
Academic Editors: João Pedro

Oliveira and Zhi Zeng

Received: 28 November 2024

Revised: 20 December 2024

Accepted: 25 December 2024

Published: 1 January 2025

Citation: Donnini, R.; Varone, A.;

Palombi, A.; Spiller, S.; Ferro, P.;

Angella, G. High Energy Density

Welding of Ni-Based Superalloys: An

Overview. Metals 2025, 15, 30.

https://doi.org/10.3390/

met15010030

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Review

High Energy Density Welding of Ni-Based Superalloys:
An Overview
Riccardo Donnini 1,* , Alessandra Varone 2, Alessandra Palombi 2, Saveria Spiller 3, Paolo Ferro 3,*
and Giuliano Angella 1,*

1 National Research Council of Italy (CNR), Institute of Condensed Matter Chemistry and Energy
Technologies (ICMATE), Via R. Cozzi 53, 20125 Milan, Italy

2 Department of Industrial Engineering, University of Rome Tor Vergata, Via del Politecnico 1,
00133 Rome, Italy; alessandra.varone@uniroma2.it (A.V.); alessandra.palombi@uniroma2.it (A.P.)

3 Department of Management and Engineering, University of Padua, Stradella S. Nicola 3, 36100 Vicenza, Italy;
saveria.spiller@unipd.it

* Correspondence: riccardo.donnini@cnr.it (R.D.); paolo.ferro@unipd.it (P.F.); giuliano.angella@cnr.it (G.A.)

Abstract: High energy density technologies for welding processes provide opportune
solutions to joint metal materials and repair components in several industrial applications.
Their high-performance levels are related to the high penetration depth and welding
speed achievable. Moreover, the localized thermal input helps in reducing distortion
and residual stresses in the welds, minimizing the extension of the fusion zone and heat-
affected zone. The use of these welding technologies can be decisive in the employment
of sophisticated alloys such as Ni-based superalloys, which are notoriously excellent
candidates for industrial components subjected to high temperatures and corrosive work
conditions. Nonetheless, the peculiar crystallographic and chemical complexity of Ni-
based superalloys (whether characterized by polycrystalline, directionally solidified, or
single-crystal microstructure) leads to high susceptibility to welding processes and, in
general, challenging issues related to the microstructural features of the welded joints. The
present review highlights the advantages and drawbacks of high energy density (Laser
Beam and Electron Beam) welding techniques applied to Ni-based superalloy. The effects of
process parameters on cracking susceptibility have been analyzed to better understand the
correlation between them and the microstructure-mechanical properties of the welds. The
weldability of three different polycrystalline Ni superalloys, one solid solution-strengthened
alloy, Inconel 625, and two precipitation-strengthen alloys, Nimonic 263 and Inconel 718, is
reviewed in detail. In addition, a variant of the latter, the AF955 alloy, is also presented for
its great potential in terms of weldability.

Keywords: Ni-based superalloy; microstructure; laser beam welding; electron beam
welding

1. Introduction
Nickel-based superalloys are considered the most suitable alloys for mechanical com-

ponents for which superior performance levels are required: they should resist high-
temperature conditions that induce creep phenomena and exhibit excellent resistance to
surface degradation (corrosion and oxidation). There is a wide range of possible applica-
tions for Ni-based superalloy components where temperature and operating conditions are
particularly severe. The primary application for which these alloys were designed is gas
turbines, to be employed both in power generation plants (e.g., thermo-electrical or nuclear
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power plants) and in the aerospace industry as rockets and airplane engines [1]. Indeed,
more than 40% of the total weight of modern aircraft is made of Ni-based superalloys [2].
In addition, superalloys are widely used in chemical and industrial plants, in the oil and
gas industry, and for military vehicles and equipment [3].

In Ni-based superalloys, Ni is the main constituent, giving rise to austenitic FCC matrix
γ. To provide high strength, several alloying elements, such as Cr, Ti, Al, Co, Fe in high
concentrations, and Nb, Mo, W, and Ta in minor concentrations, are added to obtain solid
solution and precipitation strengthening [4,5]. The solid solution strengthening mechanism
is based on the distortion of the crystal lattice of the γ phase due to the presence of alloying
elements characterized by different atomic radii. The distortion of the lattice hinders the
dislocation movement, even forming Cottrell’s atmospheres [6]. Moreover, depending
on the local concentration of solute atoms, regions with altered elastic properties further
restrain the deformation of the matrix [7]. The precipitation strengthening mechanism
is mainly due to the precipitation of the γ′ (Ni3Al or Ni3Ti) strengthening phase, which
presents a Ll2 crystal structure and can precipitate in different shapes and sizes, misfitting
the lattice parameters. Solid solution strengthening might also affect the γ′ phase. Some
alloys (e.g., Inconel 718, Inconel 625, and Inconel 706) present also the precipitation of
the secondary phase γ′′(Ni3Nb), with crystal structure D022 [2]. γ′ phase appears to be
more thermally stable than the γ′′ phase since γ′′ phase transforms into δ phase at high
temperatures [4,8–11]. δ phase indeed has a platelet morphology, is incoherent with the
matrix, and does not contribute to its strengthening [8].

In this context, different microstructures with different crystalline grain configurations
(polycrystalline, directionally solidified, or single crystalline) can be beneficial depending
on the application. For example, polycrystalline superalloys are used in tube sheets, rods,
and combustion chambers [12]. Polycrystalline alloys are indeed prone to grain boundary
failure, which occurs because of corrosion, thermal fatigue, or creep induced by the high
temperature coupled with mechanical stresses. In high-temperature applications such as
gas turbine blades, these issues can be contrasted by inducing an oriented microstructure
through directional solidification. This creates a microstructure composed of elongated
columnar grains in the direction of maximum strain that extends the life span of a blade.
More advanced and expensive processes allow the creation of single crystal alloys, in
which the issue of the sliding grain boundaries is completely removed. In single crystal
superalloys that are used for gas turbine blades, refractory elements such as Re and Ru
are often added up to 10 wt% of the total [13–17]. The high temperature and the corro-
sive environments in which Ni-based superalloys often operate also induce detrimental
phenomena at a micro-scale, such as the formation of undesired phases, γ′ coalescence
(with consequent depletion of reinforcing alloy elements) [18], degeneration of undesirable
carbides, corrosion, and cracks [19–25]. These issues can be mitigated through a correct
choice of chemical composition in relation to the use of the component.

Due to the high costs related to the production of components made of Ni-based super-
alloys, replacing damaged components might be prohibitive. Welding repair technologies,
which are less expensive than part replacement, play an important role in extending their
service life. Furthermore, given the geometrical complexity of some components, join-
ing different parts by welding is convenient and sometimes necessary. In this scenario,
the optimization of the welding techniques for wrought and additively manufactured
components is of paramount importance, in compliance with the sustainability and cost
reduction criteria.

The welding of Ni-based superalloys is challenging for both micro- and macro-
structural aspects: they present crystallographic and chemical complexities that must
be maintained over time under high-intensity solicitations (e.g., temperature and mechan-
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ical stresses) that determine issues related to welding cracks, strain age cracking, alloy
splitting, and porosity development.

