occurred, with the main cracks in columnar 
grains becoming the dominant feature. As the Si content 
increases, the optical micrographs show negligible cracking. 
This behavior is attributed to Si segregation, which modifies 
the surface tension coefficient and alters the Marangoni 
convection. Additionally, the overall mechanical response 
of the alloy improved with a faster cooling rate and 
increased precipitation, which was richer in Ti, Si, and 
Nb25. Piwowarski et al.71 studied the as-built microstructure 
of IN939 and found that it formed dendrites within melt 
pools that were rotated by 67° between successive layers. 
Heat-treated conditions (HT1 and HT2) have been 
examined; these show equiaxed grains in the XY plane 
and elongated grains in the XZ plane. Dendritic features 
disappeared after heat treatment, and HT2 exhibited fully 
recrystallized grains of the same size in both planes. The 

as-printed condition had similar melt pools, with depths of 
approximately 40 to 50 μm in longitudinal and transverse 
directions, as reported by Kumar et al.83 Columnar grains 
averaging approximately 104 μm in length were observed 
in the longitudinal slice after heat treatment, highlighting 
the significant effect of heat treatment on grain shape. Malý 
et al.60 discovered diverse microstructural properties of 
IN939 depending on the observation plane. Regular melt 
pools were observed in the XZ plane, while laser scan trails 
appeared in the XY plane. The substrate was preheated to 
400 °C, producing fine cellular structures and columnar 
grains extending along the build direction; in some areas, 
the columnar grains developed perpendicular to the 
build. Marchese et al.24 identified lengthy grains aligned 
with the build direction, with dendritic, interdendritic, 
and submicrometric phases grouped near grain borders. 
These results suggest that while rapid solidification 
inhibits the formation of these features, they appear under 
more gradual cooling conditions. The microstructure of 
cylindrical IN939 samples was optimized by Kumar et al.72, 
who found that the as-printed state exhibited dendritic-
columnar characteristics with Ti- and Nb-rich phases and 
metal carbides along grain boundaries. In DA1, additional 
double-aging treatments (DA1 and DA2) promoted the 
precipitation of γ’ and carbides, whereas in DA2, η (Ni3Ti) 
and γ’ phases formed. At a 67° scan rotation, Fardan et al.56 
observed semi-circular, irregular melt pools, with partly 
melted powder particles contributing to surface roughness. 
Shaikh et al.75 found dendritic and fine interdendritic 
structures alongside elongated columnar grains oriented 
along the build direction in parallel sections. In their 
comparison of AM- and traditionally fabricated IN939, 
Visibile et al.76 attributed the microstructure differences 
to variations in heat flow, which lead to anisotropic 
characteristics. While AM-Z (perpendicular to the build 
direction) exhibited clear elongated grains, indicating 
orientation-dependent microstructural development 
in AM alloys, AM-Y (parallel to the build direction) 
contained melt pools 100–200 μm in size without affecting 
the orientation of columnar grains. 

4. Effect of heat treatment on IN939
The heat treatment approaches adopted modify 
the solidification behavior, thermal gradient, and 
undercooling, significantly affecting the ultimate tensile 
strength (UTS), grain morphology, size, and distribution of 
γ’ precipitates. These heat-treatment regimes are primarily 
designed to strengthen by controlling γ’ precipitation 
and dissolving deleterious phases. Therefore, the initial 
treatment involves single-phase formation, so that the 
deleterious and unwanted precipitates are dissolved, 
a process known as solutionizing. Subsequent aging 
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steps employed primarily for IN939 include single-step, 
two-step, or four-step direct aging from the as-printed 
condition. Solutionizing of IN939 is usually carried out at 
two temperature variants (1,160/1,190 °C, 4 h). To reduce 
the porosity, a direct heat treatment method can also be 
adopted, which operates within the range of 1,163–1,200 
℃/3 h. The cooling environment also plays a vital role, 
and common cooling methods include water quenching 
(WQ), air cooling (AC), and furnace cooling (FC), each 
of which affects microstructural evolution differently. 
WQ effectively freezes the microstructure. During 
solutionizing, various processing routes can be adopted; 
however, for precipitate evolution, rapid AC is generally 
adopted. Table 5 consolidates the overview of different 
heat treatment regimes. Shaikh et al.23 investigated the 
microstructural behavior with and without solutionizing. 
In the as-printed condition, γ’ precipitates were absent, 
whereas a dendritic microstructure was observed along the 
build direction. Direct aging, i.e., without solutionizing, 
leads to the formation of the η phase, which affects ductility. 
Microstructure and tensile performance are systematically 
influenced by processing strategy and post-build heat 
treatment, according to published research on additively 
manufactured IN939. LPBF IN939 microstructural 
behavior in the as-printed condition was investigated by 
Shaikh et al.75, and the necessity for solutionizing was also 
assessed. Aging without solution treatment (1,000 °C/6 h 
+ 700 °C/16 h) resulted in columnar cellular grains with 
γ’ sizes of 200–300 nm and a UTS of 1,429 ± 35 MPa (low 
ductility ~4.6% attributed to induced embrittlement), 
while solution treatment at 1,190 °C/4 h before aging led 
to a strength of 1,438 ± 10 MPa. According to Šulák et al.58, 
the LPBF built in both horizontal and vertical orientation 
and heat-treated at 1,160 °C/4 h, then 1,000 °C/6 h +  
800 °C/4 h, exhibited strong anisotropic texture and 
columnar <001> grains with UTS values of about 1,050–
1,150 MPa, yield strengths of about 850–950 MPa. Gusain 
et al.59 reviewed studies, the highest equiaxed grains were 
obtained through the combination of LPBF with hot 
isostatic pressing (HIP) and a multi-step HT3, which 
comprised stress relief at 900 °C, solution treatment at 
1,190 °C, followed by aging. This yielded a bimodal γ’ 
distribution, with primary γ’ ~205 nm and secondary γ’ 
~20 nm; corresponding to this, the UTS was ~1,200 MPa, 
and the yield strength was 900 MPa. Although γ’ size was 
not specifically stated, Malý et al.60 demonstrated that LPBF 
with base-plate preheating at 400 °C produced larger melt 
pools and wider columnar grains in the as-built condition, 
yielding a UTS of ~1,250 MPa. Kumar et al.72 studied that 
in LPBF IN939, direct aging at 800 °C/6 h produced fine 
γ’ precipitates of 25–30 nm and a yield strength of 1,040 ± 
6 MPa while maintaining the cellular–columnar structure. 

