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A B S T R A C T   

Powder Bed Fusion (PBF) techniques constitute a family of Additive Manufacturing (AM) processes, which are 
characterised by high design flexibility and no tooling requirement. This makes PBF techniques attractive to 
many modern manufacturing sectors (e.g. aerospace, defence, energy and automotive) where some materials, 
such as Nickel-based superalloys, cannot be easily processed using conventional subtractive techniques. Nickel- 
based superalloys are crucial materials in modern engineering and underpin the performance of many advanced 
mechanical systems. Their physical properties (high mechanical integrity at high temperature) make them 
difficult to process via traditional techniques. Consequently, manufacture of nickel-based superalloys using PBF 
platforms has attracted significant attention. To permit a wider application, a deep understanding of their me-
chanical behaviour and relation to process needs to be achieved. The motivation for this paper is to provide a 
comprehensive review of the mechanical properties of PBF nickel-based superalloys and how process parameters 
affect these, and to aid practitioners in identifying the shortcomings and the opportunities in this field. Therefore, 
this paper aims to review research contributions regarding the microstructure and mechanical properties of 
nickel-based superalloys, manufactured using the two principle PBF techniques: Laser Powder Bed Fusion (LPBF) 
and Electron Beam Melting (EBM). The ‘target’ microstructures are introduced alongside the characteristics of 
those produced by PBF process, followed by an overview of the most used building processes, as well as build 
quality inspection techniques. A comprehensive evaluation of the mechanical properties, including tensile 
strength, hardness, shear strength, fatigue resistance, creep resistance and fracture toughness of PBF nickel-based 
superalloys are analysed. This work concludes with summary tables for data published on these properties 
serving as a quick reference to scholars. Characteristic process factors influencing functional performance are 
also discussed and compared throughout for the purpose of identifying research opportunities and directing the 
research community toward the end goal of achieving part integrity that extends beyond static components only.   

Build direction and axis definition are almost uniformly defined as 
below (as shown in Fig. 1) 

1. Introduction 

Additive manufacturing (AM) can be defined as “a process of joining 
materials to make objects from 3D model data, usually layer upon layer, 
as opposed to subtractive manufacturing methodologies”. This tech-
nique has drawn significant attention due to its flexibility in design and 
fabrication. Commercially, AM has the potential to save both money and 

time while delivering enhanced functionality with respect to conven-
tional subtractive manufacturing techniques. This becomes apparent 
when highly customised parts with high value and low volume are 
required. Several researchers have previously reviewed the potential 
advantages of AM, as well as its positive impact on society [1]. These 
studies concluded that this process is driving a revolution to 
manufacturing technology. 

In the last two decades there has been a dramatic increase in the 
number of publications associated with Nickel-based materials in AM 
(see Fig. 2). 
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There are several prior reviews regarding AM, particularly Powder 
Bed Fusion (PBF), of metals. The reviews in the literature to date provide 
a general overview of metal AM techniques, focusing on the processing 
methods, corresponding microstructures, mechanical properties and 
their applications with a variety of materials [3,9–12]. Murr et al. 

compared the two main metal PBF techniques, i.e. Laser Powder Bed 
Fusion (LPBF) and Electron Beam Melting (EBM), and their processing of 
commonly used structural materials [13], while Korner et al. reviewed 
EBM and the process-property links in metallic materials [14]. Song 
et al. reviewed the differences in microstructures and mechanical 
properties between LPBF manufactured components and their conven-
tionally manufactured counterparts [15]. Sames et al. reviewed a series 
of metal AM techniques, focusing on their issues and their mechanisms, 
as well as creating models to simulate them [16]. Basak and Das 
reviewed the microstructure evolution in commonly used metal alloys 
processed with various metal AM techniques [17]. In the literature, re-
view papers on the general mechanical properties of LPBF manufactured 
components can be found [18–20]. These tend to focus on the micro-
structure and mechanical performance of additively manufactured 
Ti–6Al–4V components [21,22] and nickel-based superalloys [23,24]. 
Wang et al. reviewed LPBF manufactured Inconel (IN) 718 components, 
mainly concentrating on its microstructure and mechanical properties 
[25]. This is perhaps the most similar work to the review undertaken 
here which only represents a fraction of the state-of-the-art now avail-
able in the literature. Aboulkhair et al. comprehensively reviewed 
aluminium alloys [26]. Zhang et al. reviewed the applications of LPBF 
titanium alloys and of titanium matrix composites in biomedical engi-
neering [27]. It is worth mentioning that there are also review papers on 
novel design [28] and material systems [29] applied to additive 
manufacturing. However, there is yet to be presented a comprehensive 
review on the subject of mechanical properties of PBF Nickel-based 
superalloys which provides an authoritative and comprehensive 
resource to scholars in this field. Therefore, the motivation for this paper 
is to present a comprehensive review of the mechanical properties of 
PBF nickel-based superalloys. This will provide researchers with a better 
understanding of the state-of-the-art and the effect of PBF processing 
parameters on the mechanical properties. A summary of the research 
undertaken for different mechanical properties will be given at the end 
of this review to help practitioners to identify what categories of ma-
terial evaluation have been performed and to identify gaps in research. 
Finally, both the opportunities and shortfalls of PBF in the processing of 
Nickel-based superalloys will be discussed. Since our understanding of 
the fundamental metallurgy and process itself develops at a rapid rate it 
essential that the community has a point of reference from which to 
draw. 

1.1. Powder bed fusion techniques 

This paper focuses on the two principle PBF techniques: LPBF and 
EBM. PBF is one of the most popular AM techniques for metal part 
fabrication. This process consists of two stages: firstly, the powder is 
spread uniformly on the working area, then an energy source (a laser 

Nomenclature 

AB As Built 
BD Build Direction (will be aligned with the Z-axis in Figures, 

unless otherwise specified, see Fig. 1) 
CAD Computer Aided Design 
DA Direct Ageing 
EBM Electron Beam Melting 
EBSD Electron Back Scatter Diffraction 
EDM Electrical Discharge Machining 
FCC Face Centred Cubic 
HA Homogenisation and ageing 
HCF High Cycle Fatigue 
HIP Hot Isostatic Pressing 
HSA Homogenisation and solution treatment and ageing 

HT Heat Treatment 
IN Inconel 
LCF Low cycle Fatigue 
LPBF Laser Powder Bed Fusion 
OM Optical Micrography 
PBF Powder Bed Fusion 
PREP Plasma Rotated Electrode Process 
RA Recrystallisation Annealing 
RT Room temperature 
SEM Scanning Electron Microscopy 
SR Stress Relieved 
ST Solution treatment 
STA Solution treatment and Ageing 
TEM Transmission Electron Microscope  

Fig. 1. Layout of the build directions and principle planes commonly used 
when highlighting anisotropy in PBF specimens. Noting the orientation of 
this primitive is commonly considered to align with the machine coordi-
nate system. 

Fig. 2. Number of publications on Additive Manufacturing of nickel-based 
superalloys (from Scopus database) with major milestones [2–8].This 
shows an increase in publications associated with Nickel-based materials in 
Additive Manufacturing. 
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beam for LPBF and an electron beam for EBM) selectively melts the 
powder bed according to a 3D model and hence build the final compo-
nent [30]. The two main differences between these fabrication methods 
are their power sources and power transmission systems. Two diagrams 
representing a typical LPBF and EBM systems are presented in Fig. 3 [9]. 
Both methods and process nuances have already been properly reviewed 
by other researchers and Table 1 summarises the relevant differences 
between the two systems [9,16,30]. This method can be used to process 
a variety of materials, ranging from metals to ceramics, for many ap-
plications, such as aerospace, biomedical and automotive. For a broad 
review of the materials available for all types of AM platform the reader 
is referred to Bourell et al.‘s review of the topic [31]. 

1.2. Nickel-based superalloys and the role for AM 

This section will highlight the characteristics of nickel-based super-
alloys, why they are appropriate for PBF use and examples of their ap-
plications, particularly in the aerospace sector. 

1.2.1. Characteristics of nickel-based superalloys 
Nickel-based superalloys, as a family of modern aerospace engine 

materials [34,35], which possess a combination of high-temperature 
strength, toughness, creep and oxidation/corrosion resistance. For 
these reasons, this class of alloys has been widely used in components 
operating in critical environments [36]. The first generation of 
nickel-based superalloys, designed for high-temperature applications in 
jet engines, included Nimonic 75, developed by Henry Wiggin Ltd, UK, 
in the 1940s [34]. Since then, nickel-based superalloys have been 
continuously produced, studied and used in building turbine blades, 
turbine discs, seals, rings, and other components in gas turbines. 
Nowadays, there are nearly 1.8 tonnes of nickel-based superalloys in a 
typical jet engine. These materials have greatly contributed to the in-
crease of the continuous operating life of jet engines to above 20,000 h 
[37]. While coating technologies (e.g. Zirzonia based thermal barrier 
coatings, TBCs) have also served to enhance high temperature perfor-
mance the role of the substrate nickel-based superalloy cannot be 
overstated. Fig. 4 shows the weldability and therefore the utility of 
nickel-based superalloys in fabrications. This is a useful indicator of how 
challenging high integrity AM will be for a given material. Effectively, 
the process window becomes greatly reduced above the broken red line. 

Nickel-based superalloys are used in many applications, such as land- 
based gas turbines, nuclear power plants and chemical containers. A 
summary of some common applications for nickel-based superalloys are 
reported in Table 2. 

Fig. 5 summarises the types of nickel-based superalloys studied in 
PBF research. It is clear from this figure that IN718 and IN625 are the 
most explored in PBF studies. Their composition can be found in Table 8 
in the Appendix. 

1.2.2. Nickel-based superalloys and PBF in the aerospace Industry 
The aerospace industry represents a significant prize for AM machine 

producers, since a significant amount of components have a high part 
value and are produced using high value materials [40]. Indeed, 
nickel-based aerospace components are characterised by complex ge-
ometries and low production volumes. Furthermore, given the charac-
teristic excellent mechanical properties of Nickel-based superalloys, 
designed to work in safety critical applications, these parts are difficult 
and expensive to machine with conventional machining techniques 
[41–44]. As a result, particular attention must be paid to the selection of 
tooling, coolants, and processing parameters, leading to increasing 
production costs [40]. On the contrary, PBF’s ability to manufacture 
complex geometries allow the incorporation of new and additional 
functionalities to components. Hence, this area is an appropriate way to 
demonstrate the potential of using PBF in conjunction with nickel-based 
superalloys. 

Work by Yadroitsev et al. demonstrated the capability of LPBF in 
producing complex filters constituted of free-form structures from IN625 
[45]. The parameters of the unit cell, or even of individual cells, can be 

Fig. 3. Diagram of the two main Powder Bed Fusion processes. (a) Laser Powder Bed Fusion. (b) Electron Beam Melting systems. The two main differences 
(power sources and power transmission systems) are visible. After [9]. 

Table 1 
The major differences between Laser Powder Bed Fusion and Electron 
Beam Melting. This provides an insight into process characteristics [9,16,30].  

Aspects LPBF EBM 

Power source Laser Electron beam 
Power range 20 W–1 KW Several KW, much higher 

than the laser power 
Energy beam spot 

size 
50 μm–180 μm 50 μm–200 μm 

Power 
transmission 
system 

High-frequency scanning 
mirrors 

Electromagnetic lenses and 
magnetic scan coil 

Scan speed range Up to 15 m/s Up to 10 m/s 
Powder bed 

thickness range 
20 μm–100 μm 50 μm–200 μm 

Powder bed 
temperature 
range 

Significant substrate heating 
is not usual and can range 
from 20 ◦C [32] to 975 ◦C 
[33] 

Can be very high, slightly 
below the materials’ melting 
temperature 

Build chamber 
condition 

Normally filled with 
protective gases, with an 
oxygen content less than 0.1% 

Vacuum, <102 Pa  
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easily modified at the modelling stage and optimised for specific ap-
plications with features below 1 mm (Fig. 6). This demonstrates an 
immediate opportunity for AM technologies which cannot be achieved 
through conventional machining methods. 

A further advance was demonstrated by Bernstein et al., who 
developed and built a prototype turbine blade characterised by a leading 
edge with inbuilt cooling channels obtained via LPBF (Fig. 7) [42]. The 
measured average cooling hole size (0.3945 mm) was slightly smaller 
than the nominal size (0.5 mm), highlighting tolerancing challenges 
remaining to be conquered in LPBF. The standard deviation for these 
hole diameters was small (0.0206 mm), indicating LPBF has potential as 
an accurate and effective technique to produce these features. Despite 
some promising results, this process cannot yet compete with the feature 
resolution obtained by laser processes or electrical discharge machining 
(EDM), which are common methods for cooling hole introduction. 
Indeed, Li et al., amongst others, have demonstrated that by using a laser 
or EDM drilling process it is possible to obtain holes with a diameter 
<150 μm. However, common industrial processes for civil aircraft 
require cooling hole diameters in the range 300–500 μm [46]. This is a 
fundamental technology limitation which governs turbine blade and 
nozzle guide vain thermodynamic performance. However, focus on AM 
research for aerospace applications has so far been focused on static 
components. The reasons behind this becomes evident with exploration 
of the mechanical properties exhibited by AM materials, a topic explored 
in much more detail later in this review. 

Since LPBF has shown promising initial results in the realising 
complex structures in aero-engine components, more and more com-
panies are expressing intentions to invest in this technology. A review of 
metal AM use in the commercial aviation industry was written by 
Gisario et al. [47] and a review of the material characteristics of AM 
IN718 for high temperature applications was written by Yong et al. [48]. 

As an example, NASA has tested some LPBF built rocket injectors, 
demonstrating that these parts can withstand heat and pressures 
generated during space rocket launches [49]. MTU Aero Engines also 
announced that the borescope bosses for their PurePower PW1100G-JM 
engines will now be produced using LPBF [50]. Further, the Netherlands 
Aerospace Centre together with the University of Twente developed a 
novel micro-pump assembly for space application, composed of no 
moving parts, such as hydraulic valves [51]. The manufacturing of this 
micropump was only possible using LPBF, due to the complex internal 
features which could not be obtained by other means. GE Aviation 
played a fundamental role in the introduction of AM to the aerospace 
industry, in particular through the acquisition of both SLM Solutions and 
Arcam, two major AM companies specialising in LPBF and EBM, 
respectively. As a proof of principle, GE Aviation built a working 
miniature version of a jet engine using entirely LPBF [52]. Even though 
the scale was far smaller than commercial engines, this prototype was 
able to reach 33,000 RPM in functional testing and marks a significant 
step towards a more widespread use of LPBF in aero-engines 
manufacturing. They also created a sensor housing using only LPBF, 
which made it the first 3D printed part to be approved for use by the FAA 

Fig. 4. ‘Weldability’ diagram for a range of nickel-based superalloys as a 
function of their Ti and Al alloy element composition. Figure from Catchpole- 
Smith et al. [38]. Weldability is considered poor above the dashed line and 
deteriorates with increasing Ti and Al content. This work will inform future 
research on alloy compositions. 

Table 2 
Common applications of nickel-based superalloys [39]. This shows the 
numerous areas where additively manufactured nickel-based superalloys could 
be used.  

Applications Examples Typical alloys 

Aerospace Industry Aircraft gas turbines: disks, 
combustion chambers, bolts, 
casings, shafts, exhaust 
systems, blades, vanes, burner 
cans, afterburners, thrust 
reversers, 
Space vehicles: 
aerodynamically heated skins, 
rocket engine parts 

IN600, IN601, IN617, 
IN625, IN706, IN718, 
IN738, IN754, IN X-750, 
Nimonic 115, Nimonic 
75, Nimonic 80, Nimonic 
90, Rene 41, Waspaloy, 
Hastelloy X 

Chemical and 
petrochemical 
industries 

bolts, fans, valves, reaction 
vessels, tubing, transfer piping, 
pumps 

IN600, IN625, IN690, 
IN718, IN725, IN925, 
Rene 41, Waspaloy 

Pulp and paper mills tubing, doctor blades, 
bleaching circuit equipment, 
scrubbers 

Hastelloy G, IN600, 
IN671, IN706, IN718, 
Rene 41, Waspaloy 

Nuclear power 
systems 

control rod drive mechanisms, 
valve stems, springs, ducting 

Hastelloy G, IN600, 
IN625, IN706, IN718, 
Rene 41, Waspaloy 

Marine architecture ships, submarines IN600, IN625, IN718, 
Rene 41, Waspaloy 

Electronic Parts resistors IN706, IN718, 
Nichrome, Waspaloy 

Steam turbine power 
plants 

bolts, blades, stack gas 
reheaters 

IN706, IN X-750 

Metals processing 
mills 

ovens, furnace, afterburners, 
exhaust fans 

IN600, IN625, IN706, 
IN718, N06008, 
Nichrome, Rene 41, 
Waspaloy 

Heat-treating 
equipment and 
Metal processing 

trays, fixtures, conveyor belts, 
baskets, fans, furnace mufflers, 
hot-work tools and dies 

IN600, IN706, Nimonic 
80, Rene 41, Waspaloy, 
Waspaloy 

Automotive industry spark plugs, glow plugs (in 
diesel engines), catalytic 
converters, combustion 
systems 
Reciprocating engines: 
turbochargers, exhaust valves, 
hot plugs, valve seat inserts 

IN625, Waspaloy 

Medical applications dentistry uses, prosthetic 
devices 

Vitallium, Ni–Cr and 
Ni–Ti alloys 

Pollution control 
equipment 

scrubbers, flue gas 
desulfurization equipment 
(liners, fans, stack gas 
reheaters, ducting) 

IN718 

Coal gasification and 
liquefaction 
systems 

heat exchangers, repeaters, 
piping 

IN690  
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[53]. Other demonstrators, like turbine blades, were printed using EBM 
IN738LC and were assembled onto a disk for spin pit testing to validate 
the mechanical integrity and design of the blades [54]. 

In summary, AM is a promising technique for the manufacturing of 
nickel-based components. However, the knowledge gaps, which 
currently restrain PBF from wider scale exploitation, remain significant. 
Failure to fully understand the microstructural and functional response 
of AM nickel-based superalloys will severely limit the applications for 
this technology/material combination. As such, we must obtain a 
fundamental understanding of the origin of defects in both material and 
process. 

2. PBF process control and quality inspection 

In order to efficiently transfer the PBF processes to industry, 

adequate and solid inspection methods for both the building process and 
build quality must be selected. Some of the techniques proposed for this 
purpose are discussed in this section and will provide the scholar with 
reference methodologies. 

2.1. Microstructural characterisation 

The most common methods for the analysis of PBF nickel-superalloys 
include Optical Micrography (OM), Scanning Electron Microscopy 
(SEM) and Electron Back Scatter Diffraction (EBSD), which are 
described briefly below. All of these are common to well equipped 
metallography laboratories. In order to use those methods, samples need 
to be carefully prepared. A review on the preparation of metallic ma-
terials has also been written by Zhang et al. [55] which will assist 
nickel-based superalloy and AM researchers in developing characteri-
sation strategies. Here, the main observations under these techniques 
are highlighted. Arriving at appropriate specimen conditions often re-
quires appropriate grinding, polishing, and etching. The reader can refer 
to Zhang et al.‘s review [55] on this topic for more information. 

Porosity in PBF specimens is a classic ‘first indicator’ to investigate 
and although the Archimedes principle is suggested by ASTM standards 
for carrying out porosity measurements for PBF materials [56], OM is 
typically used by the research community to observed these at a x50 
magnification or less (Fig. 8). The lateral resolution of OM is in the order 
of 200 nm [57]. If a higher resolution is required (smaller pore size) use 
of electron microscopy is required. Specimen cross-sections are often 
analysed using an image analysis software, such as ImageJ, and poros-
ities can be quantified albeit destructively. Perevoshchikova et al. 
proved that these porosity values were comparable to those obtained 
with the Archimedes method [58]. In softer materials caution must be 
taken in order not to obscure pores by material smearing upon polishing. 
Melt pools can also be identified using OM (Fig. 29) under an appro-
priate etch. However, microstructure at the grain scale is usually not 
observed using OM since salient features in PBF nickel-based superalloy 
specimens are typically 5–30 μm. As such, higher resolution imaging 
techniques, such as SEM, are required if understanding beyond the 
macro (weld tracks, pores) is required. 

SEM is widely used to characterise PBF nickel-based superalloys 
sample microstructures. Along with back scattered electron micro-
graphs, the material’s surface topography, grain structure, phases and 
precipitates can be observed. In fact, the fast heating and cooling cycles 
produced during PBF, often make precipitates small (in the range of nm) 
which may be beyond the limit of SEM. Since the composition, spatial 
frequency and size of these are critical in determining alloy perfor-
mance. Characterisation of these (and controlling their formation) is 
critical in process. 

EBSD can provide more detailed information regarding the mate-
rial’s crystallographic texture as an accompaniment to electron micro-
scopy. An EBSD orientation map of an As-Built (AB) LPBF IN718 
specimen is given in Fig. 19 [59]. EBSD is exceptionally useful in relating 
the textural formation in AM with the associated process parameters and 
material composition. Data sets emerging from EBSD are highly valuable 
when considering the recrystallisation behaviour of AM specimens. 
Terner et al. also used EBSD to estimate residual stress in LPBF IN625 by 
assessing misorientation or strain levels from local misorientation by 
means of orientation imaging, and found that EBSD was adequate to 
qualitatively assess residual stress in a material [60]. Allied to EBSD are 
a number of emergent techniques which make use of laser ultrasonics. 
Rossin et al. used resonant ultrasound spectroscopy to characterise and 
detect LPBF part microstructure variability [61]. Further Smith et al. 
demonstrated the use of Spatially Resolved Acoustic Spectroscopy for 
characterisation of AM components [62]. While these techniques are in 
their infancy they have clear potential to be used alongside AM in the 
production environment. 

Fig. 5. Pie chart showing the nickel-based superalloys studied in powder 
bed fusion research to date, from 290 studies. Inconel 718 and Inconel 625 
are the most studied alloys given their level of usage primarily in the aerospace 
markets where there are immediate opportunities for aerospace. 

Fig. 6. Inconel 625 filter with placement specific pore orientation and 
cross-sectional area. These samples were manufacture by powder bed fusion, 
demonstrating the ability of powder bed fusion to manufacture highly opti-
mised geometries with features < 1 mm. This is an exemplary use of Laser 
Powder Bed Fusion technology [45]. 
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2.2. X-ray diffraction 

X-ray diffraction (XRD) can be used not only to determine the crys-
talline structure of polycrystalline materials but also to measure residual 
stresses [63]. In Fig. 9, the XRD spectra for an IN718 powder and an AB 
LPBF specimen are reported, giving a general overview of the phase 
distribution in the material. As expected, the main phase present was the 
γ face-centred cubic (FCC) NiCr phase [64]. From the peak analysis it is 

observed that the γ′ and γ’’ peaks can overlap with the γ, becoming 
difficult to separate the different contributions. Therefore, other tech-
niques, such as Transmission Electron Microscope (TEM), became 
necessary to identify and quantify these two precipitates. 

Some examples of XRD use in literature include Xia et al. who studied 
the impact of additional strengthening particles (tungsten carbides WC) 
on LPBF IN718 specimens and used XRD to characterise the phase dis-
tribution in some LPBF IN718+WC composites [65]. γ-Ni, Ni2W4C, NbC 

Fig. 7. Example of novel cooling channels in a leading edge. (a) the overview. (b) Computer Aided Design model of the internal structure of the cooling channels 
[42]. The average measured cooling hole size (0.39 mm) was slightly smaller than the nominal size (0.5 mm), highlighting tolerancing challenges still to be 
conquered in Laser Powder Bed Fusion. 

Fig. 8. Optical micrographs of a laser powder bed fused specimen [58]. Porosity and other defects are clearly present in the material. These can be easily 
detected using optical micrography. However, caution should be taken when considering softer materials as smearing can serve to obscure pores. (Process parameters 
used: 295 W, 2250 mm/s 0.11 mm layer height.) 

Fig. 9. X-ray Diffraction results for a laser powder bed fused Inconel 718 specimen. (a) Powder. (b) As-built vertical section. (c) As-built horizontal section 
[64]. As expected, the main phase present is the γ face-centred cubic NiCr phase and it is observed that the γ′ and γ’’ peaks can overlap with the γ, becoming difficult 
to separate the different contributions. 
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and the residual WC particles were found as the main phases. A shift in 
the diffraction peaks was highlighted, which was probably due to the 
lattice strain generated by the presence of larger W atoms. These 
induced stresses were thought to be responsible for the observed ma-
terial strengthening. In the study by Raghavan et al., spectra from 
specimens treated with different HT were compared [66]. The XRD 
spectra obtained from the specimens (Fig. 10) showed that increasing 
the solution temperature decreased the number of secondary phases (γ′, 
γ’’ and carbides). 

Popovich et al. used XRD to investigate the effect of post-processing 
techniques on LPBF IN718 specimens [67]. A large amount of δ and γ’’ 
phases were generated during the heat treatment (HT), whereas two 
types of carbides (NbC and TiC) were produced after Hot Isostatic 
Pressing (HIP) and HT (Fig. 11). Consistent with prior studies, it also 
highlighted the limitations and inadequacy of the XRD spectra for 
quantifying and differentiating phases such as δ and γ’’, characterised by 
overlapping peaks. 

XRD can be used not only qualitatively, but also quantitatively in 
determining specimens phase distribution. As an example, in a further 
study by Popovich et al., XRD was used to analyse the chemical 
composition of LPBF IN718 specimens at different stages of 
manufacturing (reported in Table 3) [68]. It was found that the total 
amount of strengthening particles in the AB specimen slightly increased 
compared to the original powder, increasing the strength more than 
predicted. During homogenisation, δ particles were fully dissolved, 
partially lowering specimen strength. However, if this was followed by 
an ageing treatment, the total volume of strengthening phases reached 
the value of ~33 vol%, namely three times more than AB specimens. The 
strengthening effect of these precipitates was confirmed by tensile 

testing: fully HT specimens showed a tensile strength of 1350 MPa, 
compared to 1002 MPa for AB equivalents. 

XRD can also be used to measure the residual stresses generated 
during PBF. Residual stress is commonly observed in PBF as localised 
stresses are induced upon cooling. Goel et al. observed, using neutron 
diffraction, that residual stresses were higher in LPBF than in EBM AB 
IN718 samples [69]. Sanz et al. analysed the residual stresses in some 

Fig. 10. Comparison between the X-ray Diffraction spectra of two differ-
ently heat-treated Laser Powder Bed Fused Inconel 718. (a) Between a 2θ 
angle of 20◦-60◦. (b) Between a 2θ angle of 60◦-120◦ [66]. This showed that 
increasing the solution temperature decreased the number of secondary phases 
(γ′, γ’’ and carbides). 

Fig. 11. X-ray Diffraction spectra of as-built and post-processed Inconel 
718 specimens. (a) Full spectra. (b) An enlarged image [67]. This demon-
strates the inadequacy of the X-ray Diffraction spectra for quantifying and 
differentiating phases such as δ and γ’‘, characterised by overlapping peaks. 

Table 3 
X-ray Diffraction results for laser powder bed fused Inconel 718 quanti-
tative composition [68]. Illustrating that X-ray Diffraction can be used not only 
qualitatively, but also quantitatively in determining specimens phase 
distribution.  