Conventional welding methods for the reparation of Ni-based superalloy mechanical
components such as turbine blades, vanes, and casings, involve often the use of gas
tungsten arc (GTA) welding. A typical repair routine of a turbine blade implicates the
removal of the damaged leading edge section and the welding of a “patch”, which is
then machined and contoured to the original shape. This implies elevated costs and
material consumption for the replacement of the damaged part. Moreover, components
repaired via GTA tend to show high susceptibility to cracking due to large shrinkage
stresses caused by the high heat input, and due to the embrittlement provoked by the
large amounts of γ′ rapid precipitation during the cooling phase [26]. The weldability of
Ni-based superalloy is often evaluated based on the amounts of some alloying elements
that might be detrimental. Several papers [27–32] report that Ni-based superalloys are
generally very susceptible and, therefore, not weldable for specific contents of Al and Ti,
as reported in Figure 1. Different empirical rules have been proposed. Sekhar et al. [33]
reported that when the condition 2(%Al) + (%Ti) < 6 wt% is respected, the alloy is weldable.
Alternatively, Haussman et al. [34] suggest maintaining the Al content below 6 at% and the
(Ti + Ta + Nb + W) content below 8 at%. Al and Ti are the alloying elements involved in
the formation of γ′ phase. Indeed, Ni-based superalloys characterized by a low volume of
precipitated phases or strengthened by solid solution are more suitable to be welded, whilst
most precipitation-hardened versions can be welded with difficulty, showing cracking
propensity during welding. For this reason, precipitated hardened alloys are often welded
in solution-annealed conditions [35]. This issue is mainly related to the more complex grain
boundary and lattice structure and the multitude of alloying elements [36]. Moreover, the
heat generated during welding further contributes to the degradation of the bulk properties
of the material and the precipitation of hardening phases.

Welding technologies with high energy density such as laser beam welding (LBW)
and electron beam welding (EBW) are valid solutions to prevent some of the detrimental
effects of traditional welding processes on Ni-based superalloys, improving the weldability
thus reducing the cracking susceptibility of the heat affected zone (HAZ) [36].

High energy density techniques involve lower heat input than other welding tech-
niques, with consequent effects on microstructure and mechanical properties. In particular,
(i) lower heat input produces narrower seams, with a reduction of Fused Zone (FZ) and
HAZ; (ii) rapid cooling rate reduced grain growth in HAZ and segregation; (iii) hindered
formation of detrimental structures; (iv) more uniform heat distribution leading to lower
residual stresses [37]. In particular, the rapid cooling rate in the FZ, typical of the high en-
ergy density welding techniques, affects the size of strengthening phases, such as carbides
and γ′ precipitates [38], and their morphology, evolving towards a rounder shape. The
reduction in strengthening phase size and the finer structure causes an improvement in the
mechanical properties of the weldment, i.e., hardness, tensile strength, and ductility [37].
Increasing the solidification rate helps to limit the detrimental phase precipitation in the
altered microstructure, resulting in limited embrittlement of the welds and preventing the
appearance of welding cracks. Moreover, these techniques offer the possibility to vary the
process parameters in a wide range, therefore many combinations of parameters can be
tested to optimize the microstructural and macrostructural features of the welded joints.
Indeed, in this regard, interesting works [39–43] on modeling procedures and simulations
by opportune physics-based and FEM models were also engaged in order to predict the
seam shape, the distribution of the thermal field, the residual stress state, as well as the
microstructural evolution (for example, in comparison to EBSD observations [37,44,45]
during the processing and services.
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Despite the abundance of review papers available in the literature about nickel-based
superalloy welding, to the best of the author’s knowledge, there are none focused on high
energy density methods. Hence, the present work aims to review the effort of the scientific
community, specifically on the weldability of nickel-based superalloys via LBW and EBW,
focusing on the description of the post-welding microstructural features and issues of
the resulting microstructure in the FZ and HAZ, which determine the mechanical and
electrochemical properties of the material. The next section presents a general introduction
to the high energy density welding techniques (Section 2), followed by an explanation of
the concept of weldability (Section 3). The processes LBW and EBW will be thoroughly
described, reporting several examples of application to Ni-based superalloys (Sections 3
and 4). The final part of the review (Section 5) is focused on the following three Ni-based
superalloys: the solid solution strengthened Inconel 625; the precipitated-hardened Inconel
718 with one of its variants, the AF955; and the γ′ precipitation reinforced Nimonic 263.
These alloys were selected for their potentiality and the high demand that exists due to
their excellent performances.

2. High Energy Density Welding Techniques
To overcome the issues related to conventional welding processes, several works

developed interesting investigations on the use of alternative welding processes such as the
high energy density welding techniques Laser Beam Welding and Electron Beam Welding.
It is often mentioned that those techniques are characterized by low heat input [46,47].
Indeed, the beam, whether electron beam or laser beam, can be considerably powerful,
but it provides a very localized heat input, that limits the amount of melted material and
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reduces the overall heat input that the joints face. This is beneficial from many points
of view: first, the portion of material that is melted, the fusion zone, or altered by the
heat, the HAZ, are reduced in volume, thus the cooling rate is fast, and the welds can be
very accurate. This induces minimal distortion and minimal residual stresses on the joint.
Moreover, it is possible to have better control of the segregation and modifications of the
microstructure, especially for what regards the coarsening of the grain size. In addition
electron and laser beams provide greater penetration depth, and high depth-to-width ratio
in comparison to conventional processes [46–49], enabling single-pass welding. Single-pass
welding routines are desirable not only for productivity reasons but also because multi-
pass weldings imply repeated thermal cycles that are likely to induce inhomogeneous
microstructure in the FZ with higher content of segregated carbides, coarser microstructure
and thus decreased hardness [50]. The schematic in Figure 2 shows the different shapes and
sizes of the typical cross-section of welds obtained with different methods, highlighting
that EBW and LBW produce very narrow beams.
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Despite the high operational costs, the beam techniques are suitable for industrial
applications. Since they are fast and accurate, they enable high productivity and are suitable
to be integrated into automated production lines. Moreover, they allow design flexibility,
and the welds can be done with or without filler materials (autogenous welding), reducing
the consumable costs [51].

The schematics of the process and components required for the generation and use
of laser and electron beams are shown in Figure 3. The LBW process involves the use of
a monochromatic laser beam focused on the material to weld, generally protected from
environmental contamination using inert gas, such as helium or argon. The beam energy
is transferred into the material by conduction phenomena, and a hemispherical melted
volume is formed: during the relative workpiece-laser beam movement, the material is
locally subjected to continuous melting and solidification, forming a deep, narrow weld
bead. Industrial laser beam power density can go up to approximately 108 W·cm−2 [46],
but it can vary in a wide range of values, with many orders of magnitude of difference.
Parameters such as beam power, beam spot size, and welding speed must be chosen
according to the material to weld and the desired characteristics of the joint. Laser beam
equipment is relatively less expensive and sophisticated than the EBW one, but some
limitations on the applicability of LBW regard the strong influence of the surface preparation
on the weld quality and possible issues related to the reflectivity of the laser on some
materials [47].