Higher-temperature direct aging at 1,000 °C/6 h followed 
by aging promoted η-phase formation with γ’ coarsening 
to ~250 nm and increased yield strength to 1,235 ± 26 MPa 
without changing grain morphology. While AC produced 
~50 nm γ’ and minor sub-cell coarsening, solution 
treatment at 1,190 °C/4 h followed by FC promoted γ’ 
coarsening to ~100–200 nm without recrystallization. 
While furnace-cooled conditions produced coarser γ’ of 
~250–300 nm, intricate routes combining WQ and double 
aging produced optimized γ’ distributions of ~80–100 nm 
with yield strengths around 930 MPa, consistently retaining 
the cellular columnar grain morphology. According to 
Kumar et al.83, LPBF IN939 exhibited high tensile strengths 
of 1,403 ± 11 MPa in the transverse direction and 1,385 ± 
4 MPa longitudinally, with γ’ sizes in the range of 80–180 
nm, after undergoing solution treatment at 1,190 °C/4 
h and aging at 1,000 °C/6 h + 800 °C/4 h. On the other 
hand, Kanagarajah et al.64 found that SLM-fabricated 
IN939 underwent significant recrystallization after being 
treated at 1,160 °C for 4 h and then aged at 850 °C for 16 
h. This resulted in equiaxed grains of about 35–70 µm 
with a weakened texture and UTS values between 1,150 
and 1,250 MPa. In SLM-fabricated IN939, Güler et al.82 
compared HIP-assisted aging (HT1) and vacuum heat 
treatment aging (HT2), reporting γ’ volume fractions of 
~31.6% and ~32.1%, respectively, with corresponding 
UTS values of ~760–780 MPa and ~750–770 MPa; HT1 
caused directional coarsening and platelet-like distortion, 
while HT2 encouraged spherical coalescence and partial 
dissolution of γ’. Li et al.62 showed that electron beam 
selective melting-fabricated IN939 subjected to HIP 
at 1,200 °C + 4 h + 120 MPa (FC) achieved a UTS of 
1,153 ± 50 MPa with homogenized columnar grains, 
whereas HIP + HT at 1,140 °C/4 h followed by aging at  
850 °C/16 h produced homogeneous γ’ precipitates below 
200 nm and a reduced UTS of 987 ± 116 MPa. HT1 (1,120 
°C/4 h + 1,000 °C/6 h + 800 °C/4 h) produced a plate-
like η phase and coarsened primary γ’ of ~2 µm, whereas 
HT2 (1,120 °C/4 h + 850 °C/8 h + 750 °C/8 h) produced 
spherical primary γ’ with sizes of ~70–120 nm and a γ’ 
volume fraction of ~30.6%, according to Ozer et al.84 Lastly, 
Piwowarski et al.71 showed that LPBF IN939 exposed to 
high-temperature solution and aging treatments produced 
fully equiaxed grains, with HT1 (1,210 °C/8 h + 1,000 
°C/6 h + 800 °C/4 h) achieving a UTS of 1,428.5 MPa 
and a γ’ size of ~24.2 µm, while HT2 achieved 134.9 µm 
and a slightly lower UTS of 1,394.9 MPa. When taken 
as a whole, these studies highlight how LPBF and SLM 
naturally encourage columnar cellular microstructures, 
while solution treatment, HIP, and carefully designed 
aging schedules control recrystallization behavior, γ’ size 
and volume fraction, and ultimately the tensile strength 
anisotropy balance in AM IN939.
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Table 5. Effects of heat-treatment conditions on tensile properties and microstructural features of additively manufactured IN939