Sample Phases Composition/vol% 

Original powder γ - Ni 90.0 
γ’ – Ni3Al 3.5–3.9 
γ’’ – Ni3Nb 4.3–4.5 
δ – Ni3Nb 1.8–2.0 

AB condition γ - Ni 86.8 
γ’ – Ni3Al 1.9 
γ’’ – Ni3Nb 8.0 
δ – Ni3Nb 3.3 

Homogenisation γ - Ni 90.1 
γ’ – Ni3(Al,Ti) 1.9 
γ’’ – Ni3Nb 8.0 

Homogenisation + ageing γ - Ni 67.3 
γ’ – Ni3(Al,Ti) 8 
γ’’ – Ni3Nb 4 
δ – Ni3Nb 3.5 
γ’ – Ni3Al 17.2  
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LPBF IN718 specimens and explored how they were affected by different 
post-processing strategies [70]. These measurements indicated that the 
stresses, of tensile nature, drastically undermined performance. Shot 
peening (amongst other methods) can be used to induce high 
compressive stresses in the surface and hence counterbalance this effect 
(Fig. 12) [70]. However, much like additional HT intrusive 
post-processing steps serve to undermine the economic case for using 
PBF. 

2.3. X-ray computed tomography 

X-ray Computed Tomography (XCT) uses X-rays to take multiple 
two-dimensional cross-sectional images of an object from different ori-
entations, allowing observation within [71]. With the help of XCT, the 
built-in defects as well as those generated during the mechanical testing 
can be characterised without destroying the specimen. In a study by 
Tillmann et al., the porosity of LPBF IN718 was evaluated using OM and 
XCT [72]. The comparison between the two measurements showed a 
significance difference between the two measurements (Table 4). This 
difference was imputed by the limit of the XCT resolution. In fact, po-
rosities with a diameter smaller than 8 μm were not detected by this 
technique, measuring therefore a smaller amount of porosities. This is a 
fundamental limitation since defects at this size, and appropriate pop-
ulation, can undermine part integrity significantly. 

XCT analysis also revealed that a region with a high porosity density 
was located between skin and core. The formation mechanism of these 
defects was explained in an previous study [73]. Smith et al. also 
observed that most of the cavities generated during PBF were found near 
the surface under the conditions they explored (Fig. 13) [74]. The 
reconstructed 3D volumes clearly show that the build direction (BD) also 
has an impact on cavities distribution. However, this may be a result of 
unfavourable processing conditions as opposed to a general deficiency in 
processing nickel-based superalloys. 

Xu et al. performed a series of staged thermal-mechanical tests, 
investigating the defects evolution in some LPBF IN718 specimens 
during creep testing [75]. This was achieved by performing XCT at 
different stages of the test. Fig. 14 shows the porosity distribution along 
the specimen length at different stages: before testing, at 7.3% strain, at 
11.5% strain and after failure. The increase in porosity during creep is 
straightforward, and the weakest point (Peak 1’ in Fig. 14) could also be 
easily identified through the use of XCT. 

Having introduced the primary techniques and common observa-
tions associated with PBF of Nickel-based superalloys is it now possible 

to more closely inspect the microstructures which result from the 
process. 

2.4. PBF process monitoring 

Monitoring the PBF building process is necessary to follow and 
control the process, understand how defects are developed and how they 
could be removed. This topic has been reviewed extensively by Everton 
et al. [76]. Robust and widely deployable in-process monitoring 
capability. 

Thermal imaging is one of the most used techniques for melt pool 
characterisation [77,78] and defect distribution [79]. Criales et al. and 
Arisoy et al. recorded the movement of a single laser scan during a LPBF 
IN625 building (Fig. 15) [77,80]. From these thermographs, melt pool 
sizes, particles spattering tendency, thermal gradients, heating and 
cooling rates were extracted. 

Spatter generated during laser scanning can create serious defects in 
the PBF samples surfaces and bulk [81]. Foster et al. demonstrated the 
validity of using thermal imagining for in-situ monitoring of spatter 
locations [82]. In the thermographs, spatter trajectories were identified 
from grey scaling and contour plots as shown in Fig. 16. Tan et al. also 
showed the potential of using neural-network based image segmentation 
for spatter extraction during LPBF [83]. Alternative monitoring methods 
also include high frame rate camera to monitor melt pools [84,85], 
reflectometer-based instrument to measure the dynamic laser energy 
absorption during the scan [86] and Back Scattered Electron detection 
system to record the in operando signal during EBM [87]. 

XCT has been commonly used as a technique for post build analysis 
(see section 2.3) but can also carry out online measurements. For 
example, Leung et al. presented the successful application of XCT in 
capturing pores generation and spatter distribution in single laser track 
scanning [88]. Finally, other reviewers categorized the defects gener-
ated in PBF specimens while monitoring the building process [89,90]. 

Overall, in-process monitoring has many benefits in terms of un-
derstanding the PBF process and controlling the quality of parts pro-
duced. This continues to be an important research area for PBF machine 
technology. 

3. Microstructural observations 

AM is a layer-wise technique which differs in many aspects from 
conventional manufacturing techniques such as casting, forging, or 
rolling. Hence the microstructures observed here are distinct from rolled 
or wrought equivalents. A review of the microstructural differences 
between PBF and conventional materials was written by Song et al. [15]. 
This different approach generates some characteristic microstructures, 
leading to distinctive material properties. It is also possible, through 
various PBF techniques, to provide a spectrum of microstructures which 
may be more or less suited for a given application. This section will 
highlight typical PBF microstructures and show how process parameters 
give rise to these. A review on the use of LPBF γ′-strengthened 
nickel-based superalloys was written by Adegoke et al. highlights the 
effect of process parameters on the microstructure and defects of these 
alloys [24]. Fig. 12. Residual stress conditions in specimens treated with different 

post-processing techniques (heat treatment and shot peening) [70]. This 
illustrates the use of X-ray Diffraction for residual stress measurements as well 
as the effect of shot peening for inducing compressive residual stresses. 

Table 4 
Specimens relative density using Optical Micrographs and X-ray Computed 
Tomography [72]. The comparison between the two measurements showed a 
significance difference between the two measurements, highlighting the limi-
tation of X-ray Computed Tomography resolution.  

Optical microscopy (average) Transverse section 
0.13 ± 0.06% 

Longitudinal section 
0.09 ± 0.07% 

XCT (average) Full volume 0.069 ± 0.012 vol%  
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3.1. Typical PBF microstructures 

This section will describe typical LPBF and EBM microstructures and 
how these are linked to process parameters. PBF microstructures have 
specific process defects. Reviews on these defects and how process pa-
rameters affect them have been presented by Malekipour et al. and 
Grasso et al. [7,91]. Fig. 17 shows some of the typical defects in PBF 
processes. For more details, the reader is referred to the papers 

aforementioned. 
Fig. 18 presents an overview of the microstructures observed in AB 

LPBF IN718 specimens [92]. The morphology of melt pools can be 
clearly observed in the XZ plane (Fig. 18a), while the laser scan tracks 
are recognisable in the XY plane (Fig. 18b) [92]. Fig. 19 shows an EBSD 
image with individual laser scan tracks with a width of ~75 μm on the 
XY plane [59]. AB samples have a strong <100> crystallographic 
texture in the build direction [93]. Small equiaxed grains with an 
average size of 10 μm can be recognized at the track the overlapping 
regions between the tracks [59]. These microstructural differences in the 
two directions are responsible for the mechanical anisotropy of PBF 
nickel-based superalloys components, which represents a tremendous 
challenge to researchers. 

The dendritic growth directions (yellow arrows in Fig. 18c) follow 
the build direction (z). However, the growth of dendrites on both sides of 
the track interfaces does not show any preferential direction (Fig. 18d) 
[92]. In contrast, another study found that the newly-formed crystals 
grow into cellular dendrites in a direction which is either parallel to the 
original direction or rotated by 90◦ [94]. This allows the grains to 
interpenetrate from one layer to another. Chlebus et al. investigated the 
features in the dendritic (Fig. 20a) and interdendritic (Fig. 20b) regions 
of AB LPBF IN718 specimens [58]. The fast heating and cooling cycles 
produced during PBF, results in small interdendritic regions (in the 
range of nm). Microsegregation of some alloying elements, such as Nb, 
Mo and C, are also produced during the dendrite formation, because of 
the rapid cooling rate. Some chemical composition inhomogeneities can 
be observed in Fig. 20a, indicated by arrow 2 [58]. This segregation 
promotes the formation of NbC carbides and Laves phase in the inter-
dendritic region, as shown in Fig. 20b [58]. 

EBM specimens show slightly different microstructures compared to 

Fig. 13. X-ray Computed Tomography images of specimen cross-section in 2D and reconstructed 3D volumes. V, D and H indicated the different specimen 
positioning strategies during the building process (which is shown in the top right-hand corner of the image) [74]. The reconstructed 3D volumes clearly show that 
the build direction has an impact on cavities distribution. 

Fig. 14. Porosity distribution in the specimen at different stages of creep 
testing [75]. Showing the potential of using X-ray Computed Tomography to 
determine where failure will occur in a specimen and for investigating evolu-
tion during tests. 
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the LPBF equivalents. Kirka et al. analysed the microstructure and 
chemical compositions of EBM IN718 specimens [96]. Different phases 
were identified using EDS, their chemical compositions are reported in 
Table 5. The micrographs of AB EBM specimens (Fig. 21) show that EBM 
specimens have a lower dislocation density (than LPBF materials), Laves 
phases and MC carbides in AB state and large disk-shaped γ’’ particles 
(average size of 80 nm). 

Sames et al. observed a variation in microstructure along the build 
direction of the AB EBM IN718 specimens (Fig. 22) [97]. The 

needle-shaped δ particles at the top were much coarser than those at the 
bottom. Additionally, the material in this area showed a greater contrast 
upon etching, indicating a more severe secondary element segregation. 
Deng et al. provided more detailed information about the precipitate 
morphologies as well as the microstructural variations occurring during 
EBM of IN718 [98]. All these results indicated that thermal cycling 
varied during the build, influenced by the number of layers already 
deposited. Hence localised HTs are a common phenomenon in PBF and 
should be considered in-process optimisation. 

Fig. 15. Series of thermographs recording the building process of a single track [77]. From these thermographs, melt pool sizes, particles spattering tendency, 
thermal gradients, heating and cooling rates were extracted, illustrating the utility of thermal graphs to monitor Powder Bed Fusion processes quantitatively. 
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Polonsky et al. studied the presence and morphology of fusion de-
fects in EBM IN718 specimens [99]. Columnar grains, with a primary 

aspect ratio smaller than 0.2 and oriented in the build direction, were 
found to surround the defects on the XY plane (Fig. 23a). Instead, the 
regions above the defects had small equiaxed grains with almost no 
discernible texture. This shows that defects drive the recrystallisation 
phenomena and influence the resulting microstructure. 

Table 6 summarises the commonly observed differences in micro-
structure between LPBF and EBM and Fig. 24 illustrates some of these 
differences. 

Since powder fusion and recrystallisation of the melt pool are the 
central phenomenon in PBF, different building parameters and post- 
processing techniques will lead to different characteristics, which can 
be quantified using the different methods described previously. Explo-
ration of these in more detail is a key concern. 

Fig. 16. Analysis of thermographs. (a) Grayscaling the image captured by infrared cameras. (b) The corresponding contour plot. This shows the useuflness of using 
infrared cameras to locate spatter generated during the building process [82]. 

Fig. 17. Summary of defects present in powder bed fusion processes. This 
can serve as reference for commonly used terminology by practitioners [91]. 

Fig. 18. Images of as-built Laser Powder Bed 
Fused Inconel 718 specimens. (a) Side view. (b) 
Top view. (c) The melt pool boundaries between 
layers. (d) The melt pool boundaries between adja-
cent tracks from the side. The arrow in (a) indicates 
the build direction (BD) and the circle in (b) indicates 
the plane is perpendicular to the build direction. Melt 
pools in (a) and laser scan tracks in (b) are clearly 
visible. The yellow arrows in (c) and (d) represent the 
dendrite growth direction. They follow the build di-
rection in (c) and have no preferred direction in (d) 
[92]. These images illustrate the particular aniso-
tropic microstructure resulting from the Powder Bed 
Fusion processes. (For interpretation of the references 
to colour in this figure legend, the reader is referred 
to the Web version of this article.)   
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3.2. Process parameters driven phenomenon 

PBF process parameters naturally have an effect on the print quality 
and the resulting microstructure. Indeed, using optimised process pa-
rameters can suppress the formation of voids and build defects, such as 
micro-cracks, in LPBF [101–103] and EBM [104]. Review papers on the 
process-microstructure relationship for LPBF of metallic materials has 
been presented previously and the reader is directed to these accord-
ingly [105–107]. Kumara et al. also investigated phase transformations 
of PBF IN718 [108]. An overview of the different effects of build pa-
rameters on PBF of nickel-based superalloys microstructure is given 
below. 

3.2.1. Powder characteristics driving build quality 
Powder quality plays a key role in determining PBF components final 

quality. Powders can be rotary, gas or water atomized and exhibit 
different morphologies, particle size distributions, flowability, surface 
roughness and chemical composition. These can vary from supplier to 
supplier [109]. Sutton et al. reviewed the most commonly used powder 
characterisation techniques, paying attention to the impact of powder 
quality on final material properties [110]. A similar review by Tan et al. 
also focused on powder characterisation techniques, but with a partic-
ular emphasis on powder granulometry [111]. This was identified as a 
key method to ensure a high performance of the feedstock, leading to 
high quality and, importantly, dense parts. 

Studies have found that chemical composition had the strongest 
impact on the microstructure, as higher content of certain elements 
resulted in the precipitation of detrimental elements and prevented 
recrystallisation during HT, which decreased mechanical performance, 
particularly fatigue [109]. Another work also found that the segregation 
of alloying elements in LPBF Hastelloy X during solidification resulted in 
variations in composition which caused cracking in the build direction 
[112]. By investigating four powders with different contents of various 
alloying elements, Mancisidor et al. achieved a defect free material 
[112]. 

The recyclability of nickel-based powders has been studied by 
several researchers [113–116]. These generally observed that, as long as 
the recycled powder is well sieved and stored, little or no difference in 
properties was found between the specimens manufactured using recy-
cled and fresh powder over ~10 build cycles. However, it was found that 
the presence of minor alloying elements in the metal powder, can in-
fluence the crack formation mechanism in PBF specimens [117]. 

Sames et al. evaluated the properties of components manufactured 
using powders obtained from various production methods, namely gas 
atomiser, rotary atomiser, and plasma rotated electrode process (PREP) 
[118]. From the SEM observations, PREP powder showed a smoother 
surface and almost no internal trapped gas, compared to the others 
(Fig. 25a–c). These voids in the starting powder particles may lead to an 
increased number of porosities in the final PBF part, which is the case for 
the powders obtained with the first two methods (Fig. 25d and e). 

Another study compared powder atomisation methods and found 
that LPBF parts made using water atomized powder resulted in higher 
sample porosity than for gas atomized powder. This was thought to be 

Fig. 19. Electron Backscatter Diffraction maps of an as-built Laser Powder 
Bed Fused Inconel 718 specimen [59]. This shows the dominant direction of 
grain growth and strong <100> crystallographic texture in the build direction, 
which is characteristic of Powder Bed Fusion processes. Individual laser scan 
tracks with small equiaxed grains track the overlapping regions can also be seen 
in the XY plane (perpendicular to the building direction). 

Fig. 20. Typical examples of Scanning Electron 
Microscopy images of phenomen in Additively 
Manufactured nickel-based superalloys. (a) An 
overview of the interface between adjacent layers. (b) 
The interdendritic region. Mark 1 indicates the layer- 
layer melt pool boundary, 2 indicates the dendritic 
cell tips, 3 and 4 highlight some γ + Laves phase 
eutectic, 5 points a MC carbide [95]. These features 
are caused by the rapid heating and cooling during 
the Laser Powder Bed Fusion process.   

Table 5 
Chemical composition of phases marked in Fig. 21 (wt %) [96]. This provides further proof of the present of Laves phase and MC carbides in the as-built state of 
Electron beam melted Inconel 718.  

Items Phase Ni Nb Ti Fe Cr Mo Si C 

1 MC 0.43 89.91 6.01 0.15 0.62 – – 2.73 
2 Laves 42.20 22.87 0.11 13.54 11.24 9.53 0.5 – 
3 MC 0.4 90.38 6.31 0.17 0.7 0.71 – 0.99 
4 Laves 38.8 28.55 0.23 11.70 9.40 11.19 0.77 – 
5 γ matrix 56.19 4.14 0.68 18.99 15.91 3.80 0.04 –  
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caused by the more irregular morphology of water atomized powder and 
hence better packing density but this observation is far from conclusive 
[119]. However, there are still limitations to gas atomized powder, such 
as hollow and/or satellite balls [120]. It was also found that the laser 
absorption rate can be increased by increasing the surface roughness of 
powder particles [120]. 

In terms of particle size, work has found that the presence of powder 
particles smaller than 10 μm resulted in severe agglomeration and 
impeded LPBF process through spreading problems [121]. Additionally, 
a method of rapidly characterising powders (morphology, flowability 
and size distribution) was developed in order to evaluate the influence of 
different alloy compositions on LPBF processability [122]. 

It is clear that many parameters combine to define powder quality, 
which in turn affects the PBF process and the resulting mechanical 
properties. Hence, it is essential to understand and control powder 
quality in order to produce adequate parts. Therefore, the role of the 
powder is critical in determining both the interaction with the incident 

energy beam but also in assuring spread-ability upon the powder bed. 
Furthermore, the recyclability of powder and its effects on mechanical 
properties and in-situ alloying [123,124] are emerging topics and 
should be investigated. There is significant opportunity to explore this 
space further as in many cases the economic viability of PBF processes is 
driven by new powder cost but also how easily it may be recycled. 

3.2.2. Controlling build environment 
A review of the build environment in PBF was written by Poorganji 

et al. [125]. All PBF build chambers usually operate under vacuum or an 
inert gas (e.g. Argon or Nitrogen) in order to avoid oxidation of the part 
and powder. Traore et al. researched the influence of gas atmosphere on 
nickel-based superalloys [126]. However, despite processing in an 
Argon atmosphere with <0.2%, oxidation may still occur resulting in 
oxide inclusions in built parts and oxide spatter particles, which were in 
the size range to be recycled [127]. Zhao et al. investigated the role of 
the build environment on melt pool dynamics in EBM and LPBF [128]. 

Fig. 21. As-built Electron Beam Melted Inconel 718 microstructure and Electron Diffraction Spectroscopy results (quantified in Table 5) [96]. This shows 
that Laves phases and MC carbides are present in the as-built state, as well as large disk-shaped γ’’ particles. 

Fig. 22. Scanning electron micrographs of an as-built Electron Beam Melted Inconel 718 sample. (a) The top of the sample (few thermal cycles). (b) The 
bottom of the sample (many thermal cycles) [97]. This shows a variation in microstructure along the build direction, particularly regarding δ particles which are 
coarser at the top (a). 
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The LPBF build environment, which has the high atmospheric pressure 
and multiple laser reflections, is the source of more build quality issues, 
such as vapor recoil pressure on the melt surface, than the EBM build 
environment. Furthermore, an investigation was conducted on the dif-
ferences in surface morphology and composition during multicycle EBM 
with IN718 powder reuse and there was a significant change after 
exposing the powder to the build chamber environment [129]. Addi-
tionally, increased oxidation rates were observed initially for the EBM 
N06002 alloys in comparison with wrought [130]. A study confirmed 

Al2O3 particles were formed in IN718 alloys during PBF, which act as 
nucleation sites for the precipitation of Nb/Ti carbides, leading to the 
formation of unique core-shell composites with Al2O3 in the centre and 
Ti/Nb at the periphery [131]. 

Microstructures can also be influenced by controlling the EBM pro-
cess temperature [132]. At 915 ◦C, large δ needles were formed 
(Fig. 26a). By increasing SEM magnification (Fig. 26b) a finer δ-phase 
(~200 nm) distributed at the grain boundaries, as well as some isolated 
MC carbides (~1.5 μm), were observed. On the other hand, the micro-
structure obtained at 990 ◦C appeared relatively clean. Slightly coarser 
carbides (~3 μm) as well as fine δ particles were also found at the grain 
boundaries (Fig. 26c and d). 

Overall, this shows that the build environment needs to be 
adequately controlled to obtain defect-free and desired microstructures. 

3.2.3. Energy beam driven phenomenon 
Laser parameters, such as the laser power, scan speed, hatch distance 

and scan strategy, are some of the main factors influencing PBF micro-
structures. ‘Stripe’, ‘Meander’, ‘Total fill’ and ‘Chessboard’ (also known 
as ‘Island’) strategies are some of the main scan strategies used in LPBF 
currently (Fig. 27). Different and customised strategies, including multi- 
laser [133], residual heat factor [134] and ‘unit-cell’ strategies [135], 
are also being developed in order to obtain and control microstructural 
characteristics, such as grain morphology, density, defects, cracking, 
and surface quality. 

In a study on EBM by Helmer et al., the area energy density E [J 
mm− 2] was used as a comparison parameter to evaluate the overall ef-
fects of laser power P [W], scan speed v [m s− 1] and hatch distance H 
[μm] on grain morphology [136]. To allow a comparison, the energy 
density applied to two specimens was similar, respectively 1.8 J mm− 2 

for the first and 1.9 J mm− 2 for the second specimen [94]. As expected, 
different values of scan speed and hatch distance produced two clearly 
distinct grain morphologies, as shown in Fig. 28. Additionally, in 
another study by Karimi et al., it was found that the electron beam focus 
offset also directly affected the grain morphology [137]. 
Fernandez-Zelaia et al. also showed that the morphology and texture of 
the mesoscale can be controlled by the melting sequence [138]. Similar 
results were found for LPBF processes [139]. Indeed, in a LPBF study, 
using a flat top laser beam changed grain morphology to a wide and 
planar geometry with a 150% increase in grain size, compared to 200 W 
Gaussian beam [140]. Sow et al. also compared a 80 μm diameter 
Gaussian laser spot and a 500 μm diameter top-hat laser beam and found 
that the 500 μm diameter top-hat laser beam increased productivity, 
suppressed spatter and produced fully dense IN625 parts [141]. 

Fig. 29 compared the features of two LPBF IN718 specimens, pro-
duced with different laser power (250 W and 950 W) [67]. The shape 
and size of melt pools can be easily recognized in the OM, highlighting a 
clear influence of the laser power. Indeed, lower power generates 
smaller melt pools and results in a reduced HT of underlying layers. This, 
combined with a consequent faster solidification, leads to smaller grains. 
For LPBF IN738LC, using higher laser power increased the depth of 
keyholes, causing instability and increasing pore formation due to the 
periodic collapse of the keyholes [142]. Furthermore, laser volume en-
ergy density was found to be the main parameter affecting cracking and 
porosity. For example, increasing the laser volume energy density 
resulted in an increase in number and size of cracks in the SRR99 
nickel-based superalloy [143] and minimal solidification cracking was 
observed in IN738LC with narrow melt pools with a strong melt pool 
overlap [143]. In LPBF René 104 superalloy was built with 3 different 
strategies (meander, stripe, chessboard) and these were found to have a 
significant effect on cracking and relative density [142]. The scan stra-
tegies with more partitions were shown to increase the emergence of 
cracks while the overlapping zone increased the size, number and fre-
quency of cracks [142]. Likewise, residual stresses were shown to be 
caused by scan-strategy induced microstructure [144] and it was found 
that a more uniform scan strategy resulted in in less residual stresses 

Fig. 23. Electron Backscatter Diffraction data of grains surrounding a 
defect. (a) The columnar grains surrounding the fusion defect. (b) The equiaxed 
grains above the defect [99]. This shows that defects also affect the build 
process and resulting microstructural morphology in Powder Bed 
Fusion processes. 

Table 6 
Summary of common microstructural differences between Laser Powder 
Bed Fused and Electron Beam Melted material. The reader is advised to use 
this with caution as process technology evolves. This table is intended as a broad 
guide only and observations will vary between process configurations.  

Characteristics LPBF EBM 

Porosity Both have similar densities in AB or post-processed conditions 
(~99.9% with appropriate processing parameters) 

Grain 
morphology 

Elongated grain parallel to the 
build direction with ill-defined 
grain boundaries and very fine 
columnar cellular structures at 
higher magnifications. 
Some equiaxed grain formation 
perpendicular to the build 
direction which can be 
recognized at overlapping 
regions between tracks. 

More columnar grain 
formation than LPBF parallel 
to the build direction. 
Perpendicular to the build 
direction, grains have a more 
uniform and equiaxed 
pattern. 

Precipitates Microsegregation of some 
alloying elements (e.g. Nb, Mo 
and C) promotes the formation 
of NbC carbides and Laves 
phase in the interdendritic 
region and precipitates on the 
grain boundaries. 

Laves and MC carbides 
present in AB condition. Disk- 
shaped γ’’ particles, much 
larger than those found in 
LPBF, exhibit a directional 
growth parallel to the build 
direction. Microstructural 
variation along the build 
direction is also present (with 
δ precipitates much coarser at 
the top than near the 
substrate). 

Texture AB samples have a strong 
<100> crystallographic texture 
in the build direction. 

Texture in the {100} planes 
along the build direction.  
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[145]. Lee et al. studied the formation of cracks in EBM Mar-M247 parts 
and concluded that cracks usually form along interdendritic grain 
boundary at the end of solidification, due to the coexistence of liquid 
films and residual thermal stresses [102]. Peng et al. demonstrated that 
EBM induced cracks in DZ125 superalloy, classified as “liquid-state 
cracks”, were also widely spread at interdendritic grain boundary [103]. 
Similar conclusions about crack formation mechanisms were drawn. It is 
clear from the above that the formation of cracks, or hot cracking, is an 
issue in PBF, but with appropriate processing parameters, these can be 
reduced or eliminated. Chauvet et al. studied the formation of cracks in 
EBM of non-weldable nickel-based superalloys and found a correlation 
between hot cracks and high angle grain boundaries [146]. He also 
found that the presence of a liquid film during the last stage of solidi-
fication and thermal stresses trigger hot cracking [146]. Marchese et al. 
also confirmed that high thermal residual stresses resulted in hot cracks 
during LPBF of Hastelloy X [147]. 

Part density is also influenced by the laser parameters. Indeed, a 
study found that the relationship between density and laser input energy 
during LPBF of GH3536 was found to comply with a quadratic function 
and presented an inverted U-shaped distribution [145]. Furthermore, 
results showed that in a given scanning strategy, the density decreased 
as the scanning speed increased for a fixed fluence [148]. 

Insufficient laser overlap (large hatch spacing) can deteriorate the 
surface of materials [149]. Indeed, the laser energy input improved 
density and surface quality of Ni–Cr–B–Si, with a fine grain micro-
structure and strengthening precipitates [150]. Attard et al. investigated 

these effects and produced a controlled functionally graded micro-
structure by varying the process parameters [151]. 

Finally, it is clear that the combination of scan strategies, laser power 
and other process parameters affect the microstructure and final me-
chanical properties of PBF components. In order to optimise PBF process 
parameters, some researchers are using the Taguchi regression method 
[152,153] and Artificial Neural Networks [154]. 

3.3. Post-processing for component performance 

Given the microstructural anisotropy and the defects generated 
during manufacturing, post-processing is necessary to improve the 
properties of most AB LPBF components. Post-processing, which in-
cludes heat treatments, surface treatments and machining processes, is a 
prime method to create more favourable microstructures. The purpose 
of post-processing is to enhance both the form and integrity of the bulk 
and surface of a component to elevate performance characteristics. 
While the intent in all AM processes is to create a component within a 
single step, it is inevitable that, where shortfalls are apparent, additional 
measures must be taken. This is not entirely inconsistent with estab-
lished manufacturing routes. For example, it is a pedestrian activity in 
modern manufacturing to machine a casting. However, in the case of AM 
where subsequent processing is required the business and design case for 
this technology will be undermined. Hence, while often currently 
essential, the research community must endeavour to achieve geomet-
rical tolerance and material condition in process. Lim et al. wrote a 

Fig. 24. Microstructural cubes of hot isostatically pressed Inconel 625. (a) Processed by Electron Beam Melting. (b) Laser Powder Bed Fusion. Showing the 
differences in microstructure produced by the different processes [100], such as grain morphology and size. 