Electron Beam Welding is performed in a vacuum chamber using a focused high
kinetics energy electron beam as the heating source to melt and join metal parts. The
electron beam is generated by a negatively charged filament (cathode) that is heated in its
thermo-ionic emission temperature range: in this temperature range, electrons are emitted
and then accelerated by the electric field between the cathode and the anode. The beam is
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formed by channeling the electrons through an orifice in the anode [52]. The beam energy
concentration can go up to 107 W/cm2 [48]. Some of the process parameters that determine
the quality of EBM joints are the beam current, the beam accelerating voltage, the focal beam
spot size, the welding speed, and the vacuum level; the quality and characteristics of the
desired joints depend on these parameters. Residual stresses, bulk distortions, FZ, and HAZ
width can also be controlled through a proper tuning of the process parameters. Contrary to
LBW, which offers the possibility to weld at atmospheric pressure, EBW requires a vacuum
chamber, which poses extra costs and limitations. The chamber volume restricts the size
of the weldable components, hindering the diffusion of EBW as an industrial solution.
Nonetheless, the chamber prevents gas contamination in the joints and protects the melt
pool from the atmosphere avoiding oxidation. Other limitations of EBW are related to the
reactivity of the electrons with metal materials, leading to the generation of dangerous
X-rays, and to the possible interaction with magnetic materials [47,48,53].
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3. Weldability of Ni-Based Superalloys
The weldability of an alloy defines whether it is possible to obtain welded joints with

good integrity and mechanical properties [55]. Indeed, in the case of Ni-based superalloys,
the concept is often reduced to the evaluation of the crack susceptibility [56]. The multitude
of parameters that affect the cracking susceptibility can be divided into four categories: base
material characteristics, welding process parameters, parts geometry, and filler material
properties [56]. The most typical cracking mechanisms occurring in Ni-based superalloys
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are liquation and solidification cracking, although some other mechanisms have been
recognized and described in the literature.

Liquation cracking is associated with thermal cycles and large thermal gradients,
leading to microstructure gradients and generating a large stress region. The liquefaction of
segregated alloying elements (Ti, Nb, and Al), and the formation of low melting constituents
create a liquid film at grain boundaries in the HAZ, hindering the densification of the
material. This tendency is enhanced by high heat input during the welding and by coarse
microstructure [55]. Moreover, mechanical issues are at the base of HAZ cracking during
welding: indeed, the high hardness of the base material can affect its capability to relieve
part of tensile stress during weld cooling on the HAZ liquated grain boundary. These
phenomena can be increased by stress concentrations due to γ′ precipitation that further
hardens the microstructure.

Solidification cracking takes place during the last stage of solidification: the remaining
liquid along the grain boundaries or in the interdendritic regions solidifies before the vol-
ume reduction occurs, due to the solidification of the material, meaning that the remaining
shrinkage is not accommodated. Usually, solidification cracking occurs at the centerline
of the fusion zones of the joint and it depends on microstructure and alloying elements.
Limiting the formation of intermetallic compounds and carbides is a possible strategy to
reduce the crack susceptibility of the alloy [55].

It must be noted that Ni-based alloys that are strengthened via precipitation hardening
are also susceptible to strain age cracking (SAC), which occurs during the service life of the
component or during post-welding heat treatment when a high temperature is reached. The
phenomenon is due to the inability of the grain boundaries to accommodate the internal
stress resulting from the precipitation of gamma prime [35,36,55], and it is correlated to the
amount of Ti and Al in the alloy. To conclude the overview of the cracking mechanisms
affecting welded superalloys, ductility-dip cracking (DDC) is another mechanism that
has been described as a propagation of the liquation crack phenomena at lower tempera-
tures [27,35]. It is seldom reported since it is not very common in Ni-based superalloys.

The cracking susceptibility depends on many parameters. It is sometimes reported
that welds obtained via high-energy-density techniques are more prone to cracking than
conventional welding processes [47,57]. Nonetheless, these techniques allow better control
of the heat input, thus controlling the amount of segregation and precipitates at the grain
boundaries, which are considered the main reasons for the crack susceptibility [26]. The
grain size distribution is another important factor in the formation of welding cracks [27]. In
particular, liquation cracking is claimed to be favored by coarse grain size in the HAZ [35],
and grain refinement is also suggested in [58] as a strategy to reduce solidification cracking.
Coarse grain might be beneficial to enhance the creep resistance, reducing the grain bound-
ary sliding phenomenon [59], but this is true only for very high-temperature applications,
depending on the fracture mechanism activated (i.e., intragranular or intergranular) [60].
Moreover, finer microstructure is, in general, beneficial for the tensile properties, micro-
hardness, and oxidation resistance of the alloys [61].

Several papers demonstrated that the grain size distribution and the grain boundaries
morphology obtained after welding processes are mainly related to the molten pool thermal
characteristics, as the temperature gradient (G) and the solidification rate (R) (or velocity),
usually combined in the parameters (G × R), which is the cooling rate, and G/R, as shown in
Figure 4: they influence the grain size and the morphology of the solidified microstructure,
respectively [61,62]. Investigations on IN718 [63] and Renè 77 [26] underlined these aspects
as fundamental to define the correlation between the desired microstructure in the fusion
zone and the laser parameters: if G/R rises, the solidified microstructure will be planar,
with columnar or cellular grains, whereas lower G/R leads to dendrites or equiaxed
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dendrites [62]. G and R are claimed to be dependent on both welding speed and heat
input: increasing welding speed and heat input reduces G/R, which in turn induces grain
refinement in the fused area [64,65].
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The thickness of the joints is known to affect the quality of fusion welds, including EBW
and LBW. When conventional arc-welding processes are employed, thick sections entail
additional issues due to the multiple passes required and the use of an increased amount of
filler material [50]. Besides the additional costs and productivity issues, multipass weldings
are connected to porosity formation, bead distortion, and hot cracking susceptibility. High-
energy-density welding processes are capable of greater penetration depths, which allow
better control of the weld quality and reduce crack susceptibility. This is demonstrated
in [50], where single-pass laser welding of thick sections of IN617 was proven to be feasible,
providing homogeneous and refined microstructure and superior mechanical properties in
comparison to multi-pass GTA welding and hybrid laser welding.

Most of the research considered in the present review investigated autogenous welding,
although it is reported that the filler material has a beneficial effect on the compensation of
material loss due to vaporization, minimization of the underfill [66], alleviation of thermal
stresses, hence reduction of the FZ cracking tendency [67,68]. Nonetheless, the propensity
of superalloys to HAZ cracking is difficult to limit when filler materials are employed, and
it is required to carefully control its chemical composition. For example, it is reported that
a lower concentration of Ti and Al and a small mismatch between the γ and γ′ phases
are advantageous [69,70], even though this might come at the cost of reduced mechanical
properties in comparison to the base material.

4. Laser Beam Welding (LBW)
Laser beam welding has drawn attention because of its potentiality and the abovemen-

tioned advantages over traditional welding techniques. Many investigations are focused on
the differences between the most used laser typologies to evaluate the corresponding effects
on the macro- and micro-structural features of Ni-based superalloy welded components.
Many types of lasers exist, and they are often referred to based on their active medium,
such as gas laser or solid-state laser. A typical gas laser that was commonly used in the
past for welding applications is the CO2 laser, although nowadays solid-state lasers are
more used, such as the Nb:YAG laser [47]. Recently, fiber lasers have gained popularity
since they allow fast welding and are known for their great stability and accuracy [71].
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In a comparison proposed by Ren et al. [72], the fiber laser showed increased melting
efficiency and lower minimal heat input required for full penetration welds of Inconel
617 butt joints in comparison to the CO2 laser. Nonetheless, gas lasers were successfully
used to weld different superalloy joints such as Inconel 625 [38], Inconel 718 [73], and
Nimonic [74]. Some examples of applications of the Nd:YAG laser can be found on Inconel
718 [66], Inconel 600 [75], and NiTi shape memory alloy [76]. The Nd:YAG laser was
proven to create better quality joints in comparison with other laser types. Gobbi et al. [77]
observed higher uniformity of the beads in Inconel 718 joints welded with the Nb:YAG
laser in comparison to gas laser. This entails lower residual stresses and no microfissuring,
which is a critical issue of laser welding that will be addressed in the following section.
In general, Nd:YAG laser has various advantages related to the high-energy absorption
rate due to a low reflectivity, a high welding speed, and low residual stress compared to
CO2 laser [78]. These advantages make the Nd:YAG laser more convenient and suitable for
on-site operation and factory automation for high-volume production in several industrial
applications [78,79]. These comparisons are significantly influenced by the choice of the
laser parameters. It must be noted that these comparisons are significantly influenced by
the choice of the laser parameters, by the pre-welding conditions and the post-welding
heat treatments.