No. Author Heat treatment/heat-treatment 
schedule

Tensile properties 
(MPa) γ’/η precipitate size Grain or cell morphology

1. Shaikh et al.75

Aging without solution treatment: 
1,000 °C/6 h + 700 °C/16 h 1,429 ± 35 200–300 nm Spherical γ’ precipitates; plate-

like features

Aging with solution treatment: 1,190 
°C/4 h + 1,000 °C/6 h + 700 °C/16 h 1,438 ± 10 - Absence of plate-like feature

2. Sulak et al.58 1,160 °C/4 h + 1,000 °C/6 h + 800 
°C/4 h

UTS: ~1,050–
1,150; YS: 
~850–950

0.18 μm Columnar grains with <001> 
texture

3. Gusain et al.59 HT3 stress relief: 900 °C/4 h + 1,190 
°C/4 h + 1,000 °C/6 h + 800 °C/4 h

UTS: ~1,200; YS: 
~900

Primary γ’: 205 nm; 
secondary γ’: 20 nm; 

mono-/bimodal distribution
Large equiaxed grains

4. Maly et al.60 As-built condition with room 
temperature–400 °C preheating UTS: ~1,250 Not reported Wider columnar grains; larger 

melt pools

5. Kumar et al.72

Direct aging 1:800 ° C/6 h, AC YS: 1,040  ±  6 25–30 nm Retained cellular–columnar 
structure

Direct aging 2: 1,000 °C/6 h, AC + 
800 °C/6 h, AC YS: 1,235  ±  26 250 nm η phase present; grain 

morphology largely retained

Solution treatment: 1,190 °C/4 h, FC YS: 930 100–200 nm γ’ coarsening without 
recrystallization

Solution treatment: 1,190 °C/4 h, AC - 50 nm Slight coarsening of 
subcellular features

1,190 °C/4 h, WQ + 1,000 °C/6 h, AC 
+ 800 °C/6 h, AC

930 MPa (room 
temperature); 630 

MPa (816 °C)
80–100 nm Optimized γ’ distribution; no 

equiaxed recrystallization

1,190 °C/4 h, AC + 1,000 °C/6 h, AC 
+ 800 °C/6 h, AC - 80–100 nm Cellular–columnar 

morphology retained

1,190 °C/4 h, FC + 1,000 °C/6 h, AC 
+ 800 °C/6 h, AC - 250–300 nm Cellular–columnar 

morphology retained

6. Kumar et al.83 Solution treatment: 1,190 °C/4 h + 
aging: 1,000 °C/6 h + 800 °C/4 h

UTS: 1,403 ± 11 
(T); 1,385 ± 4 (L) 80–180 nm Equiaxed cells

7. Kanagarajah 
et al.64

Solution treatment: 1,160 °C/4 h + 
aging: 850 °C/16 h

UTS: ~1,150–
1,250 35–70 μm Recrystallized grains; weaker 

texture after heat treatment

8. Güler et al.82

HT1: HIP + aging: 1,190 °C/4 h + 
1,000 °C/6 h + 800 °C/4 h UTS: 760–780 γ’ volume fraction: 31.6% Directional coarsening/plate-

like distortion

HT2: VHT + aging: 1,190 °C/4 h + 
1,000 °C/6 h + 800 °C/4 h UTS: 750–770 γ’ volume fraction: 32.1% Spherical coalescence and 

partial dissolution

9. Li et al.62

HIP: 1,200 °C + 4 h, 120 MPa, FC 1,153 ± 50 - Homogenized columnar grains

HIP + heat treatment: 1,140 °C/4 h, 
AC + 850 °C/18 h, AC 987 ± 116 γ’: <200 nm Homogeneous γ’ distribution 

in columnar grains

10. Ozer et al.84

HT1: 1,120 °C/4 h + 1,000 °C/6 h + 
800 °C/4 h Not reported Primary γ’: 2 μm Coarsened primary γ’ phase; 

plate-like η phase

HT2: 1,120 °C/4 h + 850 °C/8 h + 750 
°C/8 h Not reported Primary γ’: 70–120 nm; γ’ 

volume fraction: 30.6% Spherical primary γ’ phase

11. Piwowarski et 
al.71

HT1: 1,210 °C/8 h + 1,000 °C/6 h + 
800 °C/4 h UTS: 1,428.5 24.2 μm Equiaxed grains

HT2: 1,240 °C/8 h + 1,000 °C/6 h + 
800 °C/4 h UTS: 1,394.9 134.9 μm Equiaxed grains