Fig. 25. Powders and corresponding laser powder 
bed fused specimens [118]. (a) Gas atomized pow-
der at 100 μm scale. (b) Rotary atomized powder at 
100 μm scale. (c) Plasma rotated electrode processed 
powder at 100 μm scale. (d) Gas atomized powder at 
200 μm scale. (e) Rotary atomized powder at 200 μm 
scale. (f) Plasma rotated electrode processed powder 
at 200 μm scale. From the Scanning Electron Micro-
scopy observations, plasma rotated electrode pro-
cessed powder showed a smoother surface and almost 
no internal trapped gas, compared to the others, 
illustrating the importance and effect of powder types 
on the resulting microstructure of powder bed fused 
materials.   
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review on reducing residual stress in metal PBF parts [155] which in-
forms us that while stresses may be substantially reduced by process 
optimisation they cannot be removed entirely within the PBF process 
itself. 

3.3.1. Heat treatments for enhancing mechanical properties 
In industry, almost all functional AM parts in mission critical appli-

cations are post-processed using HT. HT allows the modification of the 

microstructure through controlled heating and cooling of materials. By 
modifying the microstructure, materials can obtain enhanced mechan-
ical properties. Indeed, performance of AB material is poor because of 
surface integrity defects and unfavourable microstructural formation 
[156] with secondary phases such as Laves phases that embrittle grain 
boundaries and are detrimental for mechanical properties [95]. Hence, 
HTs are used to increase grain size [157], obtain a more equiaxed 
microstructure, dissolve detrimental phases, such as Laves [158],to form 

Fig. 26. Scanning Electron micrographs of Electron Beam Melted Inconel 718 built with different base plate temperatures [132]. (a), (b) 915 ◦C. (c), (d) 
990 ◦C. This shows the influence of process temperature on the precipitation of secondary phases. 

Fig. 27. Typical scan strategies as demonstrated in the Renishaw ‘QuantAM’ material editor. These result in markedly different microstructures and me-
chanical properties. 
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strengthening precipitates such as δ-phase,γ′ and γ’’ [156,159], and to 
remove defects [160] to improve mechanical properties. Although 
sometimes AB microstructure is more beneficial for certain properties, 
like in the case of Parizia et al. who found that AB IN625 presented 
better oxidation resistance than its HT counterpart [161]. There are 
different types of HT, each giving different microstructures. Usually, 
samples are first stress relieved, which reduces texture and residual 
stress in samples [162]. Then, solution treatment (ST) is used to enhance 
the mechanical properties [163] by dissolving detrimental phases [164, 
165]. Subsequently, samples are sometimes aged (single or double 
ageing) to favour the precipitation of strengthening phases [158]. 
Samples can be Solution treated then Aged (STA) or Directly Aged (DA). 
Thermal techniques, such as homogenisation and HIP treatments are 
also used. Homogenisation is usually used prior to HIP and is similar to 
stress relief as it reorients columnar grains [157]. Zhao et al. observed 
that during homogenisation of LPBF IN718, the grains would continue 
recrystallisation whereas the suction-cast alloy showed abnormal grain 
growth, which showed the potential of engineering the microstructure 
of AM materials through HTs to obtain superior mechanical properties 
than in conventionally manufactured alloys [166]. HIP results in 
recrystallisation, grain coarsening and change from highly textured 
columnar grains to randomly oriented equiaxed grains which are larger 
than after homogenisation [64,157,167,168]. Moreover, a slightly 
weaker texture is obtained, compared to STA [168], although it is still 
strong [167]. HIP was also found to be effective at closing defects, 
resulting in a higher density [169]. 

Different HT standards exist for conventionally manufactured 

material, however, as no PBF-specific HT standards have been defined at 
this time, significant research has gone into exploring the effects of 
wrought HT and modified HT on PBF microstructure. 

The Standard Specification for Additive Manufacturing Nickel Alloy 
(UNS N07718) with Powder Bed Fusion [170] gives guidelines for 
thermal processing of PBF nickel-based superalloys. For HIPing, com-
ponents should be processed in an inert atmosphere at no less than 100 
MPa, within the range of 1120 ◦C and 1185 ◦C within ±15 ◦C, and held 
for 240 min ± 60 min followed by cooling under and inert atmosphere 
below 425 ◦C [170]. For HT, it states that components should be solution 
treated and aged following the AMS2774 standard for Heat Treatment of 
wrought nickel alloy and cobalt alloy parts [171]. This standard gives 
the range of possible heat treatments to use for different geometries of 
nickel-based superalloys. It should be noted that none of these HT are 
specific for AM, but rather are for conventional manufacturing pro-
cesses. This highlights the need for the development of PBF specific 
microstructures. Some practitioners, such as Huang et al. and Aydinöz 
et al., have started to research this area [163,172]. For example, Huang 
et al. investigated the effect of solution time, solution temperature, 
cooling method and ageing process on the mechanical properties of 
LPBF IN718 and identified that there was a minimum solution time for a 
given temperature to obtain similar microstructures and mechanical 
properties (Fig. 30). 

3.3.1.1. Grain structure. Although grain boundaries normally occupy a 
small fraction of material volume, they play a crucial role in controlling 
material properties. The sensitivity associated with this behaviour drives 

Fig. 28. Electron Backscatter Diffraction maps of Electron Beam Melted specimens manufactured with different parameters. (a) Parameters: E1 = 1.8 
Jmm− 2, v = 2.2 ms− 1, H = 150 μm. (b) Parameters: E2 = 1.9 Jmm− 2, v = 8.8 ms− 1, H = 37.5 μm [136]. This illustrates that varying process parameters can result in 
drastically different microstructures and textures. 

Fig. 29. Optical micrographs of etched Laser Powder Bed Fused Inconel 718 specimens manufactured with varying laser power [67]. (a) Power = 250 W. 
(b) Power = 950 W. The melt pools across layers can be clearly observed and show that a difference in laser power can significantly affect the melt pool shape. 
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significant efforts in optimising processes. Fig. 31a and b compare the 
microstructures of an HT and HIP + HT LPBF IN718 specimens [173]. 
Obvious evidence of the scan strategy used is eliminated in both cases 
[173]. From the measurements, it was found that the average grain size 
for HT specimens was 15.5 ± 2.0 μm, namely 30% smaller than HIP +
HT equivalents. 

Holland et al. investigated the evolution of the grain boundary 
network in AB and HT LPBF IN718 specimens [174]. It was observed 
that non-specific grain boundaries dominated in the AB specimens, 
whereas after HT the number of special grain boundaries increased 
significantly from 9% to around 60%. This second class of grain 
boundaries includes twin boundaries and twin-related grain boundaries, 
able to improve material strength and resistance to intergranular 
degradation. Another study on LPBF IN625 provided similar results 
[175]. It was also found that above a certain annealing temperature 
(1150 ◦C), these grain boundaries developed in prevalence significantly. 

“Grain boundary misorientation” is defined as the difference in 
crystallographic orientations between adjacent grains of the same phase. 
This microstructural feature can be characterised through EBSD. Gribbin 
et al. evaluated the misorientation angle (Fig. 32) in some HT and HIP +
HT LPBF IN718 specimens [176]. The distribution of the misorientation 
angles for HT specimens was broad, indicating no preferential growth 
direction. On the other hand, for HIP + HT specimens, the distribution 
showed a prominent peak at 60◦, indicating an equiaxed grain structure 
with a high twin content caused by annealing. The detrimental effect on 
fatigue performance previously observed by Zhang et al. correlates well 
with the misorientation effect [177]. 

In a further study by Chauvet et al., it was found that grain bound-
aries with a high misorientation angle were prone to crack propagation 
in AB and HT EBM samples (Fig. 33) [146]. Han et al. obtained similar 
results in this regard [178]. Research also concluded that the difference 
in interdendritic liquid pressure between the dendrite tip and root, as 
illustrated in Fig. 34, would cause an insufficient feeding of molten 
material at the dendrite root, promoting void generation and therefore 
highly affecting the part hot cracking behaviour. 

Tomus et al. compared the grain morphology of LPBF Hastelloy X 
specimens processed with various post-processing techniques [179]. The 
HT consisted in a single solution step (1175 ◦C/2h), while HIP was 
performed using the same time and temperature, with an applied stress 

of 150 MPa. Fig. 35a,c,e,g display a series of EBSD images illustrating 
the grain morphology in the XZ plane for AB, HT, HIP and HIP + HT 
specimens, respectively. HT and HIP effectively reduced the strong 
texture in the build direction in the AB specimen [180]. Another study 
found that HIP of LPBF Hastelloy X ‘closed’ internal cracks, reduced 
porosity and generated equiaxed grains [181]. This was also observed in 
CMSX-4 [77]. Fig. 35b,d,f,h illustrates the grain morphology perpen-
dicular to the build direction (XY plane). HIP specimens showed a 
smaller gran size, because of recrystallisation. Similarly to previous re-
sults, individual laser scan tracks and small equiaxed grains were also 
observed in the XY planes [59]. Further studies on post-processing 
techniques indicated that HIP cannot be considered as an efficient tool 
to heal EBM induced cracks [182]. 

3.3.1.2. Precipitate formation. Fig. 31a and b compare the microstruc-
tures of an HT and HIP + HT LPBF IN718 specimens and showed that 
‘white’ precipitates are clearly visible at grain boundaries [173]. EDS 
observations (Fig. 31) indicated that these are rich in Mo, Nb, W and Si, 
with stoichiometric ratios of (MoNbW)5Si3 [173]. However, the pre-
cipitates in both specimens were similar in size (~2.5 μm) [173]. 
Similarly, Sames et al. investigated the effects of in-situ HT on γ’/γ’’ 
phases in EBM IN718 specimens [183]. The γ’/γ’’ phases in the AB 
specimen showed an elongated disk shape, with a diameter of ~20 nm 
and a thickness of ~10 nm (Fig. 36a). From the micrographs comparison 
in Fig. 36, both the diameter and thickness of these strengthening par-
ticles increased during the in-situ HT. Since strengthening phases have 
an optimal size range and corresponding mechanical properties, this 
process was found to be effective in improving material strength [183] 
by impeding the dislocation movement at the grain boundaries [173]. 

Furthermore, Divya et al. investigated the HT effects on dislocations 
and strengthening particles in LPBF CM237LC specimens [184]. In the 
AB specimens (Fig. 37a), dislocations entangled and tended to accu-
mulate at the grain boundaries. As shown in Fig. 37d, the HT decreased 
the dislocation network density, especially at the grain centre. These 
observations are in accordance with results by Tucho et al. [185]. At the 
same time, the HT significantly increased the size of the γ′ phase. In fact, 
before HT, two distinct types of γ′ phase could be observed: one with a 
size of ~5 nm (Fig. 37b) and another, much larger, with a size ~50 nm 
(Fig. 37c). After the HT (Fig. 37d and e), the primary γ′ particles reached 
a size of over 500 nm, while the secondary γ′ particles, characterised by 
a cuboidal morphology, had a size of ~200–400 nm. Fine tertiary γ′

particles were spread in the region between the secondary γ′ particles. 
The influence on γ′ particles size may the basis of the strengthening 
mechanisms caused by HT. During a 3-step HT on LPBF Haynes 282, γ′
precipitation was found at 950 ◦C during TEM in-situ HT [186]. After 
HT, the morphology and size of γ′ precipitates were comparable to 
powder metallurgy samples and annealing twins were present [78]. HT 
was also optimised for LPBF CMSX-4 to obtain segregation of γ/γ’ 
microstructure [52]. 

Kuo et al. evaluated the effects of different HT strategies on the 
δ-phase in LPBF IN718 specimens [92]. In the AB specimen, δ-phase was 
found distributed parallel to the build direction, segregated in the 
interdendritic region due to the Nb segregation during the build process 
(Fig. 38a). This was hypothesized to be a consequence of Nb segregation 
which occurred during the LPBF process. Specimens which underwent a 
solution treatment and aging (STA) (980 ◦C/1h then 718 ◦C/8h +
621 ◦C/10h) possessed a much coarser δ-phase than their 
non-solution-treated equivalents (Fig. 38b and c, respectively). This 
difference can be related to the dissolution of γ’’ phase and the conse-
quent formation of needle-shaped δ-phase during this first thermal 
treatment. However, these elongated particles are undesirable since 
they degrade material mechanical properties, causing “δ-phase 
embrittlement”. 

Stoudt et al. presented a time-temperature-transformation diagram 
for the δ-phase in LPBF and wrought IN625 specimens [187]. The 

Fig. 30. Variation of required solution time for solution temperature for 
Laser Powder Bed Fused Inconel 718 [163]. This shows that there is a 
minimum solution time for a given solution temperature which results in 
similar microstructures and properties. This further highlights the requirement 
for the development of Powder Bed Fusion specific heat treatments as the 
standard heat treatments designed for conventionally manufactured materials 
are unsuitable. 
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formation of δ-phase during a LPBF process was found to be much faster 
than in the conventional wrought process. Moreover, it was observed 
that the stress-relief HT, normally used in industry for IN625 
(870 ◦C/1h, red dot in Fig. 39), would promote the formation of δ-phase 
during LPBF and not for wrought equivalents. Zhang et al. also proved 
that conducting this same HT at 800 ◦C can lead to the nucleation and 
growth of δ-phase [188]. The calculated activation energy for the 
growth of the δ-phase was found to be (131 ± 0.69) kJ mol− 1. Another 
study also designed a two-step ST with a two-step aging treatment which 
facilitated the precipitation of δ phase at the grain boundaries [189]. 
These results highlight the fact that HT conditions for LPBF processes 
need to be re-evaluated and distinguished from those used for conven-
tional manufacturing methods. 

Laves phases are another common precipitate which is known to be 
detrimental to the mechanical properties of nickel-based superalloys. 
Indeed, Laves phases subtract Nb from the two main strengthening 
phases, namely γ’’ and δ. Pröbstle et al. explained that, in agreement 
with other studies, only the Laves phases were visible on TEM of AB 
LPBF IN718 (Fig. 40) because of the rapid heating and cooling cycles, 
which suppressed other secondary phase precipitation [190]. Hence, HT 
is necessary to dissolve these and create more wrought like 
microstructures. 

TEM micrographs and diffraction patterns for each specimen are 
shown in Fig. 41. In the solution treated specimen (Fig. 41a), the 

associated diffraction pattern (Fig. 41b) indicated that there were no 
secondary phases. This means that the Laves phases, which are 
commonly observed in AB specimens (Fig. 40), were fully dissolved 
during the solution treatment. In the HIP specimen, intense recrystalli-
sation occurred (Fig. 41c and d) due to the high temperature and 
deformation induced, dissolving all substructures present after build. As 
for the previous case, no secondary phases were revealed from the 
diffraction patterns, suggesting a complete dissolution of secondary 
phases during HIP. As stated, a combination of solution treatment and 
ageing represents one of the most commonly used HT strategies for 
IN718. Both TEM micrographs and diffraction patterns for this strategy 
(Fig. 41e and f) revealed the presence of γ’’ particles with a size ~30 nm. 
Similarly, for HIP + ageing treated specimens, reflections of γ’’ phases 
were observed in the diffraction pattern (Fig. 41i). From the TEM mi-
crographs (Fig. 41g and h), needle-shaped δ particles were individuated 
at the grain boundaries. These observations were similar to those made 
by Kuo et al. [92]. However, in this case, the needle-shaped δ pre-
cipitates were also found to lower the specimen strength. These results 
confirmed that the precipitation of δ particles reduced the amount of γ’’ 
present in the surrounding area (Fig. 41h). 

Despite the general consensus that Laves phases are detrimental to 
mechanical properties and need to be dissolves, recent studies have 
found that the size, morphology and distribution of Laves phases can 
prove beneficial to the mechanical properties of PBF nickel-based 

Fig. 31. Microstructure of Laser Powder Bed Fused Inconel 718 specimens with varyinig thermal treatments [173]. (a) Heat treated sample micrsotructure 
with Electron Diffraction Spectroscopy results of the section squared in (a). (b) Hot Isostatically Pressed and heat treated sample. This shows obvious evidence of the 
elimination of scan strategy effects through thermal treatments. 
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superalloys [191–193]. For example, Sui et al. managed to dissolve the 
sharp corners and grooves of the Laves phase through HT, causing it to 
change from a long-striped to a granular shape [191]. They then found 
in another study that the granular Laves phases were more beneficial to 
the plastic deformation of PBF IN718 than long-striped Laves phases and 
that a certain amount of Laves phase was the best match between 

strength and ductility of the sample [192]. Similarly, Xiao et al. found 
that fine discrete Laves phase improved the tensile properties of LPBF 
IN718, even outperforming wrought IN718, and had good elongation, 
whereas long-chain-like Laves phase had a more brittle nature and 
suboptimal properties [193]. 

Overall, an optimised HT can control the size, shape and distribution 

Fig. 32. Electron Backscatter Diffraction maps of Laser Powder Bed Fused Inconel 718 specimens showing grain morphology and misorientation angle 
distributions [176]. (a) Heat-treated sample. (b) Hot Isostatically Pressed and heat treated sample. The broad distribution in the heat treated sample indicates no 
preferred growth direction as compared to the Hot Isostatically Pressed and heat treated sample. 

Fig. 33. This figure demonstrates that grain boundaries with a high misorientation angle are prone to crack propagation in as-built and heat treated 
Electron Beam Melted samples [146]. (a) An Electron Backscatter Diffraction map showing the cracked grain boundary along the high angle grain boundary 
(misorientation > 15◦). (b) The distribution of grain boundary misorientation and cracked grain boundaries. 
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of precipitates to cater to mechanical properties desired. More work 
should be undertaken to explore this aspect. 

3.3.1.3. Residual stress. Tucho et al. demonstrated that thermal cycling 
during the building process induced residual stresses in the material (a 
common observation in energy beam processes), producing plastic 
deformation and dislocation networks (Fig. 42a) [185]. However, since 
these are caused by internal stresses, the dislocation networks can be 
removed using an appropriate HT, as shown in Fig. 42b. 

Overall, with the appropriate HT, it is possible to obtain a micro-
structure which resembles that of a cast nickel-based superalloy, as was 
the case for LPBF high-strength alloy VZhL21 after progressive stages of 
post-treatment [194] and Hastelloy X after solution annealing [181]. 
However, a combination of ductility dip cracking and strain age 
cracking mechanisms were identified as the primary causes of cracking 
in LPBF CM247LC following post-build thermal treatments [195]. This 
shows that HT still requires optimisation in order to obtain a defect free 
LPBF material. 

3.3.2. PBF surface integrity following machining 
Machining is often required to obtain the desired geometry following 

PBF. AM components present new machining challenges given material 
inhomogeneity and intricate geometries. Given the implicit part-to-part 
variation traditional datum acquisition challenges associated with 
casting are apparent. However, given the limitations of current class PBF 
systems it is likely that additional value add to AM components will be 
derived by machining processes. 

Machining processes affect materials’ microstructure, surface quality 
and induce residual stress. As stated previously, PBF materials have 
different microstructures, surface roughness and residual stresses than 
conventionally cast or wrought nickel-based superalloys. A review on 
the machinability of conventionally manufactured nickel-based super-
alloys was conducted by Ezugwu et al. and discusses the issues with the 
machining of nickel-based alloys and the cause of tool wear and failure 
[196]. Hence, the effects of machining will be different and it is 
important to understand their impact in order to control part quality. A 
study compared the effect of different post-processing techniques - 
namely barrel finishing, ultrasonic shot peening, ultrasonic impact 
treatment and shot peening – and their effects on surface roughness, 
hardness and residual porosity [197]. Ultrasonic impact treatment had 
the best reduction in surface roughness (by 57.4%) and in residual 
porosity (by 84%), while shot peening improved hardness the most (by 

66.5%) [197]. Shot peening also refined subsurface grains in EBM IN718 
and improved surface texture and oxidation performance [198]. A 
different study also showed that shot peening and ultrasonic impact 
treatment improved the surface texture parameters and residual stresses 
of HIP LPBF IN718 [199]. Further, Kuner et al. also found that polishing 
an AB EBM Hastelloy resulted in slower oxidation kinetics compared to 
the non-polished sample [200] and Karthick et al. observed a superior 
surface finish, reduced porosity and improved compressive residual 
stress in samples that were post-processed using grinding followed by 
low plasticity burnishing compared to other samples [201]. 

Furthermore, the use of electropolishing surface treatment with 
anhydrous electrolyte solution was studied to improve the surface 
quality of LPBF IN718 [202]. The results clearly indicated the potential 
benefit of introducing highly regulated electrolyte flow in the polishing 
of AM metal parts [202]. The effect of LPBF Hastelloy X microstructure 
on Electromechanical dissolution characteristics was also studied and 
showed that compared to wrought, LPBF finer grains, denser sub-grain 
boundaries and dislocations contributed to the formation of a more 
stable and thicker passivation film [203]. 

Studies have shown that the PBF microstructure of nickel-based su-
peralloys has implications for the machining process as well. For 
example, there are peculiar interactions between build orientation and 
machining strategy [204]. It has been shown that the surface topog-
raphy and integrity of LPBF IN625 was affected by the relative orien-
tation of cutting direction to the build direction and scan strategy 
orientation [205]. Indeed, Patel et al. showed that machining with the 
feed in the build direction generated the greatest cutting force (as shown 
in Fig. 43) of the orientations tested [205]. Similarly, another study 
found that feeding the cutter against the build direction resulted in 
lower peak forces with larger deviations while feeding along the build 
direction resulted in higher peak forces with lower deviations [206]. 
Further, LPBF IN718 with HIP and HT were found to have better mini-
mum specific cutting energy, minimum tool wear and minimum surface 
roughness during milling than wrought IN718 [207]. The peak milling 
cutting force was found to be dependent upon the feed direction as well 
as the layer-wise scan rotation employed in fabricating LPBF IN625 
[206]. Hence, these studies reveal that, in a similar theme as “Design for 
Manufacture”, the need to select PBF build parameters for 
post-processing needs to be considered [204]. 

No studies on the effect of EBM microstructure on machining pa-
rameters and vice versa were reported to date. Hence, this area should 
be developed further. Another development area is the use of hybrid 
machines which build and machine the part during the same process 
[208,209]. For example, using a new hybrid method which combines 
LPBF and Laser Shock Peening, a 95% decrease in CM247LC cracks was 
obtained [102]. Hence, more research should be conducted on hybrid 
machines as they have the potential to further control the microstructure 
and mechanical properties of PBF materials. 

3.4. Modelling of nickel-based superalloys in PBF 

Numerical modelling is a useful tool to understand the fundamental 
mechanisms and predict the possible outcomes of PBF processes. A re-
view on the research progress of LPBF nickel-based superalloys simu-
lation was conducted by Qiu et al. [210]. Other reviews investigate 
multi-scale modelling for PBF [211], the classification of AM modelling 
[212], microstructure modelling of metal AM materials [213], 
multi-physics continuum modelling approaches for metal powder [214, 
215], have also been presented. Some typical models used in modelling 
AM microstructure include: thermal modelling, phase field modelling, 
kinematic modelling and cellular automata. These models can be used 
individually or coupled with other models to model PBF process and 
microstructure. 

Thermal models can determine the temperature in the material 
during AM processes and calculate fluid flow and porosity. These models 
are some of the most used in AM modelling. Zhang et al. simulated the 

Fig. 34. Illustration of the hot cracking mechanism in the Laser Powder 
Bed Fusion process [178], demonstrating crack formation and growth 
within a single melt pool. This shows that the difference in interdendritic 
liquid pressure between the dendrite tip and the root causes an insufficient 
feeding of molten material at the dendrite root, promoting void generation and 
therefore highly affecting the hot cracking behaviour of the part. 
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Fig. 35. Grain morphology of planes 
parallel (XZ) and perpendicular (XY) to 
the build direction with varying thermal 
treatments [179]. (a) As-built specimen 
parallel to the build direction. (b) As-built 
specimen perpendicular to the build direc-
tion. (c) Heat treated specimen parallel to 
the build direction. (d) Heat treated spec-
imen perpendicular to the build direction. 
(e) Hot Isostatically Pressed specimen par-
allel to the build direction. (f) Hot Isostati-
cally Pressed specimen perpendicular to the 
build direction. (g) Hot Isostatically Pressed 
and heat treated specimen parallel to the 
build direction. (h) Hot Isostatically Pressed 
and heat treated specimen perpendicular to 
the build direction. Heat treatment and Hot 
isostatic pressing effectively reduced the 
strong texture in the build direction in 
as-built specimens.   
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temperature gradient and the cooling rate at the edge of the melt pool 
for LPBF IN718 using COMSOL Multiphysics™ 5.0 software [216]. A 
similar study was conducted by Kirka et al., simulating the thermal 
profile of a laser track on solidified materials [96]. The results showed 
that up to five layers underneath can be remelted when a new layer is 
processed. This can be observed from the dendritic structure refinement 
found in the last remelted region and its homogenisation in the heat 

affected zone. Xia et al. also investigated the melt pool temperature 
contour in the manufacturing process of IN718+WC with LPBF [65]. 
This helped to explain the formation mechanism of Ni2W4C primary 
dendrite and (Nb, M)C carbides. Temporal evolution of the temperature 
distribution for the single bead experiments was simulated for EBM 
IN718 using FEA with thermal conduction and recoalescence taken into 
account [217]. Contrary to the experimental observations, the 

Fig. 36. Transmission Electron Microscopy visualisation of γ’’ precipitates in Electron Beam Melted Inconel 718 specimens [183]. (a) As-built samples (low 
cooling rate). (b) In-situ heat treated samples. This illustrates the effect of heat treatment on the size of strengthening precipitates, γ’’ in this case. 

Fig. 37. Dislocations and γ′ phases in Laser Powder Bed Fused CM247LC specimens [184]. (a), (b), (c) As-built. (d), (e) Heat treated This shows that dislo-
cations are entangled and tend to accumulate at the grain boundaries. Heat treatment also decreases the dislocation network density, especially at the grain centre. 

Fig. 38. δ-phases in the interdendritic region of Laser 
Powder Bed Fused Inconel 718 specimens [92]. (a) 
As-Built with Nb segregation during the Laser Powder 
Bed Fusion process. (b) Solution + ageing treated. (c) 
Direct aged. The solution treated and aged specimen 
contained much coarser δ-phase than their 
non-solution-treated equivalents due to the dissolu-
tion of γ’’ phase and the consequent formation of 
needle-shaped δ-phase during this first thermal 
treatment. This shows that thermal treatments affect 
the presence, size and morphology of precipitates in 
Powder Bed Fused materials.   
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constructed microstructure consisted mostly of equiaxed and mixed 
grains [217]. 

Phase field modelling can model both solid and liquid material 
phases in the same model and is used to observe microstructure evolu-
tion (e.g. grain coarsening and dendrite growth). Pinomaa et al. used 
this method to simulate the kinetics of solidification, including the 
development of microstructural features including grain morphology, 
solute distribution, and formation of metastable phases – was able to 
accurately model temperature distribution, history, thermal gradients 
and cooling rates of a LPBF nickel-based superalloy [218]. 

Transport phenomena models are also used to study solidification, 
residual stresses, distoration, defect formation and the evolution of 
microstructure and properties of AM alloys, as reviewed by Wei et al. 

[219]. Huynh et al. [220] simulated the stress distribution in novel test 
pieces to prove desired results could be achieved with customized 
geometries. 

These different models can also be used to understand and predict 
the effect of PBF process parameters on the material microstructure or 
mechanical properties. For example, Raghavan et al. aimed to create a 
simulation to predict the effects of various EBM processing parameters 
on some IN718 specimens microstructure [221]. As expected, both the 
thermal gradient and solid-liquid interface velocity, generated during 
melt pool solidification, influenced the final grain morphology (Fig. 44). 
The same process was then simulated varying some process parameters, 
such as preheat temperature, spot ON time, beam diameter and spot 
beam current (Fig. 45), analysing their impact on the morphology 
produced. 