Indeed, a proper optimization of the laser welding parameters is required to guar-
antee the quality of the welds. Many researchers performed ANOVA analysis or DOE
methods [38,66,80–82] to determine the best parameter combinations. As mentioned earlier,
the most important parameters are laser power and welding speed, but other aspects
deserve attention, such as shielding gas flow rate, shielding gas pressure, focal position,
and frequency of pulsation. For example, about the latter, it was observed in [83] that laser
frequency is an important factor to consider since Hastalloy X joints obtained with pulsed
Nd:YAG laser beam were significantly less porous in comparison to joints obtained with a
continuous fiber laser. Similarly, the contribution of Jiang et al. [84] proposed a comparison
between continuous (CW) and pulsed waves (PW) fiber laser welding of GH3535 super-
alloy, demonstrating that lower seam quality was obtained in CW mode than in the PW,
with consequent negative effects on the mechanical properties of the welded components.
Reduced porosity was observed in the PW joints, where the local CO micro-voids in the
melting pools are effectively removed by the subsequent pulse. Increasing the laser beam
frequency with the correlated intensification of the stirring in the melting pool enables even
lower porosity levels.

Several studies available in the literature investigated the correlation between laser
parameters, microstructure alteration, and crack susceptibility in an attempt to reduce the
issue of welding cracks in Ni-based superalloys. One of the possible strategies to adopt in
the case of high crack susceptibility is the application of a suitable heat treatment before
welding, inducing a more homogeneous dispersion of precipitates, reducing the thermal
gradients, and altering the hardness of the base material [31]. Another solution can be
the use of a ductile filler metal [31,66,69,85]: to reduce the micro-cracking phenomena
associated with repairing operations of turbine blades, a filler alloys having lower Al and
Ti concentrations than the base material can be used [69,85]. The issues related to the use of
filler material were previously discussed.

An interesting contribution proposed by Zhu et al. [86] underlined the evolution of
the microstructural feature along the fusion line between the FZ and the HAZ of the laser
welded polycrystalline GH909 superalloy, focusing on the formation process of γ/Laves
eutectic constituents on the laser welds: the sketches in Figure 5 show an interesting
schematic representation [86] of the solidification process and the formation mechanism of
Laves eutectic constituents and grain boundary liquation in the FZ and HAZ, respectively,
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that are considered the primary causes of liquation cracking. The liquation of Nb-rich MC
carbides (Metallic Carbides) in welded Ni-based superalloys is pointed out as one of the
most important reasons for HAZ microfissuring.
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Montazeri et al. [31] also showed the association of the HAZ cracking with the li-
quation of grain boundary constituents such as γ–γ′ eutectics, carbides, Cr–Mo borides,
and Ni–Zr intermetallics (Figure 6). In their work, different pre-welding heat treatments
were performed, demonstrating that the hardness of the base material and the dissolution
of the abovementioned grain boundary constituents play a significant role in the crack
susceptibility of the joints.
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Figure 6. Constituents formation in the fusion zone in an IN738 Ni-based superalloy by Nd:YAG
pulsed laser welding process. Reprinted from Ref. [31]. HAZ liquation cracks associated with:
(a) Ni-Zr intermetallic, (b) γ-γ′ eutectic and Cr–Mo boride (c) Cr rich Carbides and (d) Ta rich
MC carbides.
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Grain boundary liquation is claimed to originate from the heat input during the weld-
ing and consequent grain coarsening [86,87]. In [87], solid solution GH909 specimens
were welded using a fiber laser. The investigation of the joint microstructure revealed that
larger grains are more prone to precipitation and segregation, incrementing the liquation
at high temperatures of lower melting constituents. As already stated, reducing the laser
power and, with a minor effect, the welding speed is beneficial in preventing liquation
cracking [87]. Liquid film formation on the grain structure in the HAZ is also observed
by Ojo et al. [88], who presented an exhaustive study on the HAZ characteristics of IN738
cast superalloy, underlining the presence of grain boundary γ′ liquid. Interestingly, the
formation of this damaging phenomenon was not observed by Osoba et al. [89] on the
Haynes282 autogenously welded by single pass CO2 laser beam: the absence of the re-
sponsible γ–γ′ eutectic transformation constituents was explained by the modified primary
solidification path through C addition, whilst Ti and Mo rich MC-type carbide are observed
on the FZ (Figure 7). Inconel 800, which is particularly suitable for aggressive corrosive
environments was extensively investigated in [90], revealing that grain refinement and
minor Laves phase precipitation are achievable by increasing the scanning speed, since the
heat input is reduced and the cooling rate enhanced.
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Figure 7. Details by scanning electron micrograph for the microstructure of the FZ in a Haynes282
welded by CO2 laser beam. Reprinted from Ref. [89].

Regarding the solidification cracks, multiple studies demonstrated that they are usu-
ally located at grain boundaries and, therefore, are affected by the grain boundary energy
(γgb). The latter depends on the misorientation angle (θ) and alloying elements, influ-
encing the crack susceptivity [91]. In fact, if γgb > 2γsl (solid-liquid interfacial energy), a
transition from attractive to repulsive grain boundary occurs and the liquid film at the
grain boundary becomes stable, hindering the coalescence of the dendrites and favoring
the hot cracking appearance. The dendrites coalesce occurs with a certain undercooling
∆Tb (θ) that increases with the misorientation angle (θ). When θ increases above a critical
value (θc), a high localization of strain appears with consequent solidification cracking [92].
Nrouzian et al. [58] proposed several strategies to avoid solidification cracking including
grain refinement and the oscillation of the laser, that can create more turbulence in the
melted pools favoring fine grain nucleation. A schematic of the formation of solidification
cracks is shown in Figure 8.
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Important applications of LBW regarding the aeronautical sector and power energy
plants involve components such as turbine blades. To increase the creep resistance of
Ni-based superalloy turbine blades during high-temperature applications, single-crystal
or directionally solidified microstructures are often evaluated as well as the role of the
crystallographic orientation on the alloy susceptibility. Fusion welding of single crystal
alloys poses some issues related to the possible presence of stray grains in the FZ, which
are often associated with cracks [93], as shown in Figure 9. The picture shows several
stray grains in the center of the FZ of a PWA 1480 single crystal weld obtained by pulsed
laser, and a crack along stray grain high angle boundaries is visible. The constitutional
supercooling ahead of the advancing solidification front is indicated as the formation
mechanism of the stray grains. In particular, refs. [93,94] underlined the dependency of
stray grains formation on the laser parameters since the issue can be avoided by reducing
the laser power and the welding speed.

Metals 2025, 15, x FOR PEER REVIEW 12 of 28 
 

 

 

Figure 8. Schematic of solidification cracking formation. Reprinted from Ref. [58]. 