Abbreviations: AC: Air cooling; FC: Furnace cooling; HIP: Hot isostatic pressing; HT: Heat treatment; L: Longitudinal direction; T: Transverse direction; 
UTS: Ultimate tensile strength; VHT: Vacuum heat treatment; WQ: Water quenching; YS: Yield strength; γ’: Gamma prime phase; η: Eta phase.
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5. Fatigue and creep behavior of IN939
Powder bed fusion has become a viable fabrication route for 
investigating the fatigue behavior of IN939, from low-cycle 
fatigue (LCF) to high-cycle fatigue (HCF). The research 
history of AM-fabricated IN939 has demonstrated better 
fatigue performance than cast IN939 across LCF, HCF, 
and thermomechanical fatigue (TMF) regimes, owing to 
its fine microstructure and higher strength. Kanagarajah 
et al.64 compared the fatigue life of the as-built and the 
as-cast samples and reported significantly longer fatigue 
life for SLM-processed IN939 at room temperature, which 
was attributed to the microstructural control, precipitate 
formation, and high yield strength. The aged SLM-
processed and as-cast conditions showed lower fatigue 
lives (number of cycles to failure [Nf]: 209,272) than the 
corresponding room-temperature as-built condition. At 
elevated temperatures, lower fatigue life was observed in 
the SLM-processed built condition, attributed to process-
induced defects. The research work carried out on LCF 
at room temperature by Babinský et al.85 demonstrated 
that LPBF (Nf: 90,915/strain amplitude: 0.35%) provides 
better LCF properties compared to cast IN939 samples (Nf: 
11,380/strain amplitude: 0.35%). Casting defects and the 
presence of carbides were the main causes for the lower 
fatigue life. The effect of specimen orientation on fatigue 
behavior shows that the horizontal specimen exhibits better 
properties, due to enhanced precipitation strengthening 
and a high tensile yield strength. Thermomechanical 
fatigue study on IN939 revealed that the lifetime depends 
on the phase relationship between strain, temperature, 
and build orientation. The TMF behavior of horizontally 
and vertically built specimens subjected to a three-step 
heat treatment was investigated at strain amplitudes of 
0.3–0.9% across 400–800 ℃. Horizontally built exhibited 
lower fatigue life due to the <001> texture in the build 
direction. Fatigue crack initiation occurred more rapidly 
due to the high strain amplitude. These findings indicate 
that build direction is a key factor controlling stress 
response and fatigue life.86 Defect tolerance study in high 
cycle fatigue reveals the presence of gas pores (sphericity 
> 0.6), also consisting of lack of fusion (Ferret diameter: 
37 μm) defects controlling the fatigue failure. The sharp 
corners of lack-of-fusion defects significantly affect fatigue 
life because they act as crack-initiation sites.87 Fatigue 
crack growth assessment was examined with respect to 
horizontal and vertical AM build direction by Shahini et 
al.88 A slower crack growth rate with a smaller Paris law 
exponent (m) was observed. The scatter of the exponent 
was found to be larger in transverse orientation. The two 
power-law fits in the threshold and Paris-law regimes were 
resolved quantitatively at the microscale level. 

Researchers have also explored the creep behavior 
(Table 6). Banoth et al.89 studied the effects of 
recrystallization and heat treatment on the creep behavior 
of SLM-fabricated IN939 at 816 °C/250 MPa, using cast 
IN939 as a comparator. The as-built SLM-processed 
IN939 exhibits extremely low creep life due to high 
dislocation density and a small grain size (~32 µm, with 
only 5.75% recrystallisation). During lower temperature 
heat treatment (LTH), the grain size remained significantly 
small (~27 µm) with a recrystallization fraction of 12.8%, 
and the presence of ~44 nm γ’ precipitates along with 
detrimental η-phase at grain boundaries continued to 
limit creep performance. A significant improvement 
was observed in higher temperature heat treatment 
(HTH), where creep life improved 2.7-fold relative to 
the LTH condition, as the grain size increased (~50 µm) 
with a higher recrystallization fraction (~66%), reduced 
dislocation density, and improved γ’ morphology. Despite 
this improvement, the creep resistance of SLM-fabricated 
IN939 was still lower than that of cast IN939. The coarser 
grain structure (~200 µm) and complete recrystallization 
(~99.9%) led to lower creep strain rate and higher creep 
life, due to reduced grain boundary sliding, stable carbide 
network, and favorable γ’ coarsening during creep 
exposure. Kumar et al.72 conducted creep tests at 760–816 
℃ under stresses of 200–300 MPa and showed that the 
as-built and direct-aged (DA1) conditions, defined by 
fine γ’ precipitates of ~25–30 nm and a retained cellular-
columnar structure (~1 µm × 300 nm), exhibited low 
creep resistance due to high dislocation density and 
insufficient binding of dislocation motion. DA2 (direct 
aging) was conducted at a higher temperature; the γ’ 
precipitate became coarser (~250 nm), with the presence 
of secondary γ’ (~20 nm) and the formation of plate-
like η-phase (Ni3Ti). γ’ precipitate coarsening improved 
creep strength; the presence of η-phase introduced lattice 
incompatibilities and dislocation accumulation at phase 
boundaries, thereby reducing long-term creep stability. 
Solution-treated with two steps of aging, which is water 
quenched (SWQTA), forms an optimal γ’ size distribution 
of ~80–100 nm without significant η-phase formation, 
which results in improved creep resistance.