Other studies use models to determine the PBF manufacturability of 
certain nickel-based superalloys, like Yang et al., who determined the 
feasibility of manufacturing by LPBF nickel-based SX-superalloys by 
calculating the solidification conditions (temperature field, thermal 
gradient and solidification speed) of multi-track samples using an 
established finite element model based on the columnar to equiaxed 
transition [222]. 

Using models to optimise PBF parameters is also being researched. A 
universal and simplified model has been proposed to predict the energy 
density suitable for LPBF of a variety of metallic materials including 
nickel-based superalloy, using the relationship between energy absorp-
tion and consumption during LPBF [223]. Results confirmed that the 
model can predict suitable laser energy densities needed for processing 
materials without tedious trial and error experiments [223]. A full 
process energy prediction diagram for LPBF GH3536 alloy, based on the 
simulated molten pool depth and width, is also proposed as a method for 
the selecting process parameters [224]. Yan et al. also showed that using 
data-driven multi-scale and multi-physics models can be used to derive 
process-structure-property relationships for AM and optimise process 
parameter [225]. 

Finally, other researchers concentrate their efforts on the simulation 
of other aspects of the PBF process: powder bed melting [226–234], melt 
pool fluid dynamics [235,236], phase transitions [237] and microscale 
thermodynamic and kinetic mechanisms [235,236,238,239]. By simu-
lating the microstructure development during PBF buildings, can pro-
vide useful insights to the morphology and distribution of dendrites and 
precipitates in the final part [240–242]. The simulation of residual 
stresses has also produced some results [243–246] of note but is also a 
clearly developing field prime for expansion. 

The authors would also like to highlight the current gulf in capability 
between modelling times and the effective process speeds. There remain 
significant challenges to overcome therefore in arriving at models which 

Fig. 39. A time-temperature-transformation diagram for the formation of 
δ-phase in Laser Powder Bed Fused and wrought Inconel 625 components. 
The red dot indicates the industry recommended stress-relief Heat Treatment 
conditions [187]. This shows that the formation of δ-phase is much faster 
during Laser Powder Bed Fusion than for the wrought process. The stress relief 
heat treatment (red dot) was shown to promote the formation of δ-phase during 
Laser powder bed fusion but not for wrought equivalents. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 

Fig. 40. Transmission Electron Microscopy images showing the laves phase in the as-built Laser Powder Bed Fused Inconel 718 [190]. (a) Bright field. (b) 
dark field. Only Laves phases are visible due to the fast heating and cooling cycles, which suppressed other secondary phase precipitation during Laser Powder 
Bed Fusion. 
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are sufficiently computationally efficient to allow ‘on-the-fly’ model and 
control architectures to be deployed. 

4. Mechanical properties 

The characterisation of mechanical properties is essential before AM 
components can safely be used in applications beyond the static. A re-
view of the mechanical properties of metal AM parts was written by 
Lewandowski et al. [4] should the reader require broader context. 
Fig. 46 shows the mechanical properties of PBF nickel-based superalloys 

studied to date. At the current stage, studies have mainly focused on 
tensile and hardness performance and less on shear, toughness, fatigue 
and creep properties. Table 7 captures which studies looked into the 
different mechanical properties. It also lists the common standards 
usually used to test the mechanical properties. However, it should be 
noted that it is common for researchers to adapt standards to specific 
needs of AM part testing. The controlling factors for the mechanical 
properties of LPBF manufactured nickel-based superalloys are analysed 
as follows. 

Fig. 41. Transmission Electron Microscopy images and diffraction pattern of Laser powder bed fused specimens [172]. (a), (b) Solution treated. (c), (d) Hot 
Isostatically Pressed. (e), (f) Solution treated and aged. (g)–(i) Hot isostatically pressed and aged. After solution treatment, diffraction shows the dissolution of Laves 
phases usually present in as-built condition. Following Hot Isostatic Pressing, grains are recrystallised and secondary phases dissolved. After solution and ageing 
treatment, the Transmission Electron Microscopy images and diffraction patterns reveal the presence of secondary phases, such as γ’‘. This demonstrates that solution 
and ageing treatments are able to precipitate secondary phases. 
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4.1. Tensile properties 

Tensile testing is one of the more commonly used mechanical tests 
which allows the determination of the elasticity modulus, yield strength, 
ultimate tensile stress, ductility and stress and strain relationship for the 
material. These are ordinarily undertaken in a uniaxial form and as such, 
do not closely resemble real world loading cases. Tensile tests can easily 
be performed at room temperature according to standards listed in 
Table 7. Since nickel-based superalloys are used at elevated tempera-
tures, their high-temperature tensile properties also need to be carefully 

considered according to the relevant standards. For example, some 
studies tested IN718 specimens at 650 ◦C [67,258,277,296], IN738LC at 
850 ◦C [249,251,267], Hastelloy at 750 ◦C [255,284], in IN625 at 
815 ◦C [333] and IN625 at 538 ◦C [292] and 760 ◦C [263,269]. A study 
found that high temperature tensile tests resulted in intergranular 
cracking [331]. 

Some of the most commonly used tensile testing specimen geome-
tries are defined by the ASTM standards (Fig. 47a–c) and the ISO and EN 
standards (Fig. 47d). Specific countries also have their own standards, 
which were developed by referring to the ASTM and ISO standards. 
Using the standard testing procedures allows the AM specimens tensile 
properties to be obtained and compared between different authors. 
Gonzalez et al. compared the tensile properties of specimens fabricated 
with LPBF, EBM and binder jetting [100]. The results indicated that all 
AM methods surpassed the ASTM F3056-14 standard mechanical 
properties requirements and that LPBF specimens possessed slightly 
better performance and isotropy than the other two processes. 

4.1.1. The influence of powder composition, quality and thickness on tensile 
properties 

Powder quality also plays an important role in the PBF process. 
Sames et al. compared the tensile properties of specimens manufactured 
with gas atomized, rotary atomized, and plasma rotated electrode pro-
cess (PREP) powders [118]. The former two contain trapped gas, leading 
to increased porosities in the specimen, while PREP powders resulted in 
higher relative density and thus, higher tensile strength. Nguyen et al. 
compared the influence of the use of fresh and recycled powder on final 
properties [115]. Recycled powder particles had a slightly larger 
average size, lower Hall flow rate and lower packing density, with 
respect to the fresh powder. This was due to particles’ tendency to stick 
together and deform during the building process. Despite the differences 

Fig. 42. Bright field TEM images showing dislocations in Laser powder bed fused IN718 specimens [185]. (a) As-built. (b) Heat treated. This reveals the 
presence of Laves phase. 

Fig. 43. This shows the effect of the PBF build orientation on the subse-
quent machining. The greatest cutting force is generated when the feed di-
rection is parallel to the build direction, which gives rise to anisotropy at 
machined faces. 

Fig. 44. Thermal gradient and solid-liquid interface velocity generated during melt pool solidification [221]. (a) Relationship between Temperature Gradient 
(G)/Liquid-solid interface velocity (R) and solidification time. (b) Example of solidification path. This shows that both the thermal gradient and solid-liquid interface 
velocity, generated during melt pool solidification, influenced the final grain morphology. 
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in powder quality, their effect on the mechanical properties was insig-
nificant in this case. However, Gasper et al. demonstrated the mecha-
nisms by which Hastelloy X powders degrade in powder bed fusion 
[127]. 

Another study looked at the effect of minor alloying elements on 
microcrack formation in LPBF Hastelloy X and the influence of hot 
cracking on tensile and compressive properties [334]. They found that a 
reduction in minor alloying elements resulted in the elimination of hot 
cracking in AB LPBF Hastelloy X but reduced the overall tensile strength 
by 140 MPa [334]. Similarly, the effect of graphene nanoplatelets 
(GPNs) reinforced K418 nickel-based superalloy composites, fabricated 
by LPBF, on the tensile properties was studied [338]. Some work 

revealed that introducing a 1 wt% titanium carbide (TiC) nanoparticles 
in LPBF Hastelloy X eliminated microcracks and increased yield strength 
by 98 MPa [340]. 

Fabricating metal matrix composites with PBF can augment material 
properties. Indeed, Yao et al. showed that the tensile strength of AB LPBF 
IN718 specimens could be improved by adding TiC nano-particles, 
which hindered dislocation movements [271]. However, the trans-
formation of these particles from MC to M23C6 carbides during HT, 
counteracted the already existing strengthening mechanism, resulting in 
a reduced tensile strength, and improved ductility. Alternatively, Xia 
et al. chose WC particles to strengthen the LPBF IN718 specimens [65]. 
By increasing the scan speed, WC particles and dendritic structures 
became much finer, increasing the tensile strength and reducing the 
ductility. Other particles have also been tested to reinforce PBF speci-
mens, including graphene nanoplatelets [262] and carbon nanotubes 
[266]. 

Furthermore, the thickness of the powder layer can also affect tensile 
performance. Indeed, Sufiiarov et al. [274], observed that a thinner 
layer thickness contributed to better tensile strength since it could 
provide better bonding between adjacent layers. However, Nayak et al. 
observed that the tensile performance of 100 μm layers was similar to 
that of thinner layers [416]. Zhou et al. manufactured functionally 
graded materials with strong bonding between 316L and IN718 pow-
ders. A relatively strong shear strength (581 ± 11 MPa) was obtained, 
probably due to the strong metallurgical bonds generated during LPBF 
[265]. Furthermore, Muñoz-Moreno et al. characterised the bulk elastic 
properties and shear moduli of AB and HT LPBF CM247LC components 
using resonant ultrasound spectroscopy [311]. The difference between 
the shear modulus of the AB (85 GPa) and HT specimens (87–88 GPa) 
was found to be negligible. Whereas Sabelki et al. found that both HT 
and build direction affected the torsional properties of LPBF IN718 
[342]. The evaluation of shear strength is important for many compo-
nents working in safety critical scenarios. Nevertheless, the number of 
studies related to the shear strength of PBF manufactured nickel-based 
superalloys is very limited. 

4.1.2. Build orientation results in anisotropic tensile properties and controls 
the failure mode 

Build direction is yet another important factor that highly affects 

Fig. 45. Effects of process parameters on grain morphology by controlling the temperature gradient (G) and liquid-solid interface velocity (R) of the melt 
pool [221]. (a) Preheat temperature. (b) Spot ON time. (c) Beam diameter. (d) Spot beam current. All of these parameters influence the final melt pool morphology. 

Fig. 46. Pie chart summarising the mechanical properties investigated in 
powder bed fused nickel-based superalloys research, across 290 papers. 
Almost half of the studies investigated tensile properties, while a third studied 
hardness properties. Other properties, especially shear and toughness, have 
been the subject of limited studies. 
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specimens mechanical properties and results in microstructural and 
mechanical anisotropy [417]. Chlebus et al. investigated the tensile 
properties of specimens built in four directions (Fig. 48) [95]. The re-
sults indicated that the specimens built in the 45 ◦ × 45 ◦ direction 
possessed the best tensile strength in both AB and HT conditions. 
Moreover, specimens built in transverse directions were always stronger 
than the longitudinally built equivalents. This was explained by the 
angle between the loading direction and grain growth direction, which 
can greatly affect specimen tensile behaviour. 

Ni et al. also compared the tensile strength of longitudinally and 
transversely built IN718 specimens considering the Schmid factor, 
which is used to describe the relationship between slip planes and slip 
direction [259]. This research found that the transversely built speci-
mens possessed better tensile strength, which was in accordance with 
Chlebus et al. [95]. In another study, the differences in strength between 
longitudinally and transversely built specimens were believed to be 
caused by the angle between the loading direction and the orientation of 
the pores present between adjacent planes, due to lack-of-fusion [260]. 
The fractures for the longitudinally and transversely built samples were 
controlled by two different failure modes: the ‘opening mode’ (Mode I), 
which occurs when the loading direction is normal to the defect/pore 
orientation, leading to fast failure, and the ‘in-plane shear mode’ (Mode 
II), which happens when the loading direction is instead parallel to the 

Table 7 
Summary of the standards used during mechanical testing and references that 
investigated these different mechanical properties.  

Mechanical Property Standards References 

Tensile 

Room 
temperature: 

[58,64–68,74,92, 
95–97,100,104,115, 
117,118,148,165, 
172,173,176, 
178–180,183,216, 
220,247–341] 

- ASTM E8/E8M 
- ISO 6892–1; EN 
10002-1 
- Swedish 
SS112111-7A35 
- German DIN 
50125 
- Chinese grain T 
228.1 
Elevated 
temperature: 
ASTM E21 
ISO 6892-2 
EN 10002-2 
Chinese grain 
boundaries/T 
228.2 

Shear 

ASTM B769 [265,311,342] 

Hardness 

Vickers (ASTM 
E92) 

[59,64,65,67,70,72, 
95,121,146,148,150, 
160,165,179,180, 
183–185,195,197, 
216,275,277,278, 
281,284–287,289, 
290,292–295,300, 
302–305,307,308, 
310,311,321,324, 
330,335,343–380] 

Knoop (ASTM 
E92) 
Rockwell (ASTM 
E18) 
Brinell (ASTM 
E10) 

Toughness 

Charpy V-notch 
technique 

[68,113,274, 
381–383] 

ASTM E23 
ISO 148 

Fatigue 
ASTM E466 [172,176,178,220, 

252–257,296,312, 
313,319,322,327, 
328,333,337,370, 
373,384–404] 

ASTM E606 
ASTM E647 

Creep 

ASTM E139 [75,190,249–251, 
275,295,326,333, 
384,388,405–415] 

ISO 204  

Fig. 47. Commonly used tensile testing geometries defined by different standards. (a), (b), (c) ASTM standards. (d) ISO/EN standards. Using these geometries 
and following standards allows comparison between results from different authors. 

Fig. 48. Demonstration of the commonly applied layout of powder bed 
fused specimens with respect to the machine axis [95]. These layouts, or 
build orientations, affect the subsequent mechanical properties. 
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pores orientation, typical of transversely built specimens. Similar results 
were obtained in a series of studies performed at room and elevated 
temperatures [249,261,263,277,296] with AB [247,257,258,274,276, 
279,288] and post-processed specimens [64,92,264]. 

However, other studies reported that specimens built in the longi-
tudinal direction had better mechanical resistance. Indeed, Tomus et al. 
found that, when tested at 900 ◦C, specimens built in the longitudinal 
direction performed better [117]. This was also the case for LPBF of 
Haynes 282 at 900 ◦C and 20 ◦C [104]. However, specimens built in the 
transverse direction were found to possess higher tensile strength at 
room temperature and 700 ◦C. No solid explanation for these observa-
tions was given in this study. Similar results obtained by Kirka et al. 
could not explain the origin of the differences between longitudinally 
and transversely built specimens [297]. The authors reported that, by 
increasing the build height, transverse specimens became stronger and 
more ductile. This might have been caused by the consistent heat input 
which transformed γ’’ precipitates into brittle δ-phase, in the bottom of 
the structure. Finally, a comprehensive study relating the build direction 
to the anisotropic behaviour of LPBF specimens was performed by Hovig 
et al. [314]. 

4.1.3. Scan strategies and the effect on tensile properties 
The tensile properties of PBF manufactured specimens are mainly 

controlled by the build parameters, with scan strategy (the path that the 
energy beam takes) being one of the most important. Indeed, beam 
power and hatch spacing were found to be the principle factors driving 
tensile strength [336]. Kirka et al. compared a point heat source fill scan 
strategy, with the conventional raster scan strategy applied in EBM 
[298]. The former strategy contributed to a more equiaxed micro-
structure, almost eliminating tensile strength anisotropy. Based on this 
result, Zhou et al. applied an improved alternative scanning strategy to a 
functionally graded component, which resulted in improved tensile 
strength [265]. Additionally, Geiger et al. compared the effects of three 
different scan strategies (labelled A, B and C and illustrated in Fig. 49) on 
LPBF IN738LC components [267]. The EBSD results (Fig. 49) showed 
that different scan strategies generate different microstructural features, 
which cannot be fully eliminated by HT. The tensile testing results 
showed that scan strategy B always developed the highest Young’s 
modulus among all the applied strategies. Moreover, sample tensile 
properties are also affected by their locations on the building plate and 
shielding gas flow. 

4.1.4. Heat treatments for improved tensile properties 
In order to produce more homogeneous microstructures and improve 

components mechanical properties, post-processing is still necessary at 
the present stage. HTs’ main purposes are: decrease anisotropy, dissolve 
potentially crack-initiating particles and form strengthening pre-
cipitates. For more information about typical thermal treatments of PBF 
nickel-based superalloys and achievable optimum properties, the reader 
is directed towards the AMS2774 standard for Heat Treatment of 
wrought nickel alloy and cobalt alloy parts [171], which is currently 
recommended for thermal treatment of PBF nickel-based superalloys by 
the Standard Specification for Additive Manufacturing Nickel Alloy 
(UNS N07718) with Powder Bed Fusion [170]. The effects of HT on PBF 
specimen tensile properties have been widely studied [66,74,92,95,165, 
183,186,249,251,266,283,285,289,311,339,418]. 

Two standard HTs for conventional materials were applied by Zhang 
et al. [165]. The first one consisted of two steps: a solution treatment 
(980 ◦C, 1 h/air cooling) + double aging (720 ◦C, 8 h/furnace cooling at 
55 ◦C/h to 620 ◦C, 8 h/air cooling) and the second HT started by a 
homogenisation treatment (1080 ◦C, 1.5 h/air cooling), followed by the 
same two steps as the first HT. Both methods contributed to the 
recrystallisation of dendritic structures and the precipitation of γ′ and γ’’ 
particles. As a result, both HTs increased material tensile strength. It was 
also observed that in the two-step HT, which is normally used for forged 
materials, undissolved Laves phases were still present. This illustrated 

that the three-step HT was better performing, even though it produced 
slightly lower tensile strength. On the contrary, in a study where LPBF 
specimens were reinforced with carbon nanotubes [266], the recrys-
tallisation of fine microstructures caused by the HT slightly decreased 
the yield strength. That was not the case when an in-situ HT technique - 
achieved by taking advantage of the powder bed preheating function in 
EBM machines - was used. In fact, the results showed that this in-situ HT 
led to much coarser microstructures, a larger number of intergranular 
cracks and poorer tensile strength when compared to conventional EBM 
specimens [183]. Additionally, Sames et al. investigated the impact of 
cooling rates in EBM [97]. The slowly cooled specimens possessed a 
much higher tensile strength respect to the fast-cooled equivalents, at 
the cost of lower elongation. A 3-step HT on LPBF Haynes 282 increased 
yield strength and ultimate tensile strength [186]. 

HIP is a commonly used technique to eliminate the micro-porosities 
and mitigating the impact of microstructural anisotropy. In the litera-
ture is usually applied with or compared to other HT processes [64,172, 
173,179,250,260,269,284,287,297,418]. For example, Tomus et al. 
studied the tensile properties of LPBF Hastelloy X specimens in AB, HT, 
HIP and HIP + HT conditions [179]. The results showed that the HIP 
improved specimen relative density from 99.2% to 99.8% in AB condi-
tion to 99.9%. Although it also led to carbides precipitating at the grain 
boundaries, the amount of carbides was believed to be too low to affect 
specimen mechanical properties. A study on HIP of IN738 showed that it 
improved the tensile strength of parts built vertically and horizontally 
but decreased the strength in the 45◦ samples [418]. Furthermore, all 
post-treated specimens possessed similar tensile strengths, while being 
lower than the AB. This was attributed to the rearrangement of dislo-
cations during post-processing. Confirmation to that was found in 
another study by Kreitcberg et al., where HIP LPBF specimens possessed 
the lowest yield strength (Fig. 50), both at room and elevated temper-
atures, compared with other LPBF samples tested [269]. From these 
results, it was concluded that higher porosity lead to higher tensile 
strength. 

In a study by Yao et al. [271], the AB and HT tensile test fracture 

Fig. 49. Electron Backscatter Diffraction results show the effects of scan 
strategies A, B and C (illustrated on the right-hand side of the figure) on 
specimens microstructures [267]. This illustrates that different scan strate-
gies generate different microstructural features, which cannot be fully elimi-
nated by heat treatment. The different scan strategies also affect the mechanical 
properties. The tensile testing results showed that scan strategy B always 
developed the highest Young’s modulus among all the applied strategies. 
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surfaces of LPBF IN718 and TiC reinforced LPBF IN718 specimens were 
evaluated. All specimens presented dimpled fracture surfaces, indicating 
a ductile failure. It was also observed that the dimples in the HT speci-
mens were larger and shallower, indicating lower ductility than the AB 
specimen. The homogenized STA LPBF IN718 samples achieved higher 
strength than the AMS wrought specifications and good plasticity as well 
[328]. 

Although tensile strength is a significant mechanical property in 
many situations, compressive strength is also of importance. Typically, 
complex structures including lattices will undergo both tensile and 
compressive loading in operation. Therefore, AM lattice structures, 
which are designed for tailored mass, surface area, modulus and 
strength, are usually characterised with compression tests [216]. Strondl 
et al. compared the tensile and compressive yield strength of EBM IN718 
specimens [96]. The results indicated that the tensile strength was 
higher than the compressive resistance, especially in HT conditions. 
Smith et al. demonstrated that LPBF IN718 specimens possessed slightly 
higher compressive yield stresses [65]. However, none of the studies 
explained the cause of these differences. The hot compression behaviour 
of IN718 specimens was studied by Mostafa et al. for LPBF components 
applications in the forging process [317]. The results indicated that the 
tensile behaviour is highly strain-rate dependent. 

Fig. 51 summarises the tensile strength properties for all of the 
studies reported to date. Each point represents the tensile property re-
sults for a sample from a paper. It should be noted that most samples had 
different processing and post-processing conditions, as well as different 
testing procedures. For example, some of the low laying points in the 
figure correspond to high temperature tensile testing by Popovich et al. 
[68]. Violin plots require a lot of data and the lesser number of studies 

available for EBM and Young’s Modulus is the reason why they do not 
have plots. From Fig. 51b, it is clear that EBM nickel-based superalloys 
are much less investigated than for LPBF. The average tensile strengths 
of EBM IN718 and IN625 are also slightly below their LPBF counter-
parts. The research gaps, in terms of which materials are studied, are 
also apparent in Fig. 51. 

Fig. 51 was based on Table 9 in the Appendix section which lists the 
published data for the tensile properties of PBF manufactured nickel- 
based superalloy. 

4.2. Hardness properties 

Hardness is a measure of a material resistance to localised permanent 
deformation such as small dents or scratches [420]. Hardness mea-
surements are easy to perform, which is one of the reasons why they are 
one of the most frequently used mechanical property characterisation 
tests to provide an indicator to material condition. The processing pa-
rameters and HT can significantly influence LPBF specimens hardness 
[421]. As well as the building parameters, powder proprieties such as 
particle size distribution, flowability and rheology also affect specimen 
final hardness [121]. Supports were also shown to have a marginal effect 
on the local microstructure and hardness due to the low heat input in 
LPBF [380]. 

4.2.1. Build orientation and hardness measurements 
Yen et al. showed that the build orientation affected hardness 

properties directly [290]. Additionally, Chlebus et al. demonstrated that 
planes parallel to the build direction had a slightly higher hardness than 
perpendicular ones [95]. This was imputed to the interfaces overlapping 

Fig. 50. Tensile stress-strain diagrams obtained at 760 ◦C for different thermal treatments [269]. (a) Annealed-wrought. (b) As-built. (c) Stress relieved (SR). 
(d) Recrystallisation annealed (RA). (e) Solution treated (ST). (f) Hot isostatically pressed. Hot isostatically pressed Laser Powder Bed Fused specimens possessed the 
lowest yield strength, highlighting the effect of different thermal treatments on the resulting mechanical properties of powder bed fused specimens. 
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between deposited layers, which tended to crack more easily, as well as 
weaker grain boundary strengthening planes perpendicular to the build 
direction. Strößner et al. and Murr et al. both obtained similar results 
[277,354] while Tomus et al. believed that the difference in hardness 
between the different planes was so small that it could be ignored [179]. 
Naturally there are differences in the experimental methods adopted 
here which are potentially significant in giving rise to these differences 
in results. 

Variations in hardness with respect to the build direction, indicated 
that the hardness is affected by specimens microstructural anisotropy. 
Indeed, Chauvet et al. demonstrated that the size of γ′ phase decreased 
gradually along the build direction, due to the thermal history of LPBF 
[146]. This variation in γ’ size was consistent with the measured hard-
ness gradient (Fig. 52a). In the study by Wang et al., hardness was found 
to decrease with increasing columnar structure width [278]. 

4.2.2. Energy density, scan strategy, scan speed and hardness properties 
When evaluating the comprehensive effects of a series of processing 

parameters, energy density needs to be considered. However, the in-
fluences of energy density on final properties are difficult to assess since 
many studies led to contradictory conclusions based on differing 
experimental methods. Experimental results, showed in Fig. 53a, by 
Rong at al. seem to collocate that linear energy density has an optimum 
in a range between 173 J/m and 303 J/m [343]. However, in another 
study (Fig. 53b) by Jia et al., a proportional relationship between the 
linear energy density (in a range between 180 J/m and 330 J/m) and the 
hardness was observed [344]. The conclusion to that result was that a 
higher linear energy density resulted in a more homogenous micro-
structure, thus increasing the hardness [344]. Conversely, other studies 
found that the materials hardness decreased by increasing linear energy 
density (in a range between 400 J/m and 1200 J/m) [67,281,345,346]. 
In particular, one study indicated that this was due to a coarsened 
microstructure [345], while others thought that the cause had to be 
identified in a finer microstructure and less brittle precipitates [67,281]. 
Furthermore, in a study by Yen et al. no direct relationship between the 
hardness and volumetric energy density was observed [290]. 

Fig. 51. Violin plots of research conducted in 
different nickel-based superalloys on Tensile 
properties. From 137 papers. (a) Tensile strength of 
Laser Powder Bed Fused alloys. (b) Tensile strength of 
Electron Beam Melted alloys. (c) Yield strength of 
Laser Powder Bed Fused alloys. (d) Elongation of 
Laser Powder Bed Fused alloys. The white dot is the 
median, horizontal lines are the mean, the height 
represents the range, the width is the amount of data, 
and the vertical lines in the middle are the inter-
quartile range. The materials are arranged in order of 
how much data was available. These figures include 
the vast range of sample conditions used in works 
covered in this review and so direct comparison be-
tween studies should be undertaken with caution. 
This shows that Inconel 718 and Inconel 625 have 
been studied most comprehensively within the liter-
ature. The average tensile strengths of Electron Beam 
Melted Inconel 718 and Inconel 625 are also slightly 
below their Laser Powder Bed Fused counterparts. 
The violin plots were created using free to access 
matlab code [419].   

Fig. 52. The size of γ′ phase decreased gradually along the build direction, due to the thermal history of Laser Powder Bed Fusion, which affected the 
hardness properties. (a) Diagram showing the distribution of γ′ size and hardness along the build direction [146]. (b) Diagram showing the relation between 
hardness and porosity [353]. This shows that parameters like build height also affect mechanical properties. 
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Yang et al. noticed that the melt pool mode, such as keyhole and 
conduction mode (Fig. 54), in the LPBF process also influenced speci-
mens hardness [369]. Two different microstructures were found in the 
central and peripheral zone for keyhole mode specimens, while the 
conduction mode specimens were more uniform. The main features of 
different melt pool regions are listed in Fig. 54. The central zone in the 
keyhole mode, which mainly benefited from finer dendritic and γ’/γ’’ 
precipitates, had a higher hardness (249 HV/359 HV) than the marginal 
mode (249 HV/321 HV) and conduction mode (260 HV/330 HV). 