Important applications of LBW regarding the aeronautical sector and power energy 

plants involve components such as turbine blades. To increase the creep resistance of Ni-

based superalloy turbine blades during high-temperature applications, single-crystal or 

directionally solidified microstructures are often evaluated as well as the role of the crys-

tallographic orientation on the alloy susceptibility. Fusion welding of single crystal alloys 

poses some issues related to the possible presence of stray grains in the FZ, which are 

often associated with cracks [93], as shown in Figure 9. The picture shows several stray 

grains in the center of the FZ of a PWA 1480 single crystal weld obtained by pulsed laser, 

and a crack along stray grain high angle boundaries is visible. The constitutional super-

cooling ahead of the advancing solidification front is indicated as the formation mecha-

nism of the stray grains. In particular, [93,94] underlined the dependency of stray grains 

formation on the laser parameters since the issue can be avoided by reducing the laser 

power and the welding speed. 

 

Figure 9. Pulsed laser weld on PWA 1480 single crystal Ni-based superalloy showing large regions 

of epitaxial growth as well as abundant stray grains and cracking along stray-grain high angle 

boundaries. Reprinted from Ref. [94]. Copyright 2004 The Minerals, Metals & Materials Society. 

The nature and distribution of the micro-constituents that can be obtained by a LBW 

process on single-crystal Ni-based superalloys were also investigated by Wang et al. [95] 

on the solution heat treated CMSX-4 and the partial solution heat treated CMSX-486 sup-

eralloys: W and Re segregation into the dendrite regions were individuated whilst Ti, Ta, 

Al (γ′ forming elements) and Hf in the interdendritic regions were observed, as well as 

Figure 9. Pulsed laser weld on PWA 1480 single crystal Ni-based superalloy showing large regions
of epitaxial growth as well as abundant stray grains and cracking along stray-grain high angle
boundaries. Reprinted from Ref. [94]. Copyright 2004 The Minerals, Metals & Materials Society.

The nature and distribution of the micro-constituents that can be obtained by a LBW
process on single-crystal Ni-based superalloys were also investigated by Wang et al. [95]
on the solution heat treated CMSX-4 and the partial solution heat treated CMSX-486
superalloys: W and Re segregation into the dendrite regions were individuated whilst Ti,



Metals 2025, 15, 30 13 of 28

Ta, Al (γ′ forming elements) and Hf in the interdendritic regions were observed, as well as
Chinese script carbides in CMSX-46. Stray-grains presence was also confirmed, especially
in CMSX-486 because of the Hf, Zr, and B segregations in the liquid phase. The effect of the
pre-weld conditions is, therefore, minor than the chemical composition effect.

5. Electron Beam Welding (EBW)
Electron beam welding produces a seam characterized by deep penetration, narrow FZ

and HAZ, and low residual stresses due to more uniform heat distribution, which makes
EBW joints potentially superior in comparison to traditional welded counterparts. For
example, the comparison on IN825 proposed in [53] revealed that EBW joints are overall
better in comparison to GTAW welds, where the elevated heat input led to the formation
of coarser microstructure and cracks (Figure 10). Nonetheless, when process parameters
are not optimized, it is difficult to obtain crack-free welds. This is particularly challenging
in single crystal alloys: Curchman et al. [96] compared the welds obtained on a single
crystal alloy with EBW and conventional GTA, reporting that GTA welds were generally
crack-free, while in the EBW welds stray-grains were present, inducing cracks.
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As mentioned before, the peculiarities of the EBW process, such as the necessity of the
vacuum chamber, entail higher quality of the joints, even in comparison to LBW. Sekhar
et al. [33] proposed an interesting investigation on laser and electron beam welding of thick
joints made of two very popular superalloys in the field of gas turbines in full heat-treated
conditions, that are the precipitation-strengthened Waspaloy and Udimet 720Li. Their
results highlight that the EBW joints are less porous, although more distortion occurred
in the joints. Moreover, from the reported pictures of the cross-section of the welds, it is
possible to notice the difference in the shape and dimensions of the fusion zone.

To find the optimal parameters and obtain microstructure and mechanical properties
as close as possible to those of the original material, many investigations start with an
optimization procedure that entails testing different parameter combinations [80,97]. The
parameters affecting the process are divided into two groups according to [98]: beam
parameters (e.g., accelerating voltage and beam current) and welding joint features (e.g.,
welding speed, welding width, vacuum pressure, and preheating temperature). Statistical
tools can be used to combine the parameters effectively, as in [99]. For example, Choudhury
et al. [100] used the RSM-JAYA algorithm to combine different values of beam current,
accelerating voltage, welding speed, and beam oscillation, revealing that the accelerating
voltage, followed by beam current, has the main impact on both penetration and width
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of the beam. The beam oscillation was found to be less relevant, although, in another
study on Inconel 718 welded by EBW in solution-treated condition [101], it was proven to
affect the crack susceptibility: the elliptical beam oscillation that was employed reduced
Nb segregation and amount and morphology of the Laves phase in the interdendritic
region and determined positive improvements in tensile strength and ductility. The welds
were subjected to different post-welding heat treatments revealing that the elliptical beam
oscillation determined positive improvements in tensile strength and ductility at room
temperature independently of the heat treatment.

Welding speed and heat input are the main responsible for the definition of the grain
size with consequent effect on the crack susceptibility [102,103].

The typical microstructure observed in EBW Ni-based alloy joints is characterized by
the formation of equiaxed dendrites in the center of the FZ and a transition from cellular
to columnar dendrites near the HAZ, as shown in Figure 11 [37,53,104–107]. In general,
the microstructure is always finer than the one obtained with other welding techniques,
and this theoretically leads to higher hardness and tensile strength. Nonetheless, other
factors might play a relevant role, such as the amount of δ-precipitates as a consequence
of heat treatments, as reported in [106]. The reason behind the grain refinement is the
lower heat input that characterizes the EBW process in comparison to others [108]. The fine
microstructure was also observed in single crystals Ni-based superalloy joints where the
microstructure transforms into polycrystal [102] after EBW.
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Solidification and liquation cracks in the FZ and HAZ are mainly correlated to the
precipitation of phases such as γ–γ′ eutectic, Cr-Mo boride, Ni-Zr intermetallic, MC carbide,
and γ′ phase, as reported in [109] for IN738. In [110] it is reported that liquation cracking
in solutionized K465 nickel-based superalloy is also favored by the segregation of elements
such as Ti, Nb, and Al, in addition to the phases previously mentioned. B segregations
are also considered responsible for crack susceptibility in Ni superalloy 718 It was proven
in [109] that increasing the beam current is beneficial since the higher heat input contributes
to the reduction of residual stresses related to the cooling of the welds. Moreover, increasing
the beam current improves the backfilling mechanism, which entails the filling of a crack
due to the melted material in the fusion zone that moves backward for capillarity [111]. A
schematic of a typical process of solidification of the superalloy GTD-111 is represented in
Figure 12, to highlight the segregations that are at the origin of solidification cracking [112].
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Figure 12. Schematic of the solidification process of GDT-111 nickel-based superalloy. Reprinted
from Ref. [112]. Schematic of GTD-111 superalloy solidification steps, (a) Liquid metal, (b) Formed
dendrite structure (γ1), (c) The residual liquid in IDR, (e) Precipitation of MC carbides, (f) Formation
of γ-γ′ eutectic, (g) precipitation of ordered γ′ phase.