6. Mechanistic modeling
Industry-wide adoption of layer-wise manufacturing 
processes has accelerated due to the increasing need for 
quick production of reliable, high-quality, and defect-free 
components. Before a component is released onto the 
market, it is customary to test it through multiple trial-and-
error cycles; however, developing a single prototype can be 
costly and time-consuming.1 Therefore, controlling several 
interdependent factors, including material properties, 
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transient thermal fields, solidification conditions, cooling 
rates, scanning patterns, hatch spacing, and heat source 
contact time, is essential for process optimization.90 
Introducing predictive computational methods to assess 
product performance before manufacturing has helped 
overcome these obstacles. Before initiating a build, these 
models can predict geometry, microstructure, mechanical 
properties, residual stresses, and defects (Figure 4). 
Because heat transfer and fluid flow significantly impact 
microstructural development and mechanical response, 
incorporating these phenomena improves model 
accuracy. To better understand cooling rates, solidification 
parameters, microstructural features, porosity, and 
residual stress, it is essential to combine theoretical and 
experimental methods, as several studies have shown 
that simulations and experimental data align well.90 
During manufacturing, complicated thermal histories 
are produced by the moving heat source’s multiple cycles 
of heating, melting, cooling, and solidification.91–93 
The rapid circulation within the molten pool is driven 
by Marangoni convection, which transfers heat and 
generates local temperature variations.94 Mechanistic 
models are needed because internal thermal states cannot 
be measured, even though surface temperature can be 
measured experimentally. Thus, the size of the fusion zone, 
temperature fields, grain structure, texture, residual stress, 
distortion, and defect development are all determined by 
simulations of heat transfer, fluid movement, and mass 
transfer.95 The research scope is vital in defining modeling 
outcomes. At the microscale, simulations provide insights 
into solidification, melting, and powder behavior, while 
at a large scale, the focus is on the global thermal cycle, 
stress development, and distortion changes. Multiscale 
modeling helps improve melt-pool stability, powder-bed 
characterization, and structural performance prediction. 
Region-specific modeling can provide additional insight 
into the suitability of different powder morphologies and 
particle-size distributions.92,95

6.1. Heat transfer and fluid flow

Trial-and-error testing has been the conventional way of 
determining the correct process parameters, but this is 
time-consuming and expensive with processes such as 
LPBF.96–99 A sufficient substitute is provided by numerical 
simulations, which use three-dimensional heat transfer 
and fluid flow models to predict intermediate temperature 
profiles, velocity profiles, cooling rates, solidification, 
and the overall build geometry. These properties are 
temperature-dependent and depend on variables such as 
size distribution, packing efficiency, absorptivity, powder 
thermal conductivity, and shielding gas composition.100 
Surface-tension gradients at the liquid–gas interface drive 

convection within the molten pool. The flow of such 
thermocapillary forces can result in highly nonlinear 
fluid behavior and is a limiting factor in heat transfer. 
Thus, to recreate experimental results, it is critical to 
properly incorporate the size of the powder particles, their 
distribution, and other micro-scale characteristics.101,102

Mass, momentum, and energy conservation govern heat 
transfer and fluid flow in the molten pool. The governing 
equations are expressed as follows103:

(a)	 Continuity equation:
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6.2. Marangoni force

Marangoni flow is the movement of molten metal on the 
surface of a pool due to temperature-dependent variations 
in surface tension. It is primarily driven by surface-tension 
gradients, which strongly influence the dynamics of melt 
pools.105 In pure metals, surface tension generally decreases 
with increasing temperature, so molten metal tends to flow 
from hotter, lower-surface-tension regions toward cooler, 
higher-surface-tension regions. In addition to enhancing 
the convective heat transfer, this flow is also necessary 
to form the melt pool.105 The case is, however, more 
complicated with multicomponent alloys. Elements such 
as sulfur and selenium can have a significant effect on the 
response of surface tension to temperature and may even 
reverse the direction of flow.104 Gradients in temperature 
and composition affect surface tension in Ni-based 
superalloys.95 The concept of Marangoni convection is 
a crucial aspect of LPBF modeling, as it directly affects 
the shape of the fusion zone, microstructural refinement, 
and defect susceptibility.104 The shapes of the fusion zone, 
chemical composition, thermal history, temperature 
gradients, and solidification rates are all factors that affect 
the microstructural characteristics and defects, which, 
in turn, determine the performance and properties of 
additively manufactured materials. It may be difficult 
to comprehend these factors in depth solely through 
experimental methods, and this may take a long time. 
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Table 6. Creep behavior of IN939