Additionally, Gu et al. observed a direct relationship between grain 
morphology and hardness in the melt pool [368]. The hardness in 
different locations of the melt pool was measured (Fig. 55b and c) and 
the results were listed in Fig. 55d. They showed that the top surface of 
the melt pool was full of fine cellular dendrites and equiaxed grains with 
an average hardness of 387 HV while the bottom of the melt pool was 
dominated by unidirectional columnar dendrites with an average 
hardness of 337 HV. The edge of the melt pool, instead, was charac-
terized by the presence of multidirectional columnar dendrites and an 
average hardness of 340–350 HV. The centre of the melt pool had an 
average hardness slightly higher of about 363 HV. From this, it was 
concluded that the morphology of the grains in the melt pool, which is 
controlled by the temperature gradient and the cooling rate, defined the 
hardness. 

Lu et al. considered the effects of island scan strategies [286]. A 
smaller island size contributed to higher solidification rates, meaning 
that the increased residual heat effectively heat treated the solidified 
materials, leading to a higher hardness. However, another study found 
that higher values of hardness and compressive yield strength were 
obtained from the samples produced using Meander scanning strategies 
as opposed to an Island approach [148]. 

Choi et al. indicated that there was an optimum scan speed to pro-
duce the highest hardness [59]. The effect of scan speed was studied by 
Xia et al., the results indicated that higher scan speeds were generally 
correlated to higher hardness [65]. Indeed, higher scan speeds produced 
finer primary dendrites and more homogeneously dispersed granular 
carbides, which both contributed to higher deformation resistance. 
Furthermore, Choi et al. indicated that there was an optimum scan speed 
to attain high hardness [59]. However, at higher scan speeds, discon-
tinuous laser tracks and non-fully melted powder were found to increase 
the porosity. On the other hand, lower scan speeds gave rise to excessive 
energy input and material vaporization, trapping vapours in the solidi-
fied structures. Higher porosity led to lower hardness as the pores would 
easily collapse when loaded. As proof, LPBF IN625 porosity was found to 
be consistent with the hardness gradient [59,353]. Rong et al. observed 
a similar trend but they justify the decrease in hardness at lower scan 
speeds with a coarsened microstructure [345]. In contrast, Karimi et al. 
found no direct relationship between EBM specimens hardness and 
porosity [367]. 

4.2.3. Optimal heat treatment for improved hardness 
Post-processing techniques also have a significant influence on 

specimens’ hardness. Zhang et al. heat treated LPBF IN718 specimens 
according to standards AMS 5662 and AMS 5383 [165]. Both methods 
increased the hardness than their AB equivalents due to the uniform 
precipitation of γ′ and γ’’ strengthening particles during ageing. Similar 
results and explanations were published in several other studies for LPBF 
[70,95,184,216,277,287,347,349,350,352] and EBM specimens [294, 
295]. Deng et al. suggested that grain size growth might lower the 
hardness [294], while another study on HT LPBF Nimonic 263 samples 
by Vilaro et al. explained that the dislocation density and precipitation 
of γ’ particles worked together to influence the hardness [285]. As such, 
grain size is not the only factor to influence hardness. 

A study reported that annealing LPBF IN718 at 600 ◦C for 2h did not 
affect the grain size or the microhardness of the sample [379]. Whereas 
under the solid solution process of 950 ◦C, the fine homogeneous 
δ-phase and γ′ phase in the grain or near the grain boundary had an 
important effect on the X–Y surface hardness value (476–500 HV) of the 
alloy [374]. Under the solid solution process of 950 ◦C, the fine homo-
geneous δ-phase and γ’ phase in the grain or near the grain boundary 
had an important effect on the surface hardness value (HV476-500) of 
LPBF IN718 [375]. Hence, some studies concluded that there was an 
optimum annealing temperature to obtain the highest hardness [275, 
348]. Below the optimum temperature, residual stresses were relieved 
with no precipitation formation, leading to lower hardness. However, 
Deng et al. suggested that residual stress could harden the material to 
some extent [289]. Above the optimum temperature, δ particles were 
dissolved, leaving the sample without their strengthening mechanism, 
decreasing the hardness [348]. 

Additionally, Tucho et al. demonstrated that the effects of solution 
HT on the hardness of LPBF IN718 were dependent upon both temper-
ature and hold time [185]. In order to achieve full recrystallisation, a 
solution temperature higher than 1100 ◦C was necessary. It was also 
found by Sun et al. that HT was not only able to improve EBM IN718 
specimens hardness, but also remove any gradient of this along the build 
direction (Fig. 56) [308]. 

Other post-processing techniques were found to have positive effects 
on hardness. An in-situ HT technique applied on EBM IN718 specimens 
achieved much higher material hardness than an equivalent HT [183]. 
However, in a study on LPBF IN718 by Tillmann et al., it was observed 
that while specimen density and microstructure isotropy was highly 
improved by HIP, hardness decreased compared to the AB equivalents 
[72]. This was possibly due, at least in part, to grain growth. Murr et al. 
obtained similar results in their study on EBM of IN625 [292]. They 
noticed that HIP not only changed the crystallographic structure but also 
dissolved the γ’’ precipitates, leading to a decrease in hardness. Another 
technique used different ion irradiation fluences and found that as the 
fluence was increased, so did the nano-hardness of IN625. 

Fig. 57 summarises the Hardness properties for all of the studies done 

Fig. 53. Effects of linear energy density on hard-
ness. (a) By Rong et al. [344]. (b) By Jia et al. [344]. 
This shows contradicting evidence from the different 
authors with Rong et al. arguing that linear energy 
density has an optimum in a range between 173 J/m 
and 303 J/m to obtain the best hardness properties 
[343] and Jia et al. saying that there is a proportional 
relationship between the linear energy density (in a 
range between 180 J/m and 330 J/m) and the hard-
ness observed [344]. This illustrates some of the 
variability in findings between different studies, 
further highlighting repeatability challenges in pow-
der bed fusion.   
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to date. Each point represents a hardness value for a sample from a 
paper. It should be noted that most samples had different processing and 
post-processing conditions, as well as different testing procedures. The 
research gaps, in terms of which materials are studied, are also apparent 
in Fig. 57 since the materials are arranged in order of how much data 
was available. 

Data for EBM materials is not shown in this graph as there was not 
enough data reported to justify a similar type of figure. The reader is 
directed to Table 10 in the Appendix which compiles published data for 
the hardness of PBF manufactured nickel-based superalloy, including 
the EBM data. 

4.3. Toughness properties 

In many structural applications, material fracture toughness, a 
measure of material resistance to unstable crack propagation, needs to 
be carefully evaluated. The delay period associated with inhibition of 
crack propagation is a further key requirement in safety critical appli-
cations. However, crack propagation is also evaluated in both creep and 
fatigue scenarios. 

4.3.1. Powder layer and build orientation effects on toughness 
Ardila et al. and Gruber et al. studied the effect of recycled powder on 

the fracture toughness of LPBF and EBM IN718 specimens [113,383]. 

Fig. 54. Illustration of the heterogeneity 
of powder bed fusion material properties. 
(a) Diagram of keyhole mode. (b) Diagram of 
conduction mode thin wall. (c) Summary of 
the features in keyhole mode and conduction 
mode thin walls. (d) Microhardness distri-
bution in the keyhole mode. (e) Microhard-
ness distribution in the conduction mode 
thin walls [369]. The central zone in the 
keyhole mode, which mainly benefited from 
finer dendritic and γ’/γ’’ precipitates, had a 
higher hardness (249 HV/359 HV) than the 
marginal mode (249 HV/321 HV) and con-
duction mode (260 HV/330 HV).   
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For LPBF, the powder was recycled 14 times, with a Charpy test per-
formed at 5 different junctures between these cycles. Results (Fig. 58) 
showed that the energy needed to fracture the LPBF IN718 specimens 
fluctuated around 10 J, with no noticeable influence from the powder 
degree of recycling. For EBM, excessive oxidation of the recycled pow-
der was identified as the cause for insufficient melting and weak 
bonding in the specimen, with a consequent reduction in toughness. 

Sufiiarov et al. investigated the influence of layer thickness on the 
fracture toughness of LPBF IN718 [274]. The results showed that spec-
imens with a higher layer thickness possessed lower impact strength 
than thinner ones (59.6 J/cm2 for 50 μm and 83.8 J/cm2 for 30 μm, 
respectively). This highlighted that an increased layer thickness, with 
more lack-of-fusion defects and cracks in some sections of the specimen, 
can greatly diminish toughness. 

In a study by Popovich et al., specimens built in the vertical direction 
showed a slightly higher impact toughness than the horizontal equiva-
lents (91.3 ± 4.0 J/cm2 and 83.8 ± 3.5 J/cm2, respectively) [382]. 
Unlike Popovich et al., Hack et al. showed instead that the build direc-
tion had no evident impact on LPBF IN625 specimens toughness [381]. 
A common theme with comparing methodologies highlights the need for 

uniformity in sample preparation to allow more meaningful comparison 
between results. 

4.3.2. As-built specimens have better toughness than heat treated 
equivalents 

Popovich et al. also evaluated the effects of a HT, consisting of ho-
mogenisation and ageing (HA), on the impact toughness of LPBF IN718 
[68]. The impact toughness of AB specimens (58.7–79.3 J/cm2) was 
about two times higher than commercial hot rolled and HT equivalents 
(33–38 J/cm2). This was also observed by Hack et al., all specimens 
tested possessed superior impact and fracture toughness than their 
conventionally manufactured equivalents [381]. A possible explanation 
is that the specimens became more brittle after HT. Similarly to tensile 
testing results, the material impact strength presented clear signs of 
ductility in both AB and HT conditions as well as brittle fractures, 
especially where built-in defects were present [68]. 

4.4. Fatigue 

Components used in critical applications, such as aerospace, are 

Fig. 55. The difference in hardness and grain 
morphology between the different regions of the 
melt pool [368]. (a) Diagram of a melt pool. (b) 
Cross-section of the melt pool. (c) 
Longitudinal-section of the melt pool. (d) Hardness 
measurement results. (e) Grain morphologies in 
different areas in cross-section. (f) Grain morphol-
ogies in different areas in longitudinal-section of the 
melt pool. The difference in hardness between the 
different regions concluded that the morphology of 
the grains in the melt pool, which is controlled by the 
temperature gradient and the cooling rate, defined 
the hardness. This also illustrates the heterogeneity of 
Laser Powder Bed Fused material, not only 
throughout the sample, but also at melt pool level.   
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subjected to dynamic cyclic mechanical and thermo-mechanical loads, 
meaning that their fatigue properties must be carefully considered 
[420]. This presents a distinct set of performance characteristics as 
compared to other approaches simulating near static loading conditions. 
LPBF IN718 damage evolution during monotonic and cyclic loading was 
monitored and showed accelerated damage evolution in LPBF materials 
compared to forged [337] as shown in Fig. 59. LPBF process defects 
result in worse fatigue performance and deteriorate the fatigue crack 
growth behaviour [327]. This is a universally reported observation and 
much effort has been invested in better accommodating defects or en-
gineering these out of the process. 

Fig. 60 shows the materials and PBF parameters investigated in Fa-
tigue studies up to date. IN718 is by far the most studied material and 
the effect of thermal treatments, build orientation and surface condition 
are some of the most studied parameters. This figure also highlights 
materials and areas which would require more attention and study, such 
as the effect of powder composition and laser power on fatigue 
properties. 

4.4.1. Grain morphology and orientation affect fatigue performance 
A variety of fatigue performance studies focus on the effects of 

different processing parameters. Among them, the build direction was 
heavily investigated [176,252,255,296,312,319,384,385,387,402]. For 
example, two studies compared the fatigue performance of specimens 
built in the 0◦, 45◦ and 90◦ directions [384,385]. Brodin et al. reported 
that LPBF Hastelloy X specimens built at 90◦ possessed the best fatigue 
strength [384]. The same result was found for HIP EBM specimens 
(Fig. 61) [296] (see Fig. 62). 

Regarding fatigue life, LPBF Hastelloy X built at 0◦ performed better 
than those built at 90◦, when the load was higher than 600 MPa. Under 
that stress, it was found a negligible difference in performance [255]. 
Konečná et al. obtained similar results and reported that the large sur-
face roughness of notched 90◦ specimens may be the reason for their 
poor fatigue life [387]. Furthermore, for LPBF nickel-based superalloy 
K536, the fatigue performance anisotropy was not apparent at elevated 
temperatures (between 400 ◦C and 600 ◦C) [319]. However, in another 
study at low strain amplitudes, IN718 specimens built at 45◦ possessed 
longer fatigue lifetimes than the 0◦ samples [176]. A possible explana-
tion is that the 45◦ built specimens have a longer mean free path for 
dislocation movement. 

Grain structure also has an important impact on fatigue performance. 
Indeed, Zhou et al. and Kirka et al. carefully studied the effect of grain 
features on the fatigue performance of LPBF IN718 specimens [296, 
396]. It was found that the build direction had a lesser influence on 
specimens with equiaxed grains, whereas specimens with columnar 
grains could withstand much lower cyclic stress amplitude. It was sug-
gested that a columnar grains structure was more suitable for turbine 
blades - in order to provide directional preferential performance - while 
an equiaxed grains structure was more useful in turbine disks to comply 
with a distinct loading condition. 

4.4.2. Laser driven effects on fatigue performance 
The effects of input energy on specimens fatigue resistance have also 

been investigated [388]. IN718 Specimens manufactured using an input 

Fig. 56. Hardness distribution in as-built and heat-treated Electron Beam 
Melted specimens [308]. This shows a reduction in hardness as cooling re-
gimes change with build height. This figure illustrates that although build 
height affects hardness, heat treatment can reduce or even eliminate 
that anisotropy. 

Fig. 57. Violin plots of research conducted in different nickel-based su-
peralloys on Hardness properties, from 79 papers. The white dot is the 
median, horizontal lines are the mean, the height represents the range, the 
width is the amount of data, and the vertical lines in the middle are the 
interquartile range. The materials are arranged in order of how much data was 
available. These figures include the vast range of sample conditions used in 
works covered in this review. This shows that Inconel 718 and Inconel 625 have 
been studied most comprehensively within the literature. The violin plots were 
created from free-access matlab code [419]. 

Fig. 58. Results from Charpy impact test by Ardila et al. [113]. These re-
sults highlight the consistency challenges associated with Powder Bed Fusion 
apparatus through material recycling procedures. 
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energy of 250 W (59.5 J/mm3) possessed less porosity and a higher fa-
tigue resistance, than the ones produced at 950 W (59.4 J/mm3). 

Fig. 59. A typical fatigue life curves for Laser Powder Bed Fused and forged alloys, demonstrated for Inconel 718 [337]. (a) Strain vs. number of cycles. (b) 
Stress vs. number of cycles. It is universally accepted that Laser Powder Bed Fusion process defects result in worse fatigue performance and deteriorate the fatigue 
crack growth behaviour, compared to conventionally manufactured materials. 

Fig. 60. Pie charts highlighting the materials and Powder Bed Fusion parameters investigated in Fatigue studies up to date, from 44 papers. (a) Materials 
studied. (b) Parameters studied. Inconel 718 is clearly the most studied material and the effect of thermal treatments and build orientation on the fatigue performance 
of powder bed fused nickel-based superalloys have been studied the most. 

Fig. 61. S–N curves for Electron Beam Melted Inconel 718 of varying 
textures and orientations, equiaxed and columnar indicate specimens’ 
grain structures that been controlled in the building process [296]. This 
shows that specimens built at 90◦ possess the best fatigue strength. 

Fig. 62. Comparison of stress amplitude of specimens in different build 
directions [396]. This shows that the build direction had a lesser influence on 
specimens with equiaxed grains, whereas specimens with columnar grains 
could withstand much lower cyclic stress amplitude. 
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Interestingly, a functionally graded cylinder with a core processed at 
950 W (59.4 J/mm3), leading to coarse elongated grains, and a shell 
processed at 250 W (59.5 J/mm3), resulting in fine equiaxed grains 
(Fig. 63). After HT, these cylinders showed the highest fatigue lifetime, 
which almost double that for HT 250 W (59.5 J/mm3) specimen. 

Kantzos et al. evaluated the influence of hatch spacing and of the 
corresponding cooling rates on fatigue performance [320]. Increasing 
the hatch spacing produced some lack of fusion defects, while 
decreasing the cooling rates resulted in a significant increase in pores 
size and number. The results highlighted that the fatigue performance 
was highly sensitive to the changes in porosity of the material. 

The influence of scan strategies’ contour regions were also consid-
ered [321]. The lack of fusion defects in the contour and contour-hatch 
interface significantly limited specimen fatigue performance and could 
not be eliminated by thermal post-processing. However, it was shown 
that this contour region could be mechanically removed, leading to 
significant improvements in fatigue performance. This challenge is well 
appreciated in the conventional machining world where surface integ-
rity has been widely studied. 

4.4.3. Heat treatments and machining strategy for fatigue performance 
Post-processing can be used to reduce porosity and anisotropy in the 

material, in order to improve its fatigue performance. Wang et al. 
applied HIP to eliminate or reduce built-in defects, improving their fa-
tigue limit from 500 MPa for AB specimens to 550 MPa [255]. In a study 
by Kanagarajah et al., a two-stage STA was applied to some LPBF IN939 
specimens and found that the HT induced some brittleness in the ma-
terial, dramatically decreasing specimens fatigue life [253]. In fact, it 
was found that higher brittleness was related to higher sensitivity to 
crack initiation and crack growth. A standard HT was instead applied to 
stress-relieved LPBF IN718 specimens. Fig. 64 shows the strain distri-
bution overlaid with grain boundary maps for stress-relieved and HT 
specimens after fatigue testing [254]. In the first, strain was evenly 
distributed, with dislocation pileups at the grain boundaries (Fig. 64a). 
These coupled with finer grains, reduced stress concentration and crack 
initiation, were considered as the main fatigue-strengthening mecha-
nisms. HT specimens, at the opposite, showed more localised strain 
(Fig. 64b). Despite these differences, they also showed excellent fatigue 
resistance, mainly due to big contribution of precipitation hardening, 
controlled by γ′ and γ’’ [254]. The fatigue properties at 455 ◦C of ho-
mogenized STA samples was studied [328]. Similarly, Popovich et al. 
compared the thermomechanical fatigue life of AB and two-stage HT 
LPBF IN718 specimens [388]. HT specimens showed a higher fatigue 
resistance due to the dissolution of the brittle Laves phase and the 
presence of δ-phase on the grain boundaries. 

Balachandramurthi et al. compared the effects of STA and HIP + STA 
on EBM specimens fatigue performance [321]. The results showed that 
the HIP + STA yielded much better fatigue resistance than STA only. 
This is because HIP + STA closed most of the built-in defects and 
completely dissolved the δ-phase, which can hinder the precipitation of 
γ’’ phases. In another study, LPBF specimens possessed better fatigue 
performance than those produced by EBM, due to the more numerous 
lack of fusion defects introduced by EBM [397]. However, it was found 

that HIP and HT were able to effectively close the built-in defects in both 
LPBF and EBM specimens. 

Surface finish is another important factor that influences the fatigue 
performance. In fact, for both LBPF and EBM, the AB surfaces provided 
more fracture initiation sites than their machined equivalents [397]. 
Furthermore, it was shown that small-scale specimens show a higher 
number of surface and near-surface defects which result in reduced 
mechanical properties, including a 65% reduction in fatigue strength in 
the case of Kotzem et al. [422]. It is highly likely that components 
produced by PBF will require machining ahead of experiencing 
fatigue-based loading conditions. Surface roughness and built-in defects, 
such as embedded particles, were identified as the main cause of fatigue 
initiation points (Fig. 65), limiting the fatigue performance [252,384]. 
Indeed, Wan et al. observed a ~50% increase in fatigue strength after 
surface machining and polishing [423]. Koutiri et al. observed that the 
use of lower scan speeds and lower power led to higher surface rough-
ness, particularly on the down-skin sides for large building angles [386, 
397]. Other polishing processes such as low-stress grinding, have instead 
been found valid in producing more neat surfaces, thus improving 
specimens fatigue life [386,397]. Witkin et al. discovered that the AB 
surfaces of notched fatigue specimen always contained critical-sized 
defects which may lead to faster fatigue failure than what estimated 
using notch stress concentration calculations [392]. A modified HT was 
developed in order to reduce LPBF IN718 anisotropy in fatigue perfor-
mance [401]. The effects on fatigue performance of surface preparation 
technique (mechanical or electromechanical polishing) was investigated 
for LPBF IN718 [402]. The effect of dry or emulsion cutting conditions 
on the fatigue performance of LPBF IN718 were also investigated and 
using a dry machining condition resulted in better surface roughness and 
more compressive residual stress, leading to more cycles to failure 
[373]. 

4.4.4. Fatigue crack growth 
Konečná et al. and Kim et al. compared the fatigue crack growth rate 

of conventional (such as rolled or forged material) and LPBF IN718 
specimens (Fig. 66) [390]. The LPBF manufactured specimens and their 
conventional equivalents had similar crack growth resistance in the high 
ΔK region [390,424], whereas in the intermediate ΔK region, the LPBF 
samples had much higher fatigue crack growth rate than their conven-
tionally built counterparts [424]. However, the threshold stress in-
tensity factor was about 1 × 10− 7 mm/cycle for LPBF samples, much 
lower than for conventional equivalents, highlighting the poor fatigue 
resistance of LPBF manufactured materials. Three main factors were 
found to be responsible: the lower boron content, the finer microstruc-
ture and the presence of residual stress in the LPBF manufactured 
materials. 

Poulin et al. investigated the influence of build direction and post- 
processing on the crack propagation behaviour of LPBF IN625 speci-
mens [312]. The fatigue crack growth results (Fig. 67) indicated that the 
crack growth rate of stress-relieved LPBF specimens was highly depen-
dent on the build direction. Similar results by Ma et al. showed the 
dependence of crack growth rate on build direction at room and elevated 
temperatures [425]. Furthermore, in a study by Brynk et al., LPBF IN718 

Fig. 63. Diagram of a functionally graded structure with fine equiaxed grains at the core encased by columnar grains. This showcases the degree of grain 
engineering possible by Powder Bed Fusion to obtain desired mechanical properties [388]. 
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specimens built at 45◦ were found to have the best fatigue crack growth 
resistance [385]. Post-processing HIP was also successfully used to 
eliminate the anisotropic behaviour. Finally, the fatigue crack growth 
rate of LPBF IN625 specimens seemed comparable to the wrought 
equivalents. Additionally, the effect of HT and loading direction on 
dwell-fatigue crack propagation resistance of LPBF IN718 at 550 ◦C and 
2160 s dwell holding period was investigated and showed that a creep 
mechanism was dominant [400,426]. The fatigue crack growth rate of 
LPBF IN625 was found to increase as the stress ratio increases [399]. 
Horizontal samples had a faster fatigue crack growth rate than vertical 
samples [399]. LPBF IN738 was built using different laser powers and 
scan speeds and it was found that small grains present along large grain 
boundaries act as crack initiation sites or affect crack propagation path 
[427]. 

4.5. Creep properties 

Creep resistance defines component performance in high- 
temperature conditions. However, the creep performance of LPBF 
nickel-based superalloys has not been fully studied yet. Studies have 
focused mainly on IN718 (Fig. 68a) and the effect of thermal treatments 
and build orientation (Fig. 68b) on the creep properties. Fig. 68 also 
highlights the areas which require more research, such as the effect of 
surface condition and complex geometries on the creep properties of PBF 
nickel-based superalloys. Investigations to date also report significant 

shortfalls with respect to counterparts machined from wrought material. 
Creep testing can be categorized into two types: tensile loading tests 

[75,249,251,384,388,405–407] and compressive loading tests [190, 
275,295]. The former can normally provide information on creep frac-
ture. For example, Brodin et al. observed the creep fracture surface of 
LPBF Hastelloy X tested at 815 ◦C with a tensile load [384]. Compressive 
creep tests are performed to analyse specimens creep rate. The tests were 
usually interrupted when a predetermined plastic deformation was 
achieved. 

Some non-standard creep specimens, such as 2 bar specimens are 
also used [75]. Small punch creep specimens are another commonly 
used specimen geometry, these tests are shown schematically in Fig. 69. 

Wang et al. used a small punch creep test to compare the creep 
performance of forged, cast and LPBF material [411]. The results 
(Fig. 70) indicated that the AB LPBF specimens possessed similar creep 
lifetime to the forged ones, but far lower than the cast specimen. Laves 
phase at the grain boundaries may have led to poor creep performance in 
LPBF specimens. Moreover, the local tensile stress induced by the 
experimental loading in the fracture region was believed to be another 
reason for the reduced time to rupture. Another study also found that 
LPBF IN718 had a lower creep ductility than their wrought equivalent 
due to oxide contamination from powder surface [428]. 

Moreover, new AM ‘specific’ approaches for creep testing inspection 
have been investigated. Xu et al. conducted a new staged thermal- 
mechanical testing method which looked at the defect evolution in the 

Fig. 64. The strain distribution overlaid with 
grain boundary maps of specimens after fatigue 
testing [254]. (a) Stress relieved specimens. (b) Heat 
treated specimens. Arrows indicate the loading di-
rection. In the stress-relieved state, strain was evenly 
distributed, with dislocation pileups at the grain 
boundaries which reduced stress concentration and 
crack initiation and were considered as the main 
fatigue-strengthening mechanisms. The heat treated 
specimens showed more localised strain but showed 
excellent fatigue resistance, demonstrating the bene-
ficial effects of heat treatment on Fatigue perfor-
mance of Powder Bed Fused specimens.   

Fig. 65. Scanning Electron Microscopy image of the subsurface defect and Fatigue initiation sites in as-built Laser powder bed fused Inconel 625 [252]. (a) 
Low magnification. (b) High magnification. (c) Embedded particle on the as-built surface. Surface roughness and built-in defects, such as embedded particles, were 
identified as the main cause of fatigue initiation points. 
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LPBF IN718 specimens during creep [75]. The idea was to interrupt the 
testing and characterise the defects using X-ray computed tomography. 
For example, Fig. 14 shows the porosity distribution in the specimens at 
the different stages where the test was stopped. This allowed the char-
acterisation of the porosity accumulation during creep and the local-
isation of the position of the weakest point. 

4.5.1. LPBF process parameters affect creep performance and failure 
The effect of LPBF building orientation on specimens creep perfor-

mance has been widely studied [249,251,384,405,406]. Rickenbacher 
et al. considered the creep performance of horizontally and vertically 
built LPBF IN738LC specimens [249]. The results indicated that the 
vertically built specimens had better creep resistance, with respect to 
cast equivalents. Hautfenne et al., Kuo et al. and Kunze et al. obtained 
similar results, explaining that vertical samples had the stress applied 
parallel to the columnar elongated grains, behaving similarly to the 
creep resistance strengthening mechanisms in directionally solidified 
and single crystal superalloys [251,405,406,429]. Small Punch Creep 
test of LPBF CM247LC with different process parameter (beam power, 
layer thickness and energy density) and build orientations (30◦ and 90◦) 
found that 90◦ samples performed better for creep deformation [412]. 
Sanchez et al. also noted that the build orientation and the stress state 
were responsible for the different types of failure modes of creep spe-
ciemens [414].Shassere et al. also studied the influence of microstruc-
ture on creep performance of EBM IN718 specimens [409]. The results 
indicated that specimens with columnar grains possessed better creep 
performance than the ones with equiaxed grains, especially when the 
loading direction was parallel to the columnar grain growth direction. In 
fact, having the grain boundaries transverse to the loading direction was 
found to be particularly detrimental on creep resistance. 