Crack susceptibility not only depends on the heat input, but it also worsens with the re-
duction of the welding speed [92,110]. The number and length of transverse cracks increase
with the reduction of welding speed due: to (i) the segregation at grain boundaries of some
alloying elements producing an increased volume of liquid film and (ii) the transformation
of low-angle grain boundary (LAGB) into high angle grain boundary (HAGB). According
to previous research [91,92], this results in a higher cracking susceptibility. Moreover,
the average grain size of the join decreases with the welding speed with changes in the
mechanical properties, such as the microhardness of the fusion zone.

Besides the optimization of the process parameters [101,102] discussed previously,
several strategies are proposed in the literature that can be adopted to reduce cracking
susceptibility by (i) controlling chemical composition in the weld [104,107,113], (ii) filling a
deposited layer [107,114], and (iii) employing pre-heating or post-welding heat treatments.

An example of chemical composition control (strategy (i)) can be found in [104], where
crack formation in GH4169 alloy can be inhibited by adding Mn, since it promotes the
formation of the high-melting phase Mn2Nb, avoiding the formation of the low-melting
phase Ni3Nb at the grain boundaries. Similarly, the beneficial effect of C addition on the
cracking susceptibility of the DS TMS-75 superalloy depends on its ability to promote the
MC formation in the L ↔ γ + MC reaction, reducing the amount of liquid available for the
γ–γ ′ eutectic transformation [113].

The control of the chemical composition can be done by taking action on the joint
design (strategy (ii)). For example, Sun et al. [107] designed a sandwich structural joint of
IC10 with Inconel718 alloy single crystal deposited layer with a higher amount of Cr and
Nb. The strategy was able to solve the cracks problem in the IC10 EBW joint. In fact, the
presence of an additional deposited layer changes the microstructure of the weld and, in
particular, the amount of some elements (Al, Cr) that can influence the grain growth and
precipitated phases.

Among the alloying constituents, Al is one of the elements that shows the most intense
effect in the promotion of the columnar-to-equiaxed transition (CET) [115]. Therefore, by
filling a deposited layer with a lower amount of Al, with respect to matrix composition, it
is possible to promote columnar dendrite microstructure that improves the plastic deforma-
tion because of better resistance to tension than that of the cellular dendrite [107,116]. The
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deposited layer influences also the type of precipitated phases, because of the tendency of
C to preferentially form carbides with Nb instead of Ta due to the different enthalpy. NbC
has a higher melting point and can avoid the generation of liquid film in the intergranular
region preventing cracking [117].

Finally, another strategy to prevent cracking (iii), is the use of pre-heating, which
reduces temperature gradient and micro-segregation. By adopting the optimal pre-heating,
weld seams without defects can be obtained [54,118]. To reduce segregation and uniform
microstructure in the weld, post-welding aging treatments can be employed [116]. They
also promote the precipitation of δ-phase [106], spherical γ′ [101], and Cr-based MC-
type carbides [37] and reduce the strain concentration in the weld [116], with consequent
improvements in tensile properties.

These strategies also affect the mechanical properties of the welded joint: for example,
the addition of Mn, which inhibits the crack formation in GH4169 superalloy, also prevents
the formation of macroscopic defects resulting in good mechanical properties of the joint,
although yet not comparable with a base material properties (tensile strength 743.7 MPa,
Vickers hardness > 300 HV) [104]. Indeed, the welded joints’ mechanical properties are
usually worse in comparison to the virgin materials. For example, an analogous reduction
in mechanical properties has been observed in welded joints of Inconel 718: tensile strength,
yield strength, and elongation of the whole joint at 650 ◦C on average are 90%, 80%, and 80%
of parent material, respectively. Moreover, it must be noted that the properties vary from the
top to the bottom of the seam, with maximum values and brittle fracture features observed
on the top side, and lower values with ductile fracture features on the bottom side [106]. In
general, the volume fraction of precipitates in HAZ is higher than in the parent metal, and
increases with the heat input, resulting in higher hardness and strength and lower ductility
and toughness [119]. The effect of interdendritic precipitation on mechanical properties
has been observed also for Inconel 825 and 686 Ni super-alloys [66,69]: the presence of
secondary phases (Al4C3 and TiN in the first case) and the segregation of Mo and W at
grain boundaries improve tensile properties but can reduce corrosion resistance, ductility
and impact toughness of the weld.

6. Typical Ni-Based Superalloys in Detail
In order to highlight the effects of the LBW and EBW processes on the microstructural

properties of peculiar superalloys, the description is now focused on three polycrystalline
Ni-based superalloys, characterized by different strengthening mechanisms.

6.1. Inconel 625

The chemical composition of Inconel 625 (IN625) is reported in Table 1.

Table 1. Chemical composition of Inconel 625 (%wt).

C Co Cr Mo Ti Si Fe Mn Al Nb + Ta Ni

0.1
max

1.0
max 20–23 8.0–10.0 0.4

max
0.5

max
5.0

max
0.5

max
0.4

max 3.15–4.45 Bal.

Inconel 625 is a Ni-based superalloy strengthened mainly by solid solution with Nb
and Mo [120], although the alloy can also be strengthened by precipitation [121–123],
mainly due to fine metastable phase γ′′ (Ni3Nb), which has D022 crystallographic ordered
structure after annealing in the temperature range between 550 and 850 ◦C [123]. Thanks
to its corrosion resistance at high temperatures, it is also used as a cladding material on
carbon steel and stainless steel.
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The metastable structure γ′′ transforms into the orthorhombic phase δ (Ni3(Nb, Mo)
after prolonged exposure to high temperatures [17,124,125]. The content of C and Cr
also has significant effects on the mechanical properties, as it induces the precipitation of
different types of metal carbides (M23C6, M6C, and MC) that develop with exposure at
temperatures between 1033–1253 K [126]: indeed, MC are primary carbides that decompose
into M23C6 and M6C depending on the aging time and temperature. In addition to the
excellent surface stability and excellent resistance to oxidation and corrosion, Inconel 625
has a remarkable resistance to yield, creep, and fatigue, finding wide use in many different
applications from cryogenic conditions to high temperatures above 1000 ◦C [127–130].
Furthermore, IN625 is considered one of the superalloys characterized by higher weldability
and workability [131], due to the low concentration of Ti and Al. It has been widely used in
aerospace, chemical, petrochemical, and marine applications.

Some examples of parameter optimization can be found in [131] with a Nd:YAG, and
in [38], with a CO2 laser beam, where the importance of the correct choice of the heat input
is highlighted. In [131] the Response Surface Method is used for the optimization, and the
microstructure obtained shows a fully dendritic arrangement in the FZ, with dispersive
precipitation in the interdendritic regions. It was observed that the hardness of the seam
increases with increasing heat input because of Si, Mo, and Nb segregation at the grain
boundaries, with consequent formation of Laves phases and NbC carbides. Those phases
affect significantly the weldability of the alloy and deteriorate its resistance to liquation
and solidification cracking [131]. In [38] the shielding gas flow was also taken into account
alongside laser power and welding speed, although its impact was limited. The parameter
combinations were obtained from a DoE, and the heat input was found to control the
penetration depth, the residual stresses, and the porosity in the seam. These results are
corroborated by other similar studies, as in [132]. With regards to mechanical properties,
the correct choice of the parameters permitted to obtain welded joints with final mechanical
properties comparable to the values obtained for bulk material in [38]. Indeed, according
to [41], the tensile properties of the welds can increase with decreasing laser power since a
finer microstructure can be obtained in the fused zone. According to [133], increasing the
welding speed also helps in reducing the grain size, thus improving tensile properties.