Factor Kumar et al. (2025) Banoth et al. (2020)

Creep condition SWQTA: 11.5 h at 816 ℃/300 MPa HTH: 554 h at 816 ℃/250 MPa

Creep mechanism Dislocation climb (  = 4.2, Q = 480 kJ/mol) Recrystallization-driven grain-boundary fracture 

η phase Present in DA2 → reduces creep, ductility Present in LTH → reduces creep life

Grain size effect Smaller grains → higher minimum creep strain rate Significant during creep → beneficial in HTH and cast

Abbreviations: DA2: Direct aging 2; HTH: High-temperature heat treatment; LTH: Low-temperature heat treatment; SWQTA: Solution treatment 
followed by water quenching and two-step aging.

Figure 4. Mechanistic modeling in the prediction of microstructure and defects

Thus, mechanistic modeling has become a useful tool for 
incorporating these factors to predict material behavior 
and generate valid outcomes.94

6.3. Effect of thermal history on microstructural 
evolution 

Additive manufacturing involves depositing one layer on 
top of the previous layer, resulting in steeper temperature 
gradients and cooling rates, and thus the microstructure of 
additively manufactured materials is quite different from 
that of traditionally manufactured materials. Changes in 
process parameters have a direct effect on the development 
of the microstructure and mechanical properties 
compared to cast materials. Thus, it is necessary to know 

them and how they relate to one another. The Hall–Petch 
relation helps explain the strength increase associated 
with grain refinement, whereby smaller grains can impede 
dislocation motion more effectively. The variations of the 
microstructure can be regulated primarily by processing 
factors, and the time-temperature history has a major 
role.104 Conditions of solidification, i.e., the cooling rate and 
flow direction of the molten metal, are key factors in the 
development of the microstructure. Yet, these properties 
are difficult to determine experimentally because their 
dynamic range is very high and the time spent in the molten 
state is very short. Mechanistic modeling is also crucial in 
such studies since it allows for predicting the solidification 
behavior and gives the parameters needed to design and 
control the desired microstructure of the build.101,106–109
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6.3.1. Solidification morphologies

Solidification conditions strongly influence functional 
performance, and tensile properties are largely determined 
by grain morphology and size, including whether the 
grains are columnar or equiaxed. Elongated columnar 
grains are especially advantageous to LPBF, because they 
reduce the process of initiation and propagation of cracks 
caused by hot tearing.110,111

Mechanistic modeling has become an important tool 
for understanding the challenges of LPBF of IN939, a 
Ni-based superalloy strengthened by γ’ precipitates. Recent 
modeling studies have considered the coupled thermal, 
microstructural, and mechanical processes that dominate 
defect development and performance in AM-fabricated 
IN939. At the solidification and microstructure level, 
physics-based models all emphasize the non-equilibrium 
character of LPBF processing. Intensive melt convection, 
as shown by fully coupled thermal-fluid-solute-
microstructure simulations, has been used to explain the 
mechanism of how solute redistribution at the solid-liquid 
interface can switch between ultra-fine cellular structures 
to coarser cells and how accelerated solidification can 
potentially reduce the cracking susceptibility by reducing 
solute enrichment in the inter-dendritic region.112

Computational thermodynamics predicts the formation 
of a low-melting residual liquid enriched in carbon, boron, 
and zirconium at high solid fractions, which can be 
considered the main cause of solidification cracking. These 
models have proven useful in alloy design by guiding alloy 
modification strategies that reduce the stability of residual 
liquid films and allow crack-free AM IN939 builds, e.g., by 
adding Si.113 A process–microstructure–property approach 
based on finite-element thermal modeling, phase-field 
simulations, and CALPHAD methods can provide 
quantitative predictions of the connection between the 
thermal histories of LPBF, patterns of micro segregation, 
and the formation of secondary phases.114

Although these models are commonly exemplified at 
related Ni-based superalloys, they are directly applicable 
to IN939, providing a mechanistic understanding of γ’ 
precipitation, carbide formation, and thermodynamic 
driving forces of deleterious phases during post-
processing heat treatments. At the mechanical and 
constitutive modeling scale, the orientation- and 
temperature-dependent responses of AM Ni-based 
superalloys are described using anisotropic elasto-plastic 
models, calibrated using cyclic loading measurements. 
The modified Ohno–Wang constitutive formulations are 
based on transversely isotropic materials and successfully 
capture mid-life cyclic behavior, plastic strain ranges, and 
hysteresis responses, which are crucial inputs for fatigue 

life prediction of AM components.115 

The models provide a strong mechanistic framework for 
3D printing. Therefore, the combination of experimental 
work and prediction, using cracking and creep mechanisms, 
describes the performance constraints in AM-fabricated 
IN939. Recrystallization-controlled creep models 
indicate that dislocation density, grain structure, size of 
the γ’ precipitate, and grain-boundary phase stability all 
combine to determine high-temperature deformation and 
rupture behavior. Solution treatment is mechanistically 
proven to increase the proportion of recrystallized grains 
with lower dislocation density and remove deleterious η 
phases.89 Simultaneously, composition-based models of 
cracking separate solidification from solid-state cracking 
and emphasize the importance of the solidification range, 
stress relaxation, and ductility dip behavior.116