Laser power is also an important factor which can affect creep per-
formance. Popovich et al. investigated the creep performance of LPBF 
IN718 specimens manufactured with two different laser power, namely 
250 W (59.5 J/mm3) and 950 W (59.4 J/mm3). In general, ductile 

fracture (Fig. 71a) dominated in specimens produced with lower power, 
except in some regions rich in brittle precipitates (Fig. 71b) [388]. On 
the other hand, specimens manufactured using higher power failed 
before reaching the required testing conditions. This was mainly due to 
the presence of a large number of built-in defects (Fig. 71c and d) caused 
by the excessive power. Sanchez et al. also showed that using 
multiple-laser scan strategies does not adversely affect the creep per-
formance of LPBF IN718, with multi-laser vertically built samples even 
performing similarly to wrought material [415]. 

Assessing functional performance of functionally graded materials 
produced by AM is an interesting emergent research area. Popovich 
et al. analysed and compared the performance of post-treated LPBF 
IN718 specimens and functionally graded specimens [388]. 

4.5.2. Heat treatment for enhanced creep performance 
To improve LPBF specimens creep performance, post-processing is 

still necessary at the present stage. Multiple studies compared the effects 
of HT on LPBF IN718 specimens [190,275,406,408,413]. Pröbstle et al. 
characterised the creep performance of cylindrical specimens subjected 
to different HTs, including direct ageing and STA [190]. The 
post-treated specimens showed an improved creep performance. As a 
confirmation, Hautfenne et al. [405] proved that the use of a solution 
temperature higher than 1000 ◦C could contribute to better creep per-
formance. Using a solution temperature of 1000 ◦C followed by a 
two-stage ageing treatment resulted in better creep resistance than 
specimens directly aged [190,275]. However, when the solution tem-
perature was decreased below 1000 ◦C, direct aged specimens per-
formed better [190,406]. Two possible reasons were identified to 
explain these results [190]. The first might be related to the strength-
ening phases composition. In nickel-based superalloys, Nb content is 
critical since it forms the main strengthening precipitates. When solu-
tion treated at 1000 ◦C, δ-phased dissolves, releasing Nb in the sur-
rounding matrix and hence allowing more γ’’ precipitation. On the 
contrary, when treated at 930 ◦C, more δ-phase is formed at the expense 
of γ’’ phase. But since these precipitates contribute more to creep 
resistance than the δ particles, specimens treated at 1000 ◦C perform 
better. The second possible reason might have been the size of γ’’ 
(Fig. 72), with the largest average size of these precipitates was found in 
specimens treated at 1000 ◦C (13.4 ± 5.8 nm), followed by direct aged 
ones (9.4 ± 3.2 nm) and lastly the 930 ◦C treated ones (9.1 ± 5.8 nm) 
[190]. Wang et al. however, noted that using STA resulted in a shorter 
creep life than using homogenisation ad ageing treatments [430]. 
Another study found that creep life and ductility was improved after HT 
by adding Y (yttrium) as Y-oxide (yttria) precipitated around the δ-phase 
instead of Al-oxides, which impeded δ-phase precipitate growth and 
improved creep properties [413].(Table 11) 

Similarly, Davies et al. tried two HT strategies with different solution 
temperatures (1150 ◦C and 1275 ◦C) to improve the creep performance 
of LPBF C263 and found that the higher solution temperature increased 
creep resistance [410]. This was because a higher solution temperature 
generated a more equiaxed microstructure, smaller average local 
misorientation, shorter random grain boundary network segment length 
and carbides (MC and M6C) precipitation at grain boundaries. It was 
concluded that shorter random grain boundary network segment length, 
meant shorter potential intergranular crack paths. In turn carbides could 
hinder grain boundaries deformation, futher improving creep resitance. 
However, despite HT increasing creep life of LPBF IN718 samples, 
Sanchez et al. scan lines were apparent on the fracture surface of 
vertically built HT samples (Fig. 73b-b’,c-c’), showing that despite 
post-processing, an AM specific failure still occurred [414]. 

In summary, effort must be directed to understand and optimise post- 
processing to improve creep performance of LPBF manufactured nickel- 
based superalloys. Published data for the creep testing of LPBF manu-
factured nickel-based superalloys are compiled in Table 12 for the 
convenience of the reader. 

Fig. 66. Diagram showing the differences in fatigue crack growth between 
Laser Powder Bed Fused and conventionally manufactured Inconel 718 
specimens [390]. The Laser Powder Bed Fused specimens and their conven-
tional equivalents had similar crack growth resistance in the high ΔK region 
[390,424], whereas in the intermediate ΔK region, the Laser Powder Bed Fused 
samples had much higher fatigue crack growth rate than their conventionally 
built counterparts. This highlights that Powder Bed Fusion has the potential to 
have similar mechanical performance to conventional methods. 
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5. Toward more appropriate testing procedures for AM 

Conventional approaches to mechanical testing of AM components 
are costly and can serve to undermine the use case for AM. As such 
alternate approaches are required. Small specimen testing techniques 
have the capability to characterise a localised mechanical response 

while using only a small volume of materials [429]. For example, a small 
specimen testing method called “small punch test” exhibits potential in 
characterising LPBF nickel-based superalloys mechanical performance 
[430]. In fact, this method has been accepted as an approach to estimate 
mechanical properties from small quantities of materials only. The test is 
performed by deforming a disc specimen, typically 8 mm in diameter 

Fig. 67. Fatigue crack propagation diagrams of specimens in various heat treated conditions and build orientations [312]. They indicate that the crack 
growth rate of stress-relieved Laser Powder Bed Fused specimens was highly dependent on the build direction. 

Fig. 68. Pie chart of the materials and the powder bed fusion parameters investigated in the creep studies to date, from 21 papers. (a) The materials studied. 
(b) The parameters studied (the label “Basic” refers to studies which only tested the material in one condition, focusing on performance without looking into the 
effect of a certain parameter.) Inconel 718 is the main material investigated and the effect of thermal treatments and build direction have been studied the most. 
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and 0.5 mm thick, under a hemispherical punch with a radius of 1–1.25 
mm [431]. Two test configurations are available: constant load, which 
shows a creep-type response and is termed small punch creep test 
(SPCT); and constant displacement rate, which exhibits a tensile-type 
behaviour and is called small punch tensile test (SPTT) [432]. The 
specimen will deform biaxially and the data obtained can either be 
plotted on a displacement versus fracture time chart for SPCT [433] or 
load versus displacement chart for SPTT [434]. Both data sets can be 
correlated to the equivalent bulk mechanical properties through various 
means [419–422]. The small punch test method has been widely applied 
to evaluate the mechanical performance of various aerospace 
nickel-based superalloys [423–428]. Since only a small volume of ma-
terial is required, this test offers a feasible option to study AM compo-
nents mechanical properties when traditional testing methods are not 
possible, due to complex design geometries [429–431]. 

The anisotropic nature of PBF components has been highlighted on 
numerous occasions in this review. This is a major concern for the 
structural integrity of these materials. AB LPBF components usually 
exhibit microstructural and hence mechanical discrepancies between 
the build direction and the scanned planar direction. Even though 

various strategies have been employed to minimise this tendency, it is 
inevitable to have anisotropic LPBF materials, mainly because of the 
layer-upon-layer approach. The community is exploring scanning and 
building strategies to ameliorate anisotropy however this will require 
maturation of process technology and control in unison with the 
development of our materials understanding. 

It is generally observed that the material is mechanically weaker in 
the build direction (Z direction) as compared to in the X–Y plane. This is 
thought to be caused by poor bonding at the interface between indi-
vidual layers. These anisotropies can also be evaluated through small 
specimen tests [431,432]. Small specimens can be sampled from 
different planes, allowing a localised investigation of the anisotropic 
behaviour of LPBF nickel-based superalloys. Using this technique, rapid 
adjustments on the process parameters can be done to minimise this 
tendency. This may allow researchers to have a better understanding of 
worst case scenarios. 

However, there are applications where anisotropy is sought [433]. 
For example, one AM sector that can greatly benefit from LPBF com-
ponents anisotropy is lattice structure design [434,435]. These struc-
tures allows for lightweight design and good mechanical properties in 
specific load conditions. PBF capability in manufacturing lattice struc-
tures outweighs traditional manufacturing processes. To date, studies 
concerning the effectiveness of lattice structure on bulk mechanical 
properties are few and future work in this area would benefit the AM 
community. In addition more complex testing configurations (e.g. 
triaxial approaches) are required in order to validate component per-
formance in these cases. 

Using more complex designs and lattice structures is quite clearly a 
research trend in AM [436]. For metal specific approaches a review of 
design and mechanical properties of metal lattice structures was written 
by Hanks et al. [437]. Here it is critical to ensure that methods are 
devised which can appropriately assess both the structural and material 
properties of AM components. A shortfall of many contributions made 
within the AM literature. 

6. Conclusions 

Regardless of the unique advantages PBF boasts compared to more 
traditional manufacturing processes it is widely recognized within the 
literature that morphological defects and suboptimal microstructures 
limit the performance of Nickel-based superalloys in current class PBF 
approaches. This is not confined to Nickel-based superalloys alone and 
remains a broader materials problem. However, the high sensitivity of 
Ni alloy performance to precipitate, phase, texture and grain size makes 
these systems particularly challenging when compared to Ti or Fe based 
alloys. Further, the primary application areas (including within turbo-
machinery) mean that manufacturers require enhanced surety of the 
performance of these materials. This is particularly relevant for dynamic 
components subject to both thermal and mechanical loading cycles. As 
such many of the defects characteristic of PBF processes cannot be 
tolerated. 

From the literature there is a desire to understand the influence of 
PBF process parameters - such as power density, scanning strategy and 
build direction - on specimen final mechanical properties. However, 
there is little evidence that product direct from machine will remotely 
match the performance of ‘machined from wrought’ equivalents. Hence 
there has been a significant body of work evaluating post-processing 
strategies which includes both thermomechanical techniques (to 
recover microstructural and in-built defects) and surface processing 
techniques to address stress concentration issues. This comes in the 
context of a rapidly developing machine tool market for AM which is 
seemingly improving month-to-month. 

It is also evident that the extensive campaigns for mechanical eval-
uation of PBF nickel-based superalloys through traditional test methods 
is time-consuming and costly. Furthermore, PBF specimens often exhibit 
evolving microstructures and properties throughout the building 

Fig. 69. Schematic showing tests on two non-standard specimens. (a) 
Small Punch test. (b) Two Bar Specimen test. This illustrates the potential of 
small and non-conventional specimen testing in Powder Bed Fusion. 

Fig. 70. Creep deflection vs creep time results for specimens in different 
conditions (Forged-N: loading direction parallel to the forging direction; 
Forged-P: loading direction perpendicular to the forging direction) [411]. 
Indicating that the as-built laser powder bed fused specimens possessed similar 
creep lifetime to the forged ones, but far lower than the cast specimen. 
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process, while most of the traditional testing standards were designed 
for monolithic materials. Hence, these testing methods might not reflect 
the localised mechanical discrepancies in LPBF materials to equip de-
signers with appropriate information. In some regards, particularly pre- 
HT, AM components are best considered as a continuous fabrication (a 
single weld constituting the whole component) as opposed to a mono-
lithic and uniform component. They should therefore be analysed as 
such. 

This review has highlighted a suite of Ni based materials which are 
explored in the literature. Many of these can be considered the ‘low 
hanging fruit’ in that they readily consolidate in PBF to realise compo-
nents. However, the pallet of materials processable by AM is continually 
developing and much of this resides in proprietary knowledge and is not 
committed to the academic literature. The wider exploitation of mate-
rials within AM will require the development of several approaches to 

accelerate this. Indeed the opportunities for materials development for 
PBF platforms may be inferred throughout this review. 

Machine tool technology is also proving to be a limiting factor. 
Process control strategies commonly observed in even low cost con-
ventional machine tools are not yet available for AM systems. As such 
the immaturity of PBF systems is apparent from many of the studies 
reported. The current state-of-the-art does indeed deliver parts but the 
repeatability and reliability of these is still very much a work in progress. 
The shortfalls of current platforms often make the use of PBF a tenuous 
decision. Similarly, to materials development this paper has highlighted 
numerous opportunities for machine tool innovation which will enhance 
the utility of nickel-based materials in AM. 

Fig. 71. Creep fracture surfaces of Laser Powder Bed Fused Inconel 718 specimen built with varying laser power [388]. (a),(b) Laser power of 250 W (59.5 
J/mm3). (c),(d) Laser power of 950 W (59.4 J/mm3). This highlights the catastrophic failure associated with lack of fusion. 

Fig. 72. Transmission Electron Microscopy images showing the γ’’ phase after different thermal treatments [190]. (a) Direct aged (DA). (b) Solution treated 
at 1000 ◦C then aged (SHT1000 ◦C). (c) Solution treated at 930 ◦C then aged (SHT930 ◦C) conditions. Using a solution temperature of 1000 ◦C followed by a 
two-stage ageing treatment resulted in better creep resistance than specimens directly aged, but when the solution temperature was decreased below 1000 ◦C, direct 
aged specimens performed better. 

S. Sanchez et al.                                                                                                                                                                                                                                



International Journal of Machine Tools and Manufacture 165 (2021) 103729

43

Fig. 73. Fracture surfaces of Laser Powder Bed Fused Inconel 718 after creep testing [414]. (a) – (a’‘) 90◦ Meander as-built; Heat treated (b) – (b’‘) 90◦

Meander; (c) – (c’‘) 90◦ Stripe; (d) – (d’‘) 45◦ Stripe; (e) – (e’‘) 0◦ Stripe and (f) – (f’‘) Wrought Inconel 718 specimens. All images oriented in line with the Loading 
Direction (LD). All surfaces showed signs of ductile fracture and apparent scan lines on the heat treated 90◦ samples, which indicates that heat treatments are still not 
optimised for Powder Bed Fused materials. 
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7. Research outlook 

Based upon our assessment of the state-of-the-art, the authors pro-
pose the following key themes (summarised in Fig. 74) as being of pri-
mary interest to proliferate the manufacture of Ni superalloy 
components using PBF: 

• Heat treatments within-process – post-processing of any descrip-
tion with reduce the already tenuous business case for deploying AM. 
As such there is a real need to arrive at desired integrity and 
microstructure within the process. This will be derived from 
enhanced process understanding and control. Where ‘post-process-
ing’ cannot be achieved in process, which will be the case for some 
time, we must consider efficient methods for installing the properties 
and performance required by specification. These may not always be 
consistent with methods for processing wrought equivalents but will 
allow designers to make better and wider use of PBF Ni alloys.  

• Enhanced thermal management - Advanced scan strategies, ‘new’ 
energy beam profiles and in-process monitoring have the potential to 
overcome cracking and stochastic pore formation in difficult to 
process materials. They may also allow users to introduce micro-
structure by design. These approaches present additional challenges 
as they are so rich in data generation that the role of the computer 
scientist will be important in gathering and interpreting this. This is 
analogous to process control which is far more mature in more 
established manufacturing technologies.  

• Modelling – Allied to the development which will emerge in process 
control, it is essential that we develop higher fidelity but computa-
tionally lighter modelling approaches. To relate process to part 
performance there will be a significant need to predict recrystalli-
sation phenomenon over longer ranges which deal with part 

geometry at scale. In addition, machine tools must respond to com-
plex events in process and as such ‘on-the-fly’ modelling approaches 
will be required to develop truly adaptive processes.  

• Design – Exploitation of PBF (and all forms of AM for that matter) 
hinges upon designing for these techniques. It is foolish to expect that 
PBF will simply replace the preferred method of manufacturing for 
all components. Typically, such components will incorporate many 
processes whose effect upon tolerancing and microstructure are well 
understood. Our understanding of PBF in this regard is somewhat 
more juvenile and a holistic approach for PBF introduction is 
required.  

• Build environment – It is apparent throughout the work presented 
here that build environment (pressure and species) drives the 
consolidation phenomena amongst other factors. In the opinion of 
the authors this feature of modern LPBF (this is less of an issue in 
EBM systems or course) is primed for further development and will 
be a feature of machine tools capable of achieving superior material 
properties in Nickel-based superalloys. 

• Standardisation – Through groups such as the ASTM F42 commit-
tee, significant contributions have been made in standardisation 
descriptors and taxonomy. Much work remains however to allow 
direct comparison between machine technologies and resulting 
product. The reader will encounter this difficulty when assessing the 
extended appendices, the authors have compiled. It proves most 
difficult to draw meaningful conclusions without comparing like- 
with-like.  

• Alloy formulation – This review has highlighted much work which 
attempts to process powdered specimens of existing and widely used 
Nickel-based superalloys. However, there is a tremendous opportu-
nity within the Ni superalloy metallurgical fraternity to modify al-
loys specifically for AM processing. There is also an opportunity in 

Fig. 74. Graphical representation of future research trends required to develop the next generation Powder Bed Fused nickel-based superalloys. Here an 
exemplar gas turbine blade is used to illustrate a vision for convergence of several new manufacturing capabilities. 
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this regard to devise new methods to enhance the longevity of Ni 
based materials through processing and devise reuse strategies in 
which alloy performance can be assured. The ability to reuse/recycle 
metal powder for PBF will therefore be hugely important in driving 
down process costs.  

• The role of AI – Artificial intelligence as a discipline, while not new, 
is proving to be useful in materials and process design for AM. 
Through sophisticated decision making from suboptimal data sets it 
is possible to advance process and material development at pace. The 
authors propose that the role of AI will become more prevalent in AM 
given the experimental space which emerges when seeking to opti-
mise composition and process parameter sets. Clearly automation 
and evaluation will be critical in driving this area when coupled to 
both experimental and modelling efforts. 

The authors have had the privilege of exploring the AM literature 
from first efforts with powder bed fusion through to the state-of-the-art. 
It is fitting that Nickel-based superalloys were explored early in the 
development of AM but presented significant challenges as compared to 
the more readily processible Titanium and Iron based alloys which 

‘weld’ well under PBF conditions. Many of the metallurgical challenges 
presented by nickel-based alloys persist and can trace their heritage back 
to the conception of these alloys as a family. As such we may suggest that 
AM practitioners continue to try to find new solutions to these estab-
lished problems. 

The rate of literature contributions to this domain is clearly 
increasing as researcher access to PBF techniques expands. As such, this 
review will age much faster than a nickel-based superalloy in service but the 
authors would hope that this contribution is of some value to our 
community providing a reference to common challenges and baseline 
performance while inspiring the pursuit of new research directions. We 
trust the work is of value and would welcome scientific dialogue on all 
topics contained here. 
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Appendix A. Composition of IN718 and IN625 

Table 8 below summarises the chemical composition of the most used nickel-based superalloys in PBF research: IN718 and IN625.  

Table 8 
Summary of the chemical composition (wt%) of the most used nickel- 
based superalloys in PBF (from CES EduPack software, Granta Design 
Limited, Cambridge, UK, 2009).  

Elements (wt%) IN718 IN625 

Ni 50–55 58–69 
Cr 17–21 20–23 
Fe 11–25 <5 
Mo 2.8–3.3 8–10 
Nb 2.4–2.8 3–4 
Ta 2.4–2.8 0.15 
Ti 0.65–1.2 <0.4 
Al 0.2–0.8 <0.4 
Co <0.1 <1 
Mn <0.35 <0.5 
Si <0.35 <0.5 
Cu <0.3  
C <0.08 <0.1 
P <0.015 <0.015 
S <0.015 <0.015 
B <0.006   

Below are a summary of the mechanical properties reported in the literature. 

Appendix B. Tensile properties of PBF Nickel-based superalloys  

Table 9 
Summary of tensile properties of PBF Nickel-based superalloys (’~’ indicates that the data was obtained from the bar chart).  

Technique Material Standard Test condition Sample Condition Yield strength 
(MPa) 

Tensile 
strength 
(MPa) 

Elongation (%) Young’s 
modulus 
(GPa) 

Ref 

LPBF C263  Small punch 
tensile test 

90◦/HT 1/20 ◦C 818 1100   [273] 
90◦/HT 1/780 ◦C 401 409   
0◦/HT 1/20 ◦C 870 1045   
0◦/HT 1/780 ◦C 513 480   
90◦/HT 2/20 ◦C 843 886   
90◦/HT 2/780 ◦C 489 589   
0◦/HT 2/20 ◦C 590 1078   
0◦/HT 2/780 ◦C 442 548   

LPBF CM247LC ASTM E8/E8M  90◦ ~790.8 ~1012.7 ~5.53  [270] 
LPBF CM247LC   AB    220 [311] 

STA (1210 ◦C)    226 

(continued on next page) 
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Table 9 (continued ) 

Technique Material Standard Test condition Sample Condition Yield strength 
(MPa) 

Tensile 
strength 
(MPa) 

Elongation (%) Young’s 
modulus 
(GPa) 

Ref 

STA (1230 ◦C)    227 
STA (1240 ◦C)    226 
STA (1260 ◦C)    227 

LPBF EP718   0◦/AB 586 845 27  [173] 
0◦/SA 1046 1301 6  
0◦/HIP + SA 1025 1306 24.4  

LPBF FGH100L  Strain rate 
10− 3 s− 1 

AB 761 ± 16 874 ± 12 3.25 ± 0.16  [324] 
HT 1094 ± 14 1232 ± 21 6.35 ± 0.28  
HIP 879 ± 21 1146 ± 20 10.17 ± 0.11  
HIP + HT 1155 ± 17 1307 ± 15 5.59 ± 0.25  

LPBF FGH4096 M  Strain rate 
10− 3 s− 1 

AB 958.22 1204.13 24.97  [341] 
DA 1459.46 1595.56 5.49  
STA (1050 ◦C) 1039.86 1299.75 15.68  
STA (1130 ◦C) 1006.36 1322.02 14.44  
Double Aging 1037.86 1325.72 10.74  

LPBF GH648  Strain rate 10− 3 

s− 1 
325 W/annealed 890  ~40  [143] 

LPBF HastelloyX  Strain rate 1.5 
mm/min 

0◦/AB 480 ± 10 620 ± 15 40 ± 1 149 ± 9 [178] 
0◦/HIP 350 ± 6 560 ± 9 41 ± 4 150 ± 5 

LPBF HastelloyX   AB (built in the centre 
of the building plate)/ 
RT 

~815.5 ~936.5 ~35.5  [255] 

AB (built in the corner 
of the building plate)/ 
RT 

~812.5 ~924.5 ~34.5  

HIP (centre)/RT ~557 ~839.5 ~30  
HIP (corner)/RT ~556.5 ~841.5 ~29.5  
AB (centre)/750 ◦C ~544 ~756 ~22.5  
AB (corner)/750 ◦C ~544 ~757.5 ~21.5  
HIP (centre)/750 ◦C ~416 ~729 ~18.5  
HIP (corner)/750 ◦C ~412.5 ~726 ~19  

LPBF HastelloyX ASTM E8/E8M Strain rate 0.05 
s− 1 

0◦/AB ~650.15 698.59 8.79  [179] 
90◦/AB 601.26 784.98 27.67  
0◦/HT 413.73 672.30 22.5  
90◦/HT 417.14 717.37 36.98  
0◦/HIP 468.85 807.51 39.83  
90◦/HIP 431.16 754.93 41.90  
0◦/HIP + HT 430.53 777.47 49.14  
90◦/HIP + HT 400.33 739.91 55.6  

LPBF Original 
Hastelloy X 
(OHX) Modified 
Hastelloy 
X (MHX) 

ASTM E21  OHX/RT ~727.88 889.38 22.63  [284] 
MHX/RT 723.45 882.74 24.74  
OHX/1033K 384.96 482.30 46.11  
MHX/1033K 400.44 502.21 15.68  

LPBF Hastelloy X ASTM E8 Strain rate 
0.015 mm/min 

90◦/AB/RT 663 ± 12 773 ± 9 22  [180] 
90◦/HT/RT 420 723 42  
90◦/HIP/RT 440 730 48  
0◦/AB/RT 792 ± 1 923 ± 9 25  
0◦/HT/RT 370 793 ± 20 50 ± 2  
0◦/HIP/RT 400 800 ± 10 45  

Strain rate: 
0.005 mm/min 

90◦/AB/750 ◦C 386 ± 19 453 11  
90◦/HT/750 ◦C 270 420 40  
90◦/HIP/750 ◦C 270 410 38  
0◦/AB/750 ◦C 460 ± 17 543 ± 17 12  
0◦/HT/750 ◦C 230 450 ± 2 38  
0◦/HIP/750 ◦C 230 440 ± 2 38  

LPBF Hastelloy X ASTM E8 Strain rate 2 
mm/min 

AB 730 ± 20  14 ± 1  [334] 
0.2% less Si, Mn and C 
(than above)/AB 

590 ± 5  37 ± 2  

LPBF Hastelloy X  Strain rate 
1.33 × 10− 3 s− 1 

Hastelloy X/AB 584 734 19 ± 2.8  [340] 
Hastelloy X + 1 wt% 
TiC 

682 ± 5.6 849 ± 1 15 ± 4.2  

LPBF Hastelloy X ASTM-E8/E8M 
and ASTM-E21 

Strain rate 0.05 
s− 1 

Various build 
orientations and high 
tempertaure tensile 
test 

See Fig. 5 in the original reference paper [117] 

LPBF Haynes® 230® DIN 50125 A- 
5x25  

0◦/Energy density 
116 J/mm3 

798 ± 5 1102 ± 3 28 ± 1 205 ± 4 [279] 

90◦/116 J/mm3 656 ± 4 941 ± 2 32 ± 3 152 ± 1 
0◦/77 J/mm3 794 ± 6 1087 ± 5 25 ± 2 201 ± 2 
90◦/77 J/mm3 681 ± 2 979 ± 5 25 ± 4 165 ± 3 
0◦/66 J/mm3 798 ± 10 1077 ± 11 21 ± 2 201 ± 3 
90◦/66 J/mm3 702 ± 6 991 ± 19 16 ± 4 179 ± 4 

IN100 ASTM E8/E8M  AB ~821.95 1029.27 8.98  [280] 
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Table 9 (continued ) 

Technique Material Standard Test condition Sample Condition Yield strength 
(MPa) 

Tensile 
strength 
(MPa) 

Elongation (%) Young’s 
modulus 
(GPa) 

Ref 

Micro laser 
aided 
AM 

SA/RT 956.10 1048.78 4.96  
SA/600 ◦C 904.88 

1063.41 5.00  
LPBF IN625  Strain rate, 

10− 3 s− 1 
10◦/AB 711 976 35%RA 177 [252] 
35◦/AB 727 971 35%RA 179 

LPBF IN625  Strain rate 
10− 3 s− 1 

0◦/AB/RT   ~27.3  [263] 
90◦/AB/RT   ~36.9  
0◦/SR/RT   ~30  
90◦/SR/RT   ~39.3  
0◦/ST/RT   ~48.3  
90◦/ST/RT   ~52.7  
0◦/HIP/RT   ~53.0  
90◦/HIP/RT   ~58.7  
0◦/AB/760 ◦C   ~6.0  
90◦/AB/760 ◦C   ~22.1  
0◦/SR/760 ◦C   ~12.3  
90◦/SR/760 ◦C   ~37.7  
0◦/ST/760 ◦C   ~15.0  
90◦/ST/760 ◦C   ~12.3  
0◦/HIP/760 ◦C   ~24.8  
90◦/HIP/760 ◦C   ~21.6  

LPBF IN625  Strain rate 
~10− 3 s− 1 

90◦/HIP 360 880 58  [264] 
0◦/HIP 380 900 58  

LPBF IN625 ASTM E8/E8M Strain rate 0.5 
mm/min 

AB 641.5 ± 23.5 878.5 ± 1.5 30 ± 2 196 ± 12 [266] 
AB carbon nanotube 
strengthened 