Inconel 625 shows good weldability not only in the LBW process but also when an
electron beam is employed. Welds free from welding cracks and HAZ microfissuring were
obtained in [134,135], where the good EB weldability of IN625 was confirmed. Moreover,
in [135], a thermal numerical model of the EBW process was developed, by adopting
a superimposition of two different power density distribution functions (spherical heat
source and conical heat source). Electron beams can be employed in strengthening surface
treatments, as in [136], where it was found that the focus current is a paramount parameter
to determine the microstructure and wear resistance of the metals. It is important to
mention that EBW is often considered a potential solution for the welding of dissimilar
materials. For example, IN625 was successfully welded with stainless steel 304 L [137], the
duplex stainless steel UNS 32205 [138], and cast 9%Cr steel (CB2) [139].

The following tables report some of the parameters that have been used in the literature
to weld IN625 with LBW (Table 2) and EBW (Table 3). The studies reported belong to
different categories: some works involve optimization procedures to identify optimal
parameter combinations; others investigate the effect of specific parameters; and some
others develop numerical models that require extensive experimental campaigns for the
validation. All the contributions are useful to better understand the correlation between
process parameters and microstructure-mechanical properties of the welds.
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Table 2. LBW parameters for IN625 and corresponding references.

IN 625-LBW

Ref. Laser Types Thickness [mm] Laser Power [W] Welding Speed
[mm/min] Comments

[131] Nd-YAG 0.5 260 72

Optimal parameters
to maximize weld
strength with spot

size 180 µm

230 360

Optimal parameters
to minimize

microhardness with
spot size 540 µm

[133] Fiber 5 5000 1500–1800–2100 Study on the welding
speed effect

[132] Diode 0.7 800–1000–1200 1200–2100–3000–3900 Study on the heat
input effect

[42] Fiber 1.5 300–350–400 300–400–500 Numerical
investigation

[41] Nd-YAG 1.5 75–100–120–130 90–120–180–240 Numerical
investigation

[38] CO2 5 3000–3300 1000
Optimal parameters

to achieve full
penetration

Table 3. EBW parameters for IN625 and corresponding references.

IN625-EBW

Ref. Thickness [mm] Acc. Voltage [kV] Current [mA] Welding Speed
[mm/min] Comments

[134] 5 60 100 1500
Study on the effect of

grain boundary
precipitation

[135] 2.5 150 15–14.5 720 Numerical
investigation

[136] 10 60 10 240 Study on the beam
focus current effect

6.2. Inconel 718 and AF955

Inconel 718 (IN718) is claimed to be the most used Ni-based superalloy in supercritical
conditions applications. The chemical compositions of the standard IN718 (UNS N07718)
and a variation of it, the AF955 alloy (patented by Acciaierie Foroni S.p.A.), are reported in
Table 4 below. AF955 has a composition similar to IN718, with the difference of a quantity of
Mo of about 5–6%wt., which is almost double of a typical IN718 (c.a. 3 wt%). Like IN718, the
superalloy AF955 is strengthened by γ′′ (Ni3Nb) and γ′ (Ni3(Al, Ti)) phases precipitation
in the γ matrix, with volume fractions of approximately 16% and 4%, respectively, after
appropriate heat treatment [140]. Interestingly, there is almost no literature available
about the application of high energy density welding processes, for instance. This kind of
superalloy finds important applications in the oil and gas extraction industry because of
the excellent corrosion resistance due to Cr, Al, and Mo content.
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Table 4. Chemical composition for standard Inconel 718 (IN718) and the AF955 superalloy (%wt).

Ni Cr Mo Nb(+Ta) Co Ti Al Si Mn C P S Fe

IN718 50.0–
55.0

17.0–
21.0

2.80–
3.30

4.75–
5.50

1.00
max

0.65–
1.15

0.20–
0.80

0.35
max

0.35
max

0.08
max

0.015
max

0.015
max Bal

AF955 57.4 21.6 5.88 4.80 0.86 0.43 0.09 0.08 0.015 0.0086 0.0002 Bal

IN718 is a Fe/Ni-based superalloy that is a precipitation age-hardenable alloy widely
used for applications in aircraft engines, energy power plants, marine, and in the oil and gas
fields [17], where metallurgical stability is fundamental to fulfill the necessary combination
of good mechanical and anti-corrosion properties, ensuring stability at high temperatures
and pressure. It is characterized by γ′′(Ni3Nb) phase as the principal strengthening pre-
cipitate, as for the IN625, but also by the precipitation of the γ′(Ni3Al, Ti) phase. The first
one is a metastable phase that can evolve to the more stable and incoherent δ phase after
prolonged exposure to temperatures above 650 ◦C, as mentioned in the previous sections:
for this reason, IN718 superalloy maintains high creep and fatigue strength at high tem-
peratures up to the aforesaid temperature. For its relatively slow kinetics of strengthening
precipitation [140–142], this superalloy is considered to have good weldability when low
heat inputs are employed, minimizing the Nb segregation and the Laves phase formation.
Several works reported a strong tendency to microfissuring in HAZ, favored by the seg-
regation of Nb and Mo in the FZ during the localized solidification process of the bead,
with consequent formation of the brittle and detrimental (Ni, Cr, Fe)2(Nb, Mo, Ti, Si) Laves
phase in the interdendritic regions [62,73,116,143]. The microfissuring mechanism also
depends on the characteristics of the base material. For instance, the microfissuring is
mainly attributed respectively to the NbC-δ phase in wrought alloy and to the Laves phase
and carbides in the cast alloy [73]. Besides this difference, Alvarez et al. [57] reported a
limited effect of the material state on the weldability of wrought and cast IN718, although
the grain size was respectively 30 µm for the wrought and 1 mm for the cast, which is
a significant variation. Indeed, there are works in which the effect of pre-welding heat
treatments is also considered. For example, in [77,144] the base material was solution
treated at 980 ◦C, while in [73] a comparison between three different pre-welding states is
carried out: as-received, solution treated at 955 ◦C, and a combination of solution treatment
plus aging. The authors revealed that the solution-treated samples presented a larger
amount of δ phase and Niobium segregation at grain boundaries. The presence of Laves
phase is also affected by the process parameters selected. According to [108], increase heat
input leads to an increase in the bead dimensions and to a coarser microstructure. In this
work, several process parameters were combined to optimize the welds, but the authors
reported no differences in the weldability since no microfissuring was observed in none
of the conditions analyzed. The grain size strongly affects the mechanical properties of
the joints, and for this reason it is beneficial to reduce the heat input on the material. In
addition, it was found that using oscillation laser is beneficial to decrease the grain size,
reducing the thermal gradients in the bead [63].