6.4. Defects

Mechanistic modeling offers a viable approach to defining 
the variables in processes that impact defect formation 
and to predicting the nature of defects likely to arise in 
manufacturing. This kind of modeling goes along with 
processes for minimizing or removing defects in additively 
produced materials, in addition to helping with prediction. 
The defects that have a major bearing on the overall 
performance and structural integrity of the end product 
are solidification cracking, alloying elements lost through 
vaporization, lack-of-fusion porosity, formation of residual 
stress, and deformation.104

6.4.1. Vaporization 

Alloying elements in the molten pool, which vaporize at 
high processing temperatures, can alter the composition of 
alloys produced by AM. It is especially noticeable in electron 
beam-based processes, in which the element evaporation is 
hastened by the joint effect of high temperatures and low 
pressure in the chamber.117–119 Since each alloying element 
vaporizes at a different rate, localized compositional 
changes can influence the material’s microstructure and 
properties. In LPBF, heat transfer and fluid flow models are 
essential for predicting such elemental losses. Accurately 
calculating temperature variations at the molten surface 
is necessary to determine vaporization rates and reduce 
compositional deviations during processing.94

6.4.2. Spattering

Spattering is a common LPBF defect that generally occurs 
in two forms: the displacement of powder particles along 
the melt track and the ejection of liquid droplets from the 
molten pool.120–123

(a)	 Ejection of liquid metal droplets
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On the liquid surface of the molten pool, intense 
vaporization at high temperatures generates a rebound 
pressure. When this recoil force exceeds the stabilizing 
effect of surface tension124, the molten droplets are ejected 
from the pool. In addition to increasing surface roughness 
and porosity, the ejection of these droplets also affects 
powder distribution, undermining the stability and 
uniformity of subsequent layers.

(b)	 Ejection of powder particles

A rapidly moving vapor jet forms due to intense 
evaporation in the molten pool during LPBF. This vapor 
jet creates a small low-pressure zone caused by inward gas 
flow, explained by the Bernoulli effect.125 This inward flow, 
controlled by the scanning path and laser material contact 
point, predominantly influences the amount of particle 
ejection.122 Additionally, limited laser melting conditions 
at a specific site enhance the combined effects of particle 
excitation, shielding gas flow, and vapor jet formation.126 
The timescales for these processes are very short: material 
melting occurs within a few microseconds, vapor jet 
formation takes about 10 ms, and argon gas flow develops 
over roughly 100 ms.126

6.4.3. Voids/Porosity

Pore formation is one of the most common flaws observed 
in materials produced by AM. Insufficient fusing between 
neighboring tracks, unstable keyhole collapse, and gas 
trapping leading to residual porosity frequently cause pore 
development.127

(a)	 Unmelted powder/Lack of fusion

When there is insufficient overlap between neighboring 
deposited tracks, proper bonding is prevented, leading to 
a lack of fusion defects. This occurs due to various factors, 
such as excessively high scanning rates, inadequate laser 
power, and thicker layers, all of which hinder full melting 
and cause lack-of-fusion defects.128,129 If hatch spacing is 
too large, voids may form in inter-track regions, leading 
to uneven heating and partial melting of the feedstock. 
The issue can be aggravated by process instability, which 
may also change the size and depth of the molten pool. 
Sound metallurgical bonding mainly depends on the 
spatial arrangement of successive tracks and layers, but 
inadequate feedstock delivery, faulty powder packing, and 
vapor-driven ejection of restricted powder particles can 
also contribute to the absence of fusion defects.120,125

(b)	 Keyhole-induced porosity

High laser power and scanning rates in AM are the main 
causes of keyhole porosity, resulting in a fusion zone with 
a high depth-to-width ratio. Due to the partial remelting 
of underlying layers caused by this concentrated energy 

input, voids may form, migrate upward within the melt 
pool, and become trapped during solidification.130 

(c)	 Gas-induced porosity

Gas-induced porosity, which is commonly characterized by 
tiny, spherical pores, is another prevalent flaw in LPBF.131,132 
The residual gases trapped during feedstock production are 
the source of these pores.133 Gases dissolved in the molten 
pool or in pre-existing pores from earlier processing stages 
escape during solidification, creating voids.130 For example, 
powder atomization creates tiny gaps inside particles that 
may come together during processing. Within the melt 
pool, these trapped bubbles may expand, merge with 
larger holes, and persist through multiple build layers.134 
Furthermore, gas trapping caused by spatter during LPBF 
might promote pore formation. Over time, these processes 
develop larger and more harmful porosity characteristics 
in the manufactured part.129