788 ± 29 998 ± 34 19.1 ± 0.1 378 ± 12 

HT carbon nanotube 
strengthened 

585 ± 10 1000 ± 3 31.5 ± 0.5 293 ± 5 

LPBF IN625  Strain rate 
10− 3 s− 1 

90◦/AB ~0.60 0.82 36.6  [269] 
90◦/SR 0.55 0.81 39  
90◦/RA 0.48 0.78 43.1  
90◦/ST 0.4 0.79 52.5  
90◦/HIP V 0.35 0.78 58.7  
0◦/AB 0.65 0.85 27.5  
0◦/SR 0.58 0.89 29.8  
0◦/RA 0.51 0.83 37.5  
0◦/ST 0.4 0.81 48.2  
0◦/HIP 0.35 0.78 53.1  
45◦/AB 0.67 0.87 30.8  
45◦/SR 0.62 0.93 34.7  
45◦/RA 0.52 0.83 41.7  
45◦/ST 0.40 0.83 52.9  
45◦/HIP 0.36 0.80 53.8  
90◦/AB/760 ◦C 0.35 0.36 22.4  
90◦/SR/760 ◦C 0.36 0.39 37.9  
90◦/RA/760 ◦C 0.30 0.32 36.6  
90◦/ST/760 ◦C 0.26 0.31 12.4  
90◦/HIP/760 ◦C 0.23 0.34 21.5  
0◦/AB/760 ◦C 0.36 0.37 5.9  
0◦/SR/760 ◦C 0.37 0.40 12.2  
0◦/RA/760 ◦C 0.32 0.34 11.7  
0◦/ST/760 ◦C 0.26 0.32 15.1  
0◦/HIP/760 ◦C 0.21 0.35 25.0  
45◦/AB/760 ◦C 0.39 0.41 7.0  
45◦/SR/760 ◦C 0.40 0.41 11.1  
45◦/RA/760 ◦C 0.34 0.35 9.9  
45◦/ST/760 ◦C 0.28 0.33 11.1  
45◦/HIP/760 ◦C 0.24 0.35 23.5  

LPBF IN625 ASTM E8/E8M Strain rate 
0.015 min− 1 

0◦ ~765.86 ~1068.99 ~33.86 ~185.60 [272] 

LPBF IN625 ISO-7500/1 Strain rate 
1 mm/min 

0◦ 800 ± 20 1030 ± 50 ~8-10  [282] 
90◦ 720 ± 30 1070 ± 60 ~8-10  

LPBF IN625 EN-10002/ISO- 
6892  

0◦ 734 ± 3 1036 ± 3 36 ± 0.3 200 ± 3 [288] 
90◦ 579 ± 5 888 ± 6 40 ± 1 159 ± 5 

LPBF IN625 ASTM E8/E8M Strain rate 
8.10− 3 s− 1 

AB 783 ± 23 1041 ± 36 33 ± 1  [303] 
DA 1012 ± 54 1222 ± 56 23 ± 1  
STA 722 ± 7 1116 ± 6 35 ± 5  
ST 396 ± 9 883 ± 15 55 ± 1  

LPBF IN625   0◦ 396 ± 33 906 ± 28 62.34 ± 1.98 561 ± 14 [100] 
90◦ 349 ± 5 842 ± 29 56.3 ± 6.24 539 ± 58 

LPBF IN625  Strain rate 
10− 3 s− 1 

0◦/SR 718 ± 13 1069 ± 11 37 ± 2 202 ± 3 [312] 
90◦/SR 685 ± 87 1009 ± 56 43 ± 5 195 ± 12 
0◦/HIP 442 ± 6 933 ± 14 43 ± 4 212 ± 7 
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Table 9 (continued ) 

Technique Material Standard Test condition Sample Condition Yield strength 
(MPa) 

Tensile 
strength 
(MPa) 

Elongation (%) Young’s 
modulus 
(GPa) 

Ref 

90◦/HIP 425 ± 9 923 ± 21 46 ± 5 214 ± 7 
LPBF IN625  0.5 mN at 1/10 of 

layer thickness 
AB/0 dpa    ~225 
[376] AB/0.1 dpa    ~220 

AB/0.5 dpa    ~220 
AB/1 dpa    ~210 

AB/3 dpa    ~215 
LPBF IN625  Strain rate 

10− 3 s− 1 
AB 652 ± 10 925 ± 13 32 ± 3 145 ± 4 [325] 
AB + 90 ◦C/1h 567 ± 15 869 ± 7 38 ± 1 142 ± 11 
AB + 1100 ◦C/1h 409 ± 14 886 ± 11 56 ± 5 114 ± 8 

LPBF IN625  815 ◦C 
Average load: 
1021 N 

ST  355.6   [329] 

815 ◦C 
Average load: 
1147 N 

Welding zone  392.5   

LPBF IN625  Strain rate 
10− 3 s− 1 

Along the laser 
scanning 

686.7 967.5 11.5  [416] 

Normal to laser 
scanning 

747.9 1077.8 9  

LPBF IN625 ISO 6892–1:2009 Strain rate 2.5 
× 10− 4 s− 1 

Build orientation on X- 
axis; 90◦ interlayer 
rotation 

560 ± 5 877 ± 8 39 ± 3  [417] 

Build orientation on X- 
axis; 67◦ interlayer 
rotation 

619 ± 11 962 ± 11 43 ± 2  

Build orientation on X- 
axis; 45◦ interlayer 
rotation 

627 ± 11 991 ± 6 42 ± 2  

Build orientation on Y- 
axis; 90◦ interlayer 
rotation 

559 ± 5 874 ± 10 38 ± 5  

Build orientation on Y- 
axis; 67◦ interlayer 
rotation 

616 ± 11 946 ± 11 42 ± 3  

Build orientation on Y- 
axis; 45◦ interlayer 
rotation 

630 ± 9 993 ± 5 43 ± 2  

Build orientation on Z- 
axis; 90◦ interlayer 
rotation 

518 ± 5 814 ± 4 50 ± 41  

Build orientation on Z- 
axis; 67◦ interlayer 
rotation 

546 ± 10 825 ± 3 53 ± 1  

Build orientation on Z- 
axis; 45◦ interlayer 
rotation 

551 ± 6 824 ± 5 53 ± 1  

Build orientation at 
45◦; 90◦ interlayer 
rotation 

551 ± 6 870 ± 7 48 ± 1  

Build orientation at 
45◦; 67◦ interlayer 
rotation 

583 ± 5 910 ± 7 48 ± 2  

Build orientation at 
45◦; 45◦ interlayer 
rotation 

643 ± 5 990 ± 9 46 ± 2  

LPBF IN625 ASTM E8M Strain rate 
10− 3 s− 1 

HIP and tested at RT 459.5 ± 6.5 926.0 ±
12.7 

74.9 ± 2.9  [438] 

HIP and tested at 
650 ◦C 

246.2 ± 3.7 637.5 ±
15.4 

38.7 ± 4.6  

LPBF IN625 ISO 6892–1:2009  Different notches See the original reference paper [439] 
LPBF IN625   Various temperatures 

(20 ◦C, 540 ◦C, 760 ◦C, 
815 ◦C, 870 ◦C, 950 ◦C 
and 1000 ◦C) 

See Figs. 6 and 7 in the original reference paper [331] 

LPBF IN718 Chinese grain 
boundaries/T 
228 

Strain rate 
10− 3 s− 1 

0◦ 780 1069.6 30.9  [247] 
90◦ 634 980   

LPBF IN718  Strain rate 4.25 
× 10− 4 s− 1 

AB/RT 677 1023 28.1  [250] 
SA/RT 1271 1425 18.6  
AB/650 ◦C 594 862.0 25.1  
SA/650 ◦C 1042 1142 10.1  

LPBF IN718 ASTM E8/E8M  Top left corner (TL), 
laser focus 3 mm 

1234 1455 14.4 19.2% 
RA  

[315] 
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Table 9 (continued ) 

Technique Material Standard Test condition Sample Condition Yield strength 
(MPa) 

Tensile 
strength 
(MPa) 

Elongation (%) Young’s 
modulus 
(GPa) 

Ref 

above the building 
plate (+3 mm) 
TL, laser focus on the 
building plate (0 mm) 

1207 1455 14.5 16.7% 
RA  

TL, laser focus 
3 mm below 
the building 
plate (-3 mm) 

1207 1372 3.6 12.2%RA  

Middle left 
(ML), +3 mm 

1179 1475 13.9 

25.4%RA  
ML, 0 mm 1200 1448 15.5 
30.3%RA  
ML, -3 mm 1213 1434 10.2 
18.0%RA  
Top right 
corner (TR), 
+3 mm 

1213 1420 6.9 14.4%RA  

RT, 0 mm 1213 1427 9.3 15.1%RA  
RT, -3 mm 1220 1406 5.7 10.1%RA  
Middle 

right 
(MR), 3 
mm 

1207 1448 12.2 18.0%RA  

MR, 0 mm 1213 1455 10.8 13.1%RA  
MR, -3 mm 1179 1358 4.4 13.9%RA  
LPBF 

(DMLS) 
IN718 ASTM-E8/E8M  Lattice dog bone 

specimen 
1005.8 1220.8 22.3 166.5 [220] 

LPBF IN718  Strain rate 4 ×
10− 3 s− 1 

AB 580 845   [172] 
ST 535 870   
SA 1240 1400   
HIP 430 875   
HIP + Aging 1100 1315   
Arc-PVD + HIP 420 815   
Arc-PVD + HIP +
Aging 

1185 1300   

LPBF IN718 ASTM-E8/E8M Strain rate 
2 mm/min 

AB 596 ± 30 943 ± 8 35 ± 1 170 ± 9 [256] 
HT A 924 ± 11 1186 ± 2 25 ± 5 158 ± 17 
HT B 951 ± 3 1210 ± 23 23 ± 1 195 ± 2 
HT C 1158 ± 14 1339 ± 30 7 ± 1 138 ± 6 
HT D 558 ± 7 933 ± 3 43 ± 1 170 ± 7 

LPBF 
(DMLS) 

IN718 ASTM-E8/E8M Strain rate 102 
μm/s 

0◦/Powder I #1 1070 1316 18 195 [257] 
90◦/Powder I #2 1082 1331 20 199 
90◦/Powder I #5 1071 1322 20 198 
0◦/Powder I #6 1059 1293 17 191 
0◦/Powder II #2 789 1059 31 174 
90◦/Powder II #3 868 1162 26 182 
0◦/Powder II #4 787 1034 31 185 
90◦/Powder II #5 854 1148 26 172 

LPBF IN718 ASTM-E8/E8M 24 ◦C or 650 ◦C 0◦/STA/24 ◦C 1295 1484   [258] 
45◦/STA/24 ◦C 1368 1521   
90◦/STA/24 ◦C 1240 1398   
0◦/STA/650 ◦C 1033 1139   
45◦/STA/650 ◦C 1124 1187   
90◦/STA/650 ◦C 978 1114   

LPBF IN718   90◦/AB 711 ± 14 1110 ± 11 24.5 ± 1.1  [259] 
0◦/AB 858 ± 12 1167 ± 10 21.5 ± 1.3  

LPBF IN718  Strain rate 3 ×
10− 3 s− 1 

0◦/RT 1186 1440 18.5  [261] 
450 ◦C 1033 1216 12.4  
650 ◦C 870 1011 3.6  
90◦/RT 1180 1400 20.4  
450 ◦C 1026 1160 15.9  
650 ◦C 860 992 14.2  
45◦/RT 1190 1450 16.9  
450 ◦C 1080 1255 12.8  
650 ◦C 855 1074 5.8  

LPBF IN718 ASTM-E8/E8 Strain rate 0.5 
mm/min 

AB ~614 ~957 ~28.9  [66] 
SA (Standard) ~1211 ~1391 ~18.0  
SA (single step ageing) ~1211 ~1391 ~18.9  
SA (solution at 
1100 ◦C) 

~1142 ~1304 ~17.8  

~822 ~1121 ~21.5  
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Table 9 (continued ) 

Technique Material Standard Test condition Sample Condition Yield strength 
(MPa) 

Tensile 
strength 
(MPa) 

Elongation (%) Young’s 
modulus 
(GPa) 

Ref 

SA (solution at 
1200 ◦C) 

LPBF IN718 ASTM-E8/E8M Strain rate 
10− 4 s− 1 

Raw powder 1210 ± 25 1404 
± 32 

18.5 ± 1.6  

[115] Recycled 
powder 

1178 ± 31 1369 ± 35 17.4 ± 1.7  

LPBF 
(DMLS) 

IN718 ASTM-E8/E8M  90◦/SA 1215   165 [74] 
45◦/SA 1305   215 
0◦/SA 1290   195 
SA + HIP 1125   200 

LPBF 
(DMLS) 

IN718 ISO 6892-1  AB 666 1065 24  [268] 
Rolled with 15% 
deformation 

694 1144 22  

30% def. 826 1446 20  
50% def. 925 1594 17  
15% def. + SA 753 1405 13  
30% def. + SA 886 1578 8  
50% def. + SA 977 1623 5  

LPBF IN718 ASTM-E8/E8M  AB 646.50 940.10 35.47  [271] 
SA 1211.33 1408.50 14.83  

IN718/TiC AB 774.26 1029.00 12.32  
SA 1144.00 1380.86 9.08  

LPBF IN718   AB/20 ◦C 569–646 851–1002 9.8–31.7  [68] 
HA/20 ◦C 1160 1350 17.6  
AB/1000 ◦C 112 114 47.4–53.5  
HA/1000 ◦C 113 116 58.1  

LPBF IN718 ISO 6892-1  0◦/50 μm layer 
thickness 

646 1049 27.2  [274] 

90◦/50 μm layer 
thickness 

609 949 31.7  

0◦/30 μm layer 
thickness 

807 1051 21.9  

90◦/30 μm layer 
thickness 

675 957 27.7  

LPBF IN718 EN 10002  0◦/AB/RT 816 ± 24 1085 ± 11 19.1 ± 0.7  [277] 
90◦/AB/RT 737 ± 4 1010 ± 10 20.6 ± 2.1  
0◦/HT1/RT 1227 ± 1 1447 ± 10 10.1 ± 0.6  
90◦/HT1/RT 1136 ± 16 1357 ± 5 13.6 ± 0.2  
0◦/HT2/RT 1222 ± 26 1417 ± 4 15.9 ± 1.0  
90◦/HT2/RT 1186 ± 23 1387 ± 12 17.4 ± 0.4  
0◦/HT 1/450 ◦C  ~1287.00 ~13.06  
90◦/HT 1/450 ◦C  1224.22 15.77  
0◦/HT 2/450 ◦C  1228.70 14.75  
90◦/HT 2/450 ◦C  1183.86 15.43  
0◦/HT 1/650 ◦C  1107.62 8.78  
90◦/HT 1/650 ◦C  1029.15 18.8  
0◦/HT 2/650 ◦C  1134.53 12.61  
90◦/HT 2/650 ◦C  1121.08 17.57  

LPBF IN718   90◦/AB 572 ± 44 904 ± 22 19 ± 4 162 ± 18 [95] 
0◦/AB 643 ± 63 991 ± 62 13 ± 6 193 ± 24 
45◦/AB 590 ± 15 954 ± 15 20 ± 1 200 ± 23 
D45◦/AB 723 ± 55 1117 ± 45 16 ± 3 208 ± 48 
90◦/SA 1074 ± 42 1320 ± 6 19 ± 2 163 ± 30 
0◦/SA 1159 ± 32 1377 ± 66 8 ± 6 199 ± 15 
45◦/SA 1152 ± 24 1371 ± 5 15 ± 5 188 ± 19 
D45◦/SA 1241 ± 68 1457 ± 55 14 ± 5 209 ± 44 

LPBF IN718 Nano indentation  90◦/top    188.9 [278] 
90◦/middle top    210.6 
90◦/middle bottom    211.1 
90◦/bottom    202.8 
0◦/top    193.7 
0◦/middle top    193.4 
0◦/middle bottom    201.2 
0◦/bottom    196.2 

LPBF IN718  Strain rate 1.5 
mm/min 

90◦/250 W/AB 668 ± 16 1011 ± 27 22 ± 2 173 ± 13 [281] 
90◦/950 W/AB 531 ± 9 866 ± 33 21 ± 7 113 ± 3 
Zone 1–250 W Matrix 
and Zone 2 - two lines 
of 950 W 

574 ± 6 873 ± 14 13 ± 2 136 ± 13 

Zone 1–950 W Matrix 
and Zone 2 – two lines 
of 250 W 

591 ± 14 920 ± 23 15 ± 3 131 ± 3 

585 ± 7 880 ± 17 14 ± 1 155 ± 11 
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Table 9 (continued ) 

Technique Material Standard Test condition Sample Condition Yield strength 
(MPa) 

Tensile 
strength 
(MPa) 

Elongation (%) Young’s 
modulus 
(GPa) 

Ref 

Zone 1–250 W Matrix 
and Zone 2 – four lines 
of 950 W 
Zone 1–950 W Matrix and Zone 2 – four 
lines of 250 W 

586 ± 16 920 
± 7 

18 ± 2 137 
± 12 

LPBF IN718 grain 
boundaries/T 
228-2002  

AB 889–907 1137–1148 19.2–25.9 204 [283] 
SA 1102–1161 1280–1358 10–22 201 

LPBF IN718   HSA 1046 1371 12.3  [216] 
HA 1174 1451 13.5  

LPBF IN718   AB 849 1126 22.8  [165] 
SA 1084 1371 10.1  
HSA 1046 1371 12.3  

LPBF IN718  Strain rate 
2 mm/s 

Island size 2 × 2 mm2 804.0 ± 49.5 1076.5 ±
28.9 

16.85 ± 0.07  [286] 

3 × 3 mm2 800.5 ± 7.80 1075.0 ±
8.50 

21.05 ± 0.21  

5 × 5 mm2 770.5 ± 2.10 1064.5 ±
3.50 

22.35 ± 0.21  

7 × 7 mm2 772.5 ± 2.20 1065.0 ±
1.40 

25.25 ± 0.35  

LPBF 
(DMLS) 

IN718 ASTM-E8/E8M Strain rate 
0.0185/min 

HT 1170 1380 9.0 188 [287] 
HIP + HT 1090 1310 8.2 210 
HT + shot peen 1110 1340 4.3 196 
HIP + HT + shot peen 1080 1350 7.5 220 

LPBF IN718  Strain rate 
0.10%/s 

0◦/AB ~789.19 1075.09 31.16 200.38 [289] 
90◦/AB 627.03 995.22 36.05 204.19 
0◦/DA 1356.76 1523.55 15.24 203.24 
90◦/DA 1194.59 1425.26 15.51 205.15 
0◦/SA 1232.43 1492.83 18.91 211.83 
90◦/SA 1167.57 1400.68 23.67 197.52 
0◦/HA 1248.65 1449.83 19.73 220.42 
90◦/HA 1178.38 1376.11 25.31 208.97 
0◦/HSA 1248.65 1443.68 19.86 205.15 
90◦/HSA 1200 1382.25 23.95 205.15 

LPBF WC/IN718   Scan speed 400 mm/s  1299.6 22.12  [65] 
500 mm/s  ~1339.94 ~20.94  
600 mm/s  ~1408.84 ~20.50  
700 mm/s  1464.6 19.74  

LPBF IN718  Strain rate 1 
mm/min 

0◦/AB 912 ± 15.2 1072 ± 38.6 11.27 ± 2.14  [299] 
90◦/AB 1102 ± 34.5 889 ± 20.5 30.42 ± 1.68  

LPBF IN718   90◦/HIP + SA/31.75 
J/mm3 

~1128.18 ~1340.16 ~19.82  [300] 

90◦/HIP + SA/39.7 J/ 
mm3 

~1085.78 ~1376.00 ~19.96  

90◦/HIP + SA/40.8 J/ 
mm3 

~1100.99 ~1373.54 ~20.10  

90◦/HIP + SA/47.6 J/ 
mm3 

~1124.13 ~1376.50 ~19.71  

90◦/HIP + SA/51 J/ 
mm3 

~1096.59 ~1354.00 ~18.62  

90◦/HIP + SA/61.2 J/ 
mm3 

~1099.76 ~1349.60 ~17.61  

0◦/HIP + SA/31.75 J/ 
mm3 

~1137.78 ~1389.21 ~19.45  

0◦/HIP + SA/39.7 J/ 
mm3 

~1132.70 ~1386.67 ~23.58  

0◦/HIP + SA/40.8 J/ 
mm3 

~1140.32 ~1394.29 ~25.25  

0◦/HIP + SA/47.6 J/ 
mm3 

~1132.70 ~1386.67 ~23.63  

0◦/HIP + SA/51 J/ 
mm3 

~1114.92 ~1373.97 ~18.26  

0◦/HIP + SA/61.2 J/ 
mm3 

~1120 ~1384.13 ~23.25  

LPBF IN718 ASTM E8 Strain rate 0.13 
cm/min 

HT # 554 698.2 ± 15.2 995.2 ±
12.8 

33.21 ± 1.10  [301] 

HT # 528 1204.1 ± 8.6 1392 ± 8.9 17.32 ± 0.71  
HT # 527 1268.5 ± 27.0 1739.5 ±

17.7 
15.44 ± 2.00  

HT # 522 1237.8 ± 13.4 1379.3 ±
10.4 

19.49 ± 0.54  

HT # 553 859.5 ± 22.9 1171.4 ±
12.8 

34.34 ± 1.52  
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Table 9 (continued ) 

Technique Material Standard Test condition Sample Condition Yield strength 
(MPa) 

Tensile 
strength 
(MPa) 

Elongation (%) Young’s 
modulus 
(GPa) 

Ref 

HT # 515 1124.4 ± 18.9 1330.8 ±
21.4 

21.34 ± 0.80  

HT # 514 1200.6 ±
9.5 

1330.8 ± 21.4 20.78 ± 0.25  
HT # 509 1203.3 ± 5.5 1390.2 ±

8.1 
21.96 ± 0.37  

HT # 507 1087.2 ± 7.5 1384.7 ±
6.2 

23.36 ± 0.62  

HT # 506 1110.9 ± 7.4 1395.7 ± 4.2 23.61 ± 0.36  
LPBF IN718 ASTM E8M Strain rate 

10− 4 s− 1 
No WC 771 ± 4 1073 ± 1 29.4 ± 0.6 159 ± 12 [302] 
+5% WC 980 ± 16 1195 ± 12 21.6 ± 1.5 215 ± 17 
+10% WC 1078 ± 14 1287 ± 15 15.1 ± 1.1 223 ± 15 
+15% WC 974 ± 21 1104 ± 19 7.8 ± 1.1 225 ± 21 

LPBF IN718 ASTM E8/E8M 
and ASTM E21 

Strain rate 
0.005/min 

Sample orientation: 
XYZ/RT 

694.77 1007.04 28.64 134.61 [306] 

YZX/RT 662.90 1004.21 27.92 127.01 
ZXY/RT 604.43 912.63 33.63 82.16 
XYZ/200 ◦C 702.82 1016.54 25.08 120.70 
YZX/200 ◦C 634.35 968.86 24.51 121.23 
ZXY/200 ◦C 539.90 850.76 31.43 90.27 
XYZ/350 ◦C 667.97 955.15 26.45 108.44 
YZX/350 ◦C 615.30 931.03 24.98 121.64 
ZXY/350 ◦C 517.93 786.57 31.39 70.03 

LPBF IN718 + Nano 
TiC  

Simulation 225 J/m    117.506 [307] 
250 J/m    120.824 
275 J/m    207.491 
300 J/m    225.402 

LPBF IN718 ISO 6892-2 Loading rate 
1.5 mm/min 
Strain rate 
2 mm/min 

250 W/AB 668 ± 16 1011 ± 27 22 ± 2 173 ± 13 [67] 
950 W/AB 531 ± 9 866 ± 33 21 ± 5 113 ± 3 
250 W/HT 875 ± 11 1153 ± 4 17 ± 2 190 ± 11 
950 W/HT 668 ± 7 884 ± 80 7 ± 2 138 ± 5 
250 W/HIP 645 ± 6 1025 ± 14 38 ± 1 188 ± 8 
950 W/HIP 481 ± 11 788 ± 12 34 ± 3 183 ± 19 
250 W/HIP + HT 1145 ± 16 1376 ± 14 19 ± 1 190 ± 6 
950 W/HIP + HT 1065 ± 20 1272 ± 12 15 ± 4 188 ± 20 

IN718 zone 
1–250 W Matrix; 
zone 2 - two lines 
of 950 W 

AB 574 ± 6 873 ± 14 13 ± 2 136 ± 13 
HT 704 ± 8 920 ± 53 4 ± 2 167 ± 13 
HIP 500 ± 6 817 ± 16 21 ± 1 187 ± 8 
HIP + HT 1041 ± 47 1154 ± 68 7 ± 1 196 ± 15 

IN718 
Cylindrical 
samples 

250 W/AB/650 ◦C 650 ± 11 845 ± 9 28 ± 4  
950 W/AB/650 ◦C 543 ± 2 782 ± 6 31 ± 6  
250 W/HIP/650 ◦C 626 ± 8 857 ± 14 29 ± 1  
950 W/HIP/650 ◦C 479 ± 5 665 ± 7 28 ± 2  
250 W/HIP + HT/ 
650 ◦C 

942 ± 11 1078 ± 8 20 ± 2  

950 W/HIP + HT/ 
650 ◦C 

872 ± 13 1005 ± 12 17 ± 4  

LPBF IN718  Strain rate 
~10− 3 s− 1 

90◦/HIP + annealed/ 
Ar 

850 1140 28  [64] 

0◦/HIP + annealed/Ar 890 1200 28  
0◦/AB/N2 830 1120 25  
90◦/HIP + annealed/ 
N2 

880 1140 30  

0◦/HIP + annealed/N2 930 1200 27  
LPBF IN718 Lattice 

structure   
Body Centred Cubic 
(BCC) 2 mm 

7.28   354.61 [309] 

BCC 3 mm 1.56   56.73 
BCC 4 mm 0.52   26.50 
Body Centred Cubic-Z 
Struts (BCCZ) 
2 mm 

16.21   859.47 

BCCZ 3 mm 4.13   522.85 
BCCZ 4 mm 1.83   276.58 
Face Centred Cubic 
(FCC) 2 mm 

8.97   610.71 

FCC 3 mm 2.16   150.92 
FCC 4 mm 0.86   54.14 
Face Centred Cubic-Z 
Struts (FCCZ) 
2 mm 

16.21   1267.26 

FCCZ 3 mm 4.86   639.84 
FCCZ 4 mm 2.16   365.80 

LPBF IN718 ASTM-E8/E8M Nominal 973.82 1265.84 18.01  [320] 
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Table 9 (continued ) 

Technique Material Standard Test condition Sample Condition Yield strength 
(MPa) 

Tensile 
strength 
(MPa) 

Elongation (%) Young’s 
modulus 
(GPa) 

Ref 

Strain rate 0.01 
s− 1 

Increased hatch 
spacing 

956.46 1256.55 12.29  

Decreased hatch spacing 904.85 
1229.98 20.94  
Increased cooling rate 910.36 1233.97 20.05  

Decreased 
cooling 
rate 

940.98 1253.89 21.29  

LPBF IN718   Material A/90◦/HT 1284 1432 29.2 29.7% 
RA  

[313] 

Material A/0◦/HT 1329 1499 31.8 30.7% 
RA  

Material B/90◦/HT 1227 1366 13.6 8.6%RA  
Material B/0◦/HT 1300 1467 27.3 20%RA  

LPBF IN718  Strain rate 
5 × 10− 4 s− 1 

AB ~559.82 ~781.96   [322] 
SA ~1016.63 ~1147.41   
HA ~986.18 ~1163.53   
HSA ~1082.92 ~1152.78   

LPBF IN718   AB  1021–1035 31–34  [335] 
STA  1428 14  

LPBF IN718  Strain rate 10− 3 

s− 1 
Homogenisation +
AMS 5663 STA 

1211 ± 24 1406 ± 21 13.6 ± 4 191 ±
3.1 

[337] 

LPBF IN718 (AMS 
5662)  

Strain rate 
8.3 × 10− 3 s− 1 

Test at 20 ◦C 1175 1364 20.9 ± 0.5  [339] 
Test at 550 ◦C 1064 1176 16.9 ± 0.3  
Test at 600 ◦C 1042 1185 16.0 ± 0.7  
Test at 6500 ◦C 1025 1126 19.5 ± 1.0  
Test at 700 ◦C 957 1011 19.3 ± 1.3  