Concerning the EBW application on this type of superalloy, different investigations
focused either on the optimization of the process parameters or on the application of
PWHT (post-welding heat treatment) can be found in the literature. An example in the
first category is presented by Mei et al. [103], where the effect of welding speed on the
microstructure and mechanical properties of EBW on Inconel 718 alloy is studied. By
increasing the welding speed from 1143 to 1270 mm/min, they observe a reduction of Nb
micro-segregation in the region near the center of the weld pools, hindering the Laves
phase formation, and leading to a reduction of the crack susceptibility. Reddy et al. [101]
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observed beneficial effects in tensile strength and ductility of IN718 weld by using an
elliptical electron beam. The beam oscillation helps in reducing the thermal gradients while
increasing the cooling rates: thus the G/R ratio will decrease, favoring solidification in
equiaxed dendritic mode. Moreover, the segregation of Nb and the Laves phase formation
are impeded. It must be mentioned that microcracks often originate from the decohesion of
the interface between Laves phases and γ matrix under a tensile stress. Therefore, besides
the amount of Laves phases, other factors must be taken into account, such as the size,
distribution, and Nb content of the phases. Indeed, long chains of coarse Laves particles
are more detrimental with respect to finer and dispersed granular Laves particles [101,108].
Post-welding heat treatments can partially dissolve the Laves phases. For example, in [116],
post-welding solution treatment at 980◦ is suggested to improve the tensile properties,
although not as much as in the parent material.

The following tables (Tables 5 and 6) collect some of the parameter combinations
used in the literature to perform LBW and EBW on IN 718. As mentioned in the previous
sections, weldability is a consequence of the welding parameters, but it is also affected by
the base material state and microstructure. Hence a proper comprehensive comparison
would take into account pre-welding and post-welding heat treatments. As for the tables
for IN625, the comments reported in the last column help in categorizing the studies.

Table 5. LBW procedures and parameters for IN718, with corresponding references.

IN 718-LBW

Ref. Laser Types Thickness [mm] Laser Power [W] Welding Speed
[mm/min] Comments

[108] CO2 1.6 2900 2336.4

Effect of the heat input
2512 1905
2000 1193.4
1500 711

[63] Fiber 3.6 3200 600 Effect of the laser
oscillation

[143] Fiber 3 1800 1400 Optimal parameters for
defect-free welds

[144] Nd-YAG pulsed 2 400 120 Effect of heat treatments

[73] CO2 5 60008000 25004000 Optimal parameters for
defect-free welds

[66] Nd-YAG 2 3000–3500 3000–4500 Effect of the filler
material rate

[57] Continuous laser 3.2 2300 499.8 Investigation on crack
susceptibilityPulsed laser 3166 (peak) 499.8

Table 6. EBW parameters for IN718 and corresponding references.

IN718-EBW

Ref. Thickness [mm] Acc. Voltage [kV] Current [mA] Welding Speed
[mm/min] Comments

[106] 12 1st pass: 60
2nd pass: 60

120
30

66
66 Effect of PWHT

[101] 3.1 55
with BO: 55

22
24–25

1500
1500

Effect of beam oscillation (B.O.)
patterns

[116] 2 60 20 480 Effect of PWHT

[103] 1.6 125 65 1270 Effect of pre-welding condition
and welding speed
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AF955 alloy is an example of the great variability of performance and characteristics
that can be achieved starting from IN718. Different products are obtained by changing
the chemical composition through alteration of combinations and quantities of the main
chemical elements, or by altering the microstructural features by taking advantage of
different heat treatments. The versatility of IN718 makes this superalloy a valid candidate
for investigations where high energy density welding technologies are applied.

6.3. Nimonic 263

Nimonic 263 is a wrought Ni-based superalloy developed post-war by Rolls-
Royce [145]. The chemical composition is reported in Table 7 below.

Table 7. Nominal chemical composition of Nimonic C263 (%wt).

Co Cr Mo Ti Fe Mn Al Si C Ni

20.0 20.0 5.8 2.1 0.7 0.6 0.45 0.4 0.06 Bal.

Nimonic 263 is known for combining excellent mechanical properties such as creep
resistance at elevated temperatures [12], high surface stability with excellent corrosion and
oxidation resistance, as well as high machinability and excellent weldability. It is one of
the most promising candidates for future generation power plants [145]; thus, it is an alloy
of great interest. The alloy is strengthened by both solid solution and precipitation with a
volume fraction typically around 20% of the γ′ Ni3(Ti, Al) phase with L12 crystallographic
FCC-ordered structure. The main strengthening element for the solid solution of the
austenitic γ matrix is Mo, having a significant difference in atomic size compared to the
FCC matrix [146]. MC carbides, rich in Ti and Mo in the form of MC phases, and M23C6

carbides rich in Cr, Ni, Mo, and Co were observed to precipitate at the grain boundaries
and intragranularly [146]. The phase stability of Nimonic 263 has been widely investigated:
indeed the γ′ phase might transform in the η phase, precipitating at the grain boundaries.
The precipitation of the η phase is promoted by long-term exposure at high temperatures
and strongly affects the properties of the alloy [147]. Extensive η phase precipitation in
the shape of platelets was observed after prolonged exposure at 800 ◦C [18,147]. It is
reported that at temperatures lower than 900 ◦C, the hexagonal η-Ni3Ti phase also partially
precipitates in the γ matrix, while for prolonged exposure times at temperatures around
750 ◦C, the η phase precipitates more copiously with a thin sheet morphology, significantly
reducing creep resistance [18,147].

The possibility of welding Nimonic 263 components without defects is a paramount
requirement to promote the adoption of this alloy in critical conditions. Conventional
welding processes such as the GTA can be applied. Nonetheless, intensive thermal cycles
provoke the coarsening of carbides and high residual stresses, which in turn reduces the
tensile properties and creep resistance of the joints [148,149]. High energy density welding
processes might be a solution to reduce these detrimental effects. However, besides this
potentiality, little information is available on the use of both the LBW and the EBW process.
Due to the complex microstructure and its tendency to evolve with the temperature, it
might be challenging to obtain a complete welding seam on this alloy.

An example of an extensive experimental investigation on the penetration of fiber laser
treatments on Nimonic 263 sheets with a thickness of 2 mm is proposed in [150], where
the influence of the laser parameters is analyzed: the variation in shape and size of the
dendritic structure in the MZ was evaluated, revealing a direct impact of the laser power.
Moreover, the HAZ was observed to be small, which is attributed to the poor thermal
conductivity of the alloy [150]. Due to the lack of information, it is difficult at present to
identify optimal parameter combinations to perform LBW and EBW. This implies that this
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knowledge gap must be covered with future interesting and challenging investigations on
the applicability of high energy density welding processes on the Nimonic 263.

7. Conclusions
In the present work, an overview of the high energy density welding processes Laser

Beam Welding (LBW) and Electron Beam Welding (EBW) was illustrated, focusing on their
applications to Ni-based superalloys. In particular, the microstructure features of the FZ
and HAZ of different Ni-based superalloy joints have been described, as well as the typical
welding-induced defects such as secondary phases precipitation, segregations, undesired
Laves phase formation, porosity, and cracks. Two different cracking mechanisms are mainly
described, from which the so-called liquation and solidification cracks originate. Possible
strategies to avoid the development of such defects and indications on the suitability of
different superalloys for high-energy-density welding processes are given. Moreover, three
polycrystalline Ni-based superalloys are presented: the solid solution strengthened Inconel
625, the precipitation age-hardened AF955 (similar to Inconel 718), and the precipitation
age-hardened Nimonic 263. The latest developments on the use of LBW or EBW on those
alloys are disclosed, highlighting the research gaps that must be covered to fully exploit
the potentiality of the Ni-based superalloys in combination with sophisticated joining and
repairing processes such as high-energy-density welding methods. Finally, it is worth
highlighting that other damaging mechanisms related to environmental aspects and not
covered in this review (e.g., stress corrosion cracking, oxygen absorption during welding)
could occur and compromise the structural integrity of such Ni-based superalloys due to
welding-induced material modifications.
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