6.5. Cracking in additive manufacturing

One of the most common flaws observed in metallic 
alloy AM is cracking. Three primary types of cracks are 
frequently found in Ni-based superalloys: ductility dip 
cracking (DDC), liquation cracking, and solidification 
cracking.117,133,135

6.5.1. Solidification cracking

Hot cracking, also known as solidification cracking, is a 
common issue in additively produced Ni-based alloys. It 
results from high solidification shrinkage rates caused by 
rapid cooling. Cracks initiate and propagate along the weak 
interdendritic regions of the solidifying material when 
tensile stresses exceed its yield strength. The solid fraction 
versus temperature and the alloy’s solidification range 
significantly influence its susceptibility to solidification 
cracking.136–143

6.5.2. Liquation cracking

Liquation cracking is another major flaw found in 
AM-produced Ni alloys. It begins at partially melted 
areas near the fusion line, where liquid layers form grain 
boundaries. The forces generated by thermal contraction 
cause these weakened grain boundaries to break. When 
low-melting-point liquid phases are present, cracks can 
extend across interdendritic regions, previously deposited 
layers, and overlapping tracks, worsening this issue.144,145

6.5.3. Ductility dip cracking

Nickel-based superalloys and other FCC alloys are 
the primary targets of DDC, a solid-state cracking 
phenomenon.146 The DDC process does not require 
liquid films, unlike liquation cracking. Localized 
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ductility generally decreases significantly within a critical 
temperature range, roughly half the melting point to 
the recrystallization temperature.143,147 Grain boundary 
precipitates, local tensile stresses, grain boundary 
deformation, and grain size effects increase DDC, which 
is often intergranular. The combined effect of these factors 
determines how susceptible additively manufactured 
components are to DDC.143,147

6.6. Surface roughness in additive manufacturing

Surface roughness also significantly affects the dimensional 
accuracy and geometric tolerances of products made 
through AM. Some causes of poor surface quality include 
near-surface cavities and voids148, the staircase effect 
resulting from irregular transitions between adjacent tracks 
and layers129, and spatter deposits on the part surface.149 
Other contributing factors are partially bonded particles at 
the edges of the melt pool and melt pool instabilities.150,151 
These combined processes deteriorate surface quality, 
often requiring extensive post-processing.

7. Conclusion
The review addresses AM routes for processing IN939, 
with emphasis on microstructure, defects, heat treatment, 
and mechanical properties. The demand for components 
capable of operating at high service temperatures has 
increased interest in AM techniques for Ni-based 
superalloys. The primary powder bed fusion processes 
used to print IN939 overcome the limitations of traditional 
methods (casting/forging). A comparison of the strength 
of complex-geometry components fabricated via LPBF, 
DED, and EBM provides insights into the existing literature 
on microstructural behavior along the build direction. 
Optimization of processing parameters while adopting the 
fabrication method impacts the size distribution of formed 
precipitate (γ’). Microstructural evolution dependent on 
build orientation showed that IN939 possesses melt pool 
boundaries as its characteristic feature, validating the AM 
process. By correlating morphology and thermal history 
with mechanistic modeling, the studies revealed that 
thermodynamic parameters also play a vital role. Heat 
transfer, fluid flow, and Marangoni forces (surface tension) 
are among the major predictive parameters in mechanistic 
modeling, which affect the melt pool structure. The effect 
of the alloying elements in this series enables this material 
to operate at high temperatures. The Co percentage 
determines its crack susceptibility, whereas the sulfur 
content determines the depth and width of the melt pool. 
The transition in microstructure (grain morphology) from 
planar-cellular-columnar to equiaxed depends on the 
solidification rate and thermal gradient.

Furthermore, this article provides a brief summary 
of the effects of post-processing methods investigated by 
renowned researchers. According to the time-temperature 
phase diagram, the strength can reach up to 1,500 MPa. 
Solutionizing and aging studies are adopted to remove 
the unwanted secondary phases present and the residual 
stresses introduced during building. HIP is one technique 
for reducing porosity and increasing specimen density. 
The temperature range for HIP is usually 1,150–1,160 
℃/4 h (pressure:100–150 MPa). Importantly, mechanical 
performance with respect to high-temperature studies, 
heat treatment, and room temperature, in accordance with 
build orientation, indicates that the thermal history affects 
the material’s load-bearing capacity. Limited studies on 
IN939’s creep and fatigue behavior necessitate exploring 
this at an advanced level (high-temperature fatigue/creep). 

Despite recent advances, defect formation remains a key 
issue during the AM of IN939 components. The variants of 
the cracking mechanism (solidification, liquation, ductility 
dip) are all correlated with thermal conditions, spattering, 
and porosity, thereby affecting density.

To further enable the reliable use of additively 
manufactured IN939 in challenging service environments, 
future research should focus on adopting mechanistic 
modeling with experimental validation to predict corrosion 
and fatigue degradation behavior.
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