LPBF IN718 Compressive test Strain rate 
0.005 mm/min 

Island/30◦ interlayer 
rotation/500 mm/s 
scan speed 

595    [148] 

Island/30◦ interlayer 
rotation/700 mm/s 
scan speed 

580    

Island/30◦ interlayer 
rotation/1000 mm/s 
scan speed 

580    

Meander/90◦

interlayer rotation/ 
500 mm/s scan speed 

680    

Meander/90◦

interlayer rotation/ 
700 mm/s scan speed 

660    

Meander/90◦

interlayer rotation/ 
1000 mm/s scan speed 

630    

LPBF IN718 ASTM E8 and 
ASTM E21 

Tests at 23 ◦C 
and 650 ◦C 

90◦/STA (954 ◦C)/ 
23 ◦C 

1023 1368 28  [326] 

90◦/STA (954 ◦C)/ 
650 ◦C 

896 1107 26  

90◦/STA (1066 ◦C)/ 
650 ◦C 

972 1145 20  

0◦/STA (954 ◦C)/ 
23 ◦C 

1053 1409 24  

0◦/STA (954 ◦C)/ 
650 ◦C 

958 1127 23  

45◦/STA (954 ◦C)/ 
23 ◦C 

1053 1405 21  

45◦/STA (954 ◦C)/ 
650 ◦C 

876 1134 24  

LPBF IN718 Tensile test Strain rate 
10− 4 s− 1 

0◦ 1211 ± 24 1406 ± 21 13.6 ± 4 191.0 ±
3.1 

[327] 

Compressive test Strain rate 
10− 4 s− 1 

0◦ 1248 ± 8   208.5 ±
1.1 

Specimen built at 90◦ 1120 ± 10   213.0 ±
3.0 

LPBF IN718  Strain rate 
10− 4 s− 1 and 
103 s− 1 

AB compression: 
618 
tension: 524 

894 30  [440] 

Stress Relieved compression: 
892 
tension: 1055 

1110 42  

STA compression: 
1220 
tension: 1100 

1314 23  
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Table 9 (continued ) 

Technique Material Standard Test condition Sample Condition Yield strength 
(MPa) 

Tensile 
strength 
(MPa) 

Elongation (%) Young’s 
modulus 
(GPa) 

Ref 

HIP compression: 
930 
tension: 1167 

1470 24  

LPBF IN718  Strain rate 
5 × 10− 4 s− 1 

Various 
surface 
conditions 

See the original reference paper 

[423] 
LPBF IN718   ST See the original reference paper [314] 

STA 
HIP + STA 

LPBF IN718 Compression test Strain rate 0.1 
s− 1 

1000 ◦C See the original reference paper [317] 
1050 ◦C 
1000 ◦C 
1050 ◦C 

LPBF IN718   Stress Relieved See the original reference paper [254] 
Post-processed 

LPBF IN718   0◦ See Fig. 1 in the original reference paper [248] 
30◦

45◦

60◦

90◦

LPBF 
(DMLS) 

IN718  Strain rate 4.25 
× 10− 4 s− 1 

0◦/AB/RT See Fig. 6 in the original reference paper [92] 
90◦/AB/RT 
0◦/STA/RT 
90◦/STA/RT 
0◦/STA/650 ◦C 
90◦/STA/650 ◦C 

LPBF IN718 ASTM E8/E8M  Various thermal 
treatments and build 
orientation 

See Fig. 4 in the original reference paper [176] 

LPBF IN718  Strain rate 1 
mm/min 

Pure IN718 See Fig. 6 in the original reference paper [262] 
IN718 + 0.25%GRP 
IN718 + 1.0%GRP 

LPBF IN718   Various HTs See Fig. 4 in the original reference paper [275] 
LPBF IN738LC ISO 6892, Strain rate 

~4%/min 
0◦/RT 933 ± 8 1184 ± 112 8.4 ± 4.6 233 ± 9 [249] 
90◦/RT 786 ± 4 1162 ± 35 11.2 ± 1.9 158 ± 3 
0◦/850 ◦C 610 ± 1 716 ± 1 8.0 ± 1.2 157 ± 4 
90◦/850 ◦C 503 ± 2 688 ± 7 14.2 ± 3.9 110 ± 2 

LPBF IN738LC  Strain rate 
~4%/min 

0◦/HT/23 ◦C    237 ± 7 [251] 
90◦/HT/23 ◦C    158 ± 3 
0◦/HT/850 ◦C    159 ± 4 
90◦/HT/850 ◦C    110 ± 2 

LPBF IN738LC  Strain rate 4 ×
10− 3 s− 1 

90◦/SA 981 ± 12 1450 ± 16 14 ± 1.1  [58] 
90◦/HIP + SA 932 ± 4 1350 ± 22 14 ± 1.3  

LPBF IN738LC  Strain rate 4%/ 
min 

XY (single)/AB/23 ◦C    148 [267]    
225    
183 

XY (triple)/AB/23 ◦C    148    
222    
173 

XY (single)/AB/ 
850 ◦C    

108    
164    
134 

XY (single)/HT/23 ◦C    190    
225    
210 

XY (triple)/HT/23 ◦C    197    
228    
204 

XY (single)/HT/ 
850 ◦C    

141    
164    
154 

Z/AB/23 ◦C    141    
138 

Z/HT/23 ◦C    196    
200 

Z/HT/850 ◦C    143 
LPBF IN738LC EN 10002  90◦ 765 ± 10   141 ± 3 [276] 

0◦ 853 ± 16   141 ± 4 
H45◦ 893 ± 4   215 ± 7 

LPBF IN738LC ASTM E8 Strain rate 
4%/min 

AB 895 1010 1.6 ± 0.2  [323] 
HIP  1010 3.9  
HIP + DA/RT     
HIP + DA/850 ◦C 560 ± 1 720 ± 1 14.4 ± 1  
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Table 9 (continued ) 

Technique Material Standard Test condition Sample Condition Yield strength 
(MPa) 

Tensile 
strength 
(MPa) 

Elongation (%) Young’s 
modulus 
(GPa) 

Ref 

LPBF IN939   Various HTs See Fig. 7 in the original reference paper [253] 
LPBF Invar 36  Strain rate 

10− 3 s− 1 
0◦/3200 mm/s ~397.7 ~509.7 ~15.3  [260] 
90◦/3200 mm/s ~352.5 ~381.7 ~3.25  
90◦/3200 mm/s/HIP ~288.3 ~346.3 ~4.7  
90◦/1000 mm/s ~342.5 ~453 ~29.5  
0◦/1000 mm/s ~400 ~536.5 ~19.5  
0◦/1000 mm/s/HT ~318 ~443.5 ~30.5  

LPBF K418  Strain rate 
1 mm/min 

No graphene 
nanoplatelts (GNPs) 

912 1200   [338] 

10.1 wt% GNPs 1018 1078   
LPBF K536 ASTM E8/E8M 

and ASTM E21 
Strain rate 
0.005/min 

0◦/RT/SR 338 ± 1.7 800 ± 2.1 36.9 
± 0.1 

38.4% 
RA 

193.3 ±
3.8 

[319] 

90◦/RT/SR 325 ± 2.5 775 ± 1.2 41.3 
± 0.7 

46.3% 
RA 

188.7 ±
1.2 

0◦/400 ◦C/SR 250 ± 17.9 683 ± 6.7 40.7 
± 0.9 

41.4% 
RA 

143.8 ±
21.4 

90◦/400 ◦C/SR 243 ± 13.1 667 ± 0.7 45.2 
± 0.8 

45.7% 
RA 

129.1 ±
31.1 

0◦/500 ◦C/SR 249 ± 2.6 670 ± 2.6 40.3 
± 2.0 

40.9% 
RA 

118.3 ±
11.5 

90◦/500 ◦C/SR 237 ± 5.0 657 ± 4.0 43.3 
± 0.7 

47.3% 
RA 

114.4 ±
7.1 

0◦/600 ◦C/SR 242 ± 4.5 635 ± 2.1 41.6 
± 0.8 

42.4% 
RA 

117.2 ±
12.6 

90◦/600 ◦C/SR 228 ± 4.6 616 ± 0.7 44.6 
± 2.8 

46.0% 
RA 

103.9 ±
1.4 

0◦/700 ◦C/SR 218 ± 1.7 482 ± 3.2 27.2 
± 0.4 

26.7% 
RA 

129.8 ±
27.9 

90◦/700 ◦C/SR 213 ± 4.4 463 ± 3.1 32.0 
± 1.8 

32.4% 
RA 

104.4 ±
30.9 

LPBF K536  Strain rate 
0.005 mm/min 

0◦/RT 338 ± 1.7 800 ± 2.1 36.9 ± 0.1 193 ±
3.8 

[319] 

90◦/RT 325 ± 2.5 775 ± 1.2 41.3 ± 0.7 188.7 ±
1.2 

0◦/400 ◦C 250 ± 17.9 683 ± 6.7 40.7 ± 0.9 143.8 ±
21.4 

90◦/400 ◦C 243 ± 13.1 667 ± 0.7 45.2 ± 0.8 129.1 ±
31.1 

0◦/500 ◦C 249 ± 2.6 670 ± 2.6 40.3 ± 2 118.3 ±
11.5 

90◦/500 ◦C 237 ± 5 657 ± 4 43.3 ± 0.7 114.4 ±
7.1 

0◦/600 ◦C 242 ± 4.5 635 ± 2.2 41.6 ± 0.8 117.2 ±
12.6 

90◦/600 ◦C 228 ± 4.6 616 ± 0.7 44.6 ± 2.8 103.9 ±
1.4 

0◦/700 ◦C 218 ± 1.7 482 ± 3.2 27.2 ± 0.4 129.8 ±
27.9  

90◦/700 ◦C 213 ± 4.4 463 ± 3.1 32 ± 1.8 104.4 ±
30.9 

LPBF Nimonic 263 French 
Aeronautical 
standard CEAT 
TP5  

90◦/AB 818 ± 8 1085 ± 11 24 ± 24 163 [285] 
0◦/AB 653 ± 11 860 ± 8 70 ± 1 191 
90◦/DA 834 ± 13 1136 ± 26 29 ± 2 150 
0◦/DA 697 ± 16 910 ± 4 52 ± 12 142 
90◦/SA 843 ± 20 1268 ± 7 29 ± 3 199 
0◦/SA 709 ± 7 981 ± 4 53 ± 2 206 

LPBF Oxide dispersion 
strengthened 
nickel-based 
superalloy  

Strain rate 10− 3 

s− 1 

Temperature 
between 25 ◦C 
and 1000 ◦C 

Different process 
parameters 

See Table 4 in the original reference paper [336] 

LPBF Steel/Ni   See Fig. 4 in the original reference paper [265] 
EBM IN625  Strain rate 

~10− 3 s− 1 
90◦ 410 750 44  [264] 
90◦/HIP 330 770 69  

EBM and 
Binder 
Jetting 

IN625   EBM, 0◦ 367 ± 33 849 ± 37 44.32 ± 4.95 484 ± 52 [100] 
EBM, 90◦ 369 ± 7 723 ± 29 26.92 ± 5.49 459 ± 36 
Binder jetting, 0◦ 320 ± 14 707 ± 12 58.74 ± 2.14 524 ± 47 
Binder jetting, 90◦ 393 ± 2 708 ± 22 27.02 ± 5.39 506 ± 51 

EBM IN625 Mesh Compression test Strain rate 
76 mm/min 

Load parallel or 
perpendicular to the 
build direction/ 
specimens with 
different density 

See the original reference paper [318] 

EBM IN625  AB/RT 410 750 44  [292] 
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Table 9 (continued ) 

Technique Material Standard Test condition Sample Condition Yield strength 
(MPa) 

Tensile 
strength 
(MPa) 

Elongation (%) Young’s 
modulus 
(GPa) 

Ref 

Strain rate 
~10− 3 s− 1 

HIP/RT 330 770 69  
AB/538 ◦C 300 590 53  
HIP/538 ◦C 230 610 70  

EBM IN625   Relative density 0.16    0.76 [293] 
0.21    1.68 
0.31    4.17 

EBM IN625  Strain rate 
10− 3 s− 1 

AB 793 952 ± 18   [305] 

EBM In690  Strain rate 
0.075 mm/min 

RT 527 ± 19 670 ± 44.5 21 ± 2.0  [310] 

EBM In690  Strain rate 
0.075 m/min 

Cladding 527 ± 19 670 ± 44.5 21 ± 2  [330] 
On Build plate 377 ± 39 603 ± 34 23 ± 8  

EBM IN718  Strain rate 
0.1%/s 

90◦ ~100 [291] 
0◦ ~142 

EBM IN718  Strain rate 
0.10%/s 

90◦/AB ~923.91 1113.05 31.51 98.69 [294] 
90◦/DA 1128.26 1268.98 22.08 108.03 
90◦/SA (930 ◦C) 1132.61 1218.36 24.89 106.28 
90◦/SA (980 ◦C) 1089.13 1180.83 22.08 107.15 
90◦/SA (1080 ◦C) 1119.57 1201.49 28.10 108.32 
0◦/AB 771.74 1002.51 40.35 144.23 
0◦/DA 1041.30 1200.62 31.31 135.18 
0◦/SA (930 ◦C) 941.30 1029.27 14.05 138.10 
0◦/SA (980 ◦C) 867.39 1095.02 38.34 124.67 
0◦/SA (1080 ◦C) 934.78 1073.49 35.33 141.02 

EBM IN718   Control case 568 ± 5 818 ± 43 16.9 ± 2.9  [183] 
In-situ HT Premature failure 

EBM IN718 ASTM E8/E8M  Fast cooling 590.13 941.76 34.3 151.68 [97] 
Slow cooling 868.87 1108.37 22.1 149.82 

EBM IN718 Swedish 
standard 
SS112111-7A35  

0◦/AB 822 ± 25 1060 ± 26 22 %EL 25 
% 
RA 

192 ± 11 [295] 

90◦/AB 744 ± 44 929 ± 20 5.5 %EL 12 
% 
RA 

180 ± 6 

German standard 
DIN 50125-B 
4620 

0◦/SA 1154 ± 46 1238 ± 22 7% EL 14 
% 
RA 

198 ± 12 

90◦/SA 1187 ± 27 1232 ± 16 1.1 %EL 5% 
RA 

198 ± 8 

EBM IN718 ASTM E8/E8M  0◦/Gas atomized 
(GA)- fast cool, 50 μm 
layer thickness 

590 ± 40 942 ± 61 34 ± 2.6  [118] 

0◦/GA - slow cool, 50 
μm 

869 ± 32 1108 ± 50 22 ± 1.8  

90◦/GA - fast, 50 μm, 
on the cold powder 
bed 

887 ± 16 1003 ± 21 5.4 ± 1.7  

90◦/GA - fast, 50 μm 822 ± 12 1082 ± 10 20 ± 0.6  
0◦/Rotary atomized 
(RA) – slow, 70 μm 

957 ± 30 1142 ± 41 19 ± 4.6  

0◦/RA – slow, 50 μm 974 ± 20 1186 ± 34 20 ± 1.3  
0◦/Plasma rotated 
electrode process 
(PREP) – fast, 50 μm 

967 ± 28 1186 ± 19 20 ± 1.4  

90◦/PREP – fast cool, 
50 μm 

632 ± 88 1069 ± 44 17 ± 2.4  

EBM IN718 (HIPed) ASTM E606-12  90◦/Columnar grains/ 
650 ◦C 

1009 1082 38 88 [296] 

0◦/Columnar grains/ 
650 ◦C 

752 834 17 122 

90◦/Equiaxed grains/ 
650 ◦C 

834 1055 20 174 

0◦/Equiaxed grains/ 
650 ◦C 

827 1048 8.5 177 

EBM IN718 ASTM E8/E8M 
and ASTM E21  

90◦/RT 925 ± 20 1138 ± 24 15.7 ± 4.3  [297] 
0◦/RT 894 ± 24 1061 ± 83 11.5 ± 6.9  
90◦/HIP + SA/RT 1061 ± 16 1266 ± 44 21.1 ± 1.1  
0◦/HIP + SA/RT 1035 ± 17 1240 ± 19 21.8 ± 2.4  

EBM IN718 ASTM E8/E8M 
and ASTM E21 

RT and 650 ◦C Various build 
orientations and scan 
strategies 

See Fig. 8 in the original reference paper [298] 

EBM IN718  Strain rate 
0.0056 s− 1 

AB/parameter set 1 980 1160 8.2  [304] 
AB/parameter set 2 980 1160 8.2  
AB/parameter set 3 980 1160 8.2  
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Table 9 (continued ) 

Technique Material Standard Test condition Sample Condition Yield strength 
(MPa) 

Tensile 
strength 
(MPa) 

Elongation (%) Young’s 
modulus 
(GPa) 

Ref 

HT/parameter set 1 1180 1350 6.5  
HT/parameter set 2 1290 1440 7.1  
HT/parameter set 3 1180 1350 7.1  

EBM IN718   Focus offset 1 mA at 
25 ◦C 

988.8 ± 3.7 1144.0 ±
1.5 

31.5 ± 4.3  [316] 

3 mA 1010.5 ± 5.5 1157.5 ±
5.5 

25.3 ± 2.6  

6 mA 1050.0 ± 5.5 1187.3 ±
8.4 

25.1 ± 5.7  

9 mA 1122.3 ± 17.4 1300.6 ±
22.5 

25.3 ± 0.9  

12 mA 1095.1 ± 32.1 1278.4 ±
26.8 

25.3 ± 0.7  

15 mA 1112.3 ± 35.6 1276.6 ±
14.2 

26.4 ± 0.4  

18 mA 978.9 ± 8.3 1053.9 ±
11.6 

9.3 ± 1.1  

21 mA 989.8 ± 6.1 1046.3 ±
17.1 

8.6 ± 0.9  

24 mA 946.3 ± 5.8 958.7 ±
20.9 

6.2 ± 0.3  

30 mA 674.3 ± 47.8 680.5 ±
38.9 

6.1 ± 0.8  

40 mA 443.5 ± 16.4 455.4 ± 6.1 4.3 ± 0.2  
Focus offset 1 mA at 
650 ◦C 

820.8 ± 2.5 952.1 ±
14.9 

19.5 ± 6.4  

3 mA 827.8 ± 2.6 955.5 ± 3.2 18.8 ± 1.1  
6 mA 840.0 ± 10.8 967.8 ±

12.4 
17.2 ± 0.8  

9 mA 943.3 ± 27.2 1051.8 ±
12.4 

29.8 ± 2.5  

12 mA 917.0 ± 4.9 1037.5 ±
2.1 

30.3 ± 1.1  

15 mA 922.3 ± 12.4 1041.3 ±
7.4 

22.8 ± 3.2  

18 mA 862.8 ± 7.4 988.8 ± 2.5 17.8 ± 0.4  
21 mA 866.3 ± 2.5 994.3 ± 4.9 17.8 ± 1.1  
24 mA 868.0 ± 14.8 967.8 ±

51.9 
14.5 ± 11.3  

30 mA 516.3 ± 86.6 537.3 ±
57.1 

4.5 ± 0.9  

40 mA 264.3 ± 17.3 320.7 ± 7.1 5.8 ± 3.2  
EBM IN718  Strain rate 1.5 

× 10− 4 s− 1 
0◦ 793 ± 4 809 ± 14 1 ± 0.5  [308] 
45◦ 757 ± 8 776 ± 12 16.2 ± 5.5  
55◦ 843 ± 13 951 ± 10 11.4 ± 2.7  
90◦ 815 ± 27 879 ± 27 8.5 ± 3.1  

EBM IN718  Strain rate 10− 3 

s− 1 
As-build 920 ± 16 1075 ± 46 10 ± 3 138 

± 5 
[321] 

STA 1096 ± 6 1172 ± 30 6 ± 1 137 
± 7 

HIP + STA 1100 ± 13 1190 ± 33 14 ± 1 142 
± 4 

EBM IN718 Procedure from [441] 0◦ 220 [442] 
90◦ 125 

EBM IN718 Quasi-static 
tensile tests 

Speed control 
0.0025 mm/s 

AB 406 ± 17 427 ± 28 0.7 ± 0.2  [422] 
Polished 982 ± 52 1174 ± 29 27.8 ± 1.4  

EBM IN718 ASTM-E8/E8M, 
ASTM-E21, 
Strain rate 0.005 
(mm/mm)/min 

RT and 650 ◦C Various build heights See Fig. 11 in the original reference paper [96]  

Appendix C. Hardness properties of PBF Nickel-based superalloys  

Table 10 
Summary of hardness properties of PBF Nickel-based superalloys (’~’ indicates that the data was obtained from the bar chart).  

Technique Material Standard Test condition Sample condition Hardness Ref 

LPBF CM247LC Vickers hardness 5 kgf AB 400 ± 9 HV [184] 
SA 512 ± 9HV 

LPBF CM247LC Vickers hardness 5 kgf AB 409 ± 7 HV [311] 
442 ± 16 HV 
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Table 10 (continued ) 

Technique Material Standard Test condition Sample condition Hardness Ref 

Solution @ 1210 ◦C 
+ ageing 
Solution @ 1230 ◦C 
+ ageing 

437 ± 19 HV 

Solution @ 1240 ◦C 
+ ageing 

448 ± 2 3HV 

Solution @ 1260 ◦C 
+ ageing 

462 ± 13 HV 

LPBF CM247LC Vickers Hardness 1 kg HT at 450 ◦C/2h 430 HV [195] 
HT at 600 ◦C/2h 425 HV 
HT at 700 ◦C/2h 460 HV 
HT at 750 ◦C/2h 490 HV 
HT at 850 ◦C/2h 545 HV 
HT at 975 ◦C/2h 500 HV 

LPBF FGH100L Vickers Hardness  AB ~410 HV [324] 
HT ~490 HV 
HIP ~475 HV 
HIP + HT ~590 HV 

LPBF FGH4096 M Hardness  AB ~280 HB [341] 
DA ~445 HB 
STA (1050 ◦C) ~390 HB 
STA (1130 ◦C) ~425 HB 
Double Aging ~385 HB 

LPBF Hastelloy X Vickers hardness 5 kgf 0◦/AB ~246.07 HV [179] 
90◦/AB ~243.37 HV 
0◦/HT ~212.36 HV 
90◦/HT ~211.69 HV 
0◦/HIP ~205.62 HV 
90◦/HIP ~206.29 HV 
0◦/HIP + HT ~217.08 HV 
90◦/HIP + HT ~215.73 HV 

LPBF Hastelloy X Vickers hardness 500 gf Original material 277.1 ± 3.9 HV [284] 
Modified material 280.9 ± 4.0 HV 

LPBF Hastelloy X Vickers Hardness (HV 0.5) 
Room temperature 

200 gf/15 s 
RT 

90◦/AB 301 ± 8 HV [180] 
90◦/HT ~195 HV 
90◦/HIP ~231 HV 
0◦/AB 308 ± 12 HV 
0◦/HT ~208 HV 
0◦/HIP ~238 HV 

200 gf/15 s 
750 ◦C 

90◦/AB 280 ± 6 HV 
90◦/HT ~229 HV 
90◦/HIP ~200 HV 
0◦/AB 317 ± 20 HV 
0◦/HT ~212 HV 
0◦/HIP ~200 HV 

LPBF (SLE) IN100 Vickers hardness 2000 gf/10–15s Substrate ~389.95 HV [351] 
Interface ~404.90 HV 
Deposited materials ~426.96 HV 

LPBF IN625/TiB2 Vickers hardness 300 gf/15s Linear energy 
density (LED) 1200 
J/m/IN625 

~299.02 HV [346] 

LED 1200 J/m/ 
IN625+TiB2 

~626.23 HV 

LED 800 J/m/IN625 ~338.24 HV 
LED 800 J/m/ 
IN625+TiB2 

~549.02 HV 

LED 600 J/m/IN625 ~338.24 HV 
LED 600 J/m/ 
IN625+TiB2 

~627.45 HV 

LED 400 J/m/IN625 ~370.10 HV 
LED 400 J/m/ 
IN625+TiB2 

~688.73 HV 

LPBF IN625 Vickers hardness 500 gf/30s AB 343 HV [348] 
Solution @ 700 ◦C ~334.17 HV 
Solution @ 800 ◦C ~356.20 HV 
Solution @ 900 ◦C ~356.23 HV 
Solution @ 1000 ◦C ~276.02 HV 
Solution @ 1100 ◦C ~265.06 HV 
Solution @ 1200 ◦C ~260.20 HV 

LPBF IN625 Brinell hardness 2.5 mm WC ball, 62.5 
kg/15s 

Hardness vs Porosity Fig. 52b [353] 

LPBF IN625 Nano-indentation 0.5 mN at 1/10 layer 
thickness 

90 W/AB/0 dpa ~5.75 GPa [376] 
90 W/AB/0.1 dpa ~6.10 GPa 
90 W/AB/0.5 dpa ~6.05 GPa 
90 W/AB/1 dpa ~5.6 GPa 
90 W/AB/3 dpa ~5.8 GPa 

(continued on next page) 

S. Sanchez et al.                                                                                                                                                                                                                                



International Journal of Machine Tools and Manufacture 165 (2021) 103729

59

Table 10 (continued ) 

Technique Material Standard Test condition Sample condition Hardness Ref 

LPBF IN625 Brinell hardness 62.5 kgf/15s AB ~283.25 HBW [303] 
DA @ 600 ◦C for 2h ~275.04 HBW 
DA @ 700 ◦C for 2h ~311.70 HBW 
DA @ 800 ◦C for 2h ~395.91 HBW 
DA @ 900 ◦C for 2h ~282.37 HBW 
DA @ 600 ◦C for 8h ~288.75 HBW 
DA @ 700 ◦C for 8h ~319.78 HBW 
DA @ 800 ◦C for 8h ~322.03 HBW 
DA @ 900 ◦C for 8h ~298.91 HBW 
DA @ 600 ◦C for 24h ~306.80 HBW 
DA @ 700 ◦C for 24h ~349.39 HBW 
DA @ 800 ◦C for 24h ~348.55 HBW 
DA @ 900 ◦C for 24h ~316.96 HBW 
Solution @ 1000 ◦C 
for 1h 

~212.12 HBW 

Solution @ 1150 ◦C 
for 1h 

~186.22 HBW 

Solution @ 1000 ◦C 
for 2h 

~209.88 HBW 

Solution @ 1150 ◦C 
for 2h 

~188.96 HBW 

Solution @ 1150 ◦C 
for 2h + Ageing @ 
600 ◦C for 2h 

~198.90 HBW 

Solution @ 1150 ◦C 
for 2h + Ageing @ 
700 ◦C for 2h 

~209.92 HBW 

Solution @ 1150 ◦C 
for 2h + Ageing @ 
800 ◦C for 2h 

~194.87 HBW 

Solution @ 1150 ◦C 
for 2h + Ageing @ 
900 ◦C for 2h 

~188.75 HWB 

Solution @ 1150 ◦C 
for 2h + Ageing @ 
600 ◦C for 8h 

~206.95 HBW 

Solution @ 1150 ◦C 
for 2h + Ageing @ 
700 ◦C for 8h 

~259.97 HBW 

Solution @ 1150 ◦C 
for 2h + Ageing @ 
800 ◦C for 8h 

~210.97 HBW 

Solution @ 1150 ◦C 
for 2h + Ageing @ 
900 ◦C for 8h 

~188.75 HBW 

Solution @ 1150 ◦C 
for 2h + Ageing @ 
600 ◦C for 24h 

~227.94 HBW 

Solution @ 1150 ◦C 
for 2h + Ageing @ 
700 ◦C for 24h 

~279.91 HBW 

Solution @ 1150 ◦C 
for 2h + Ageing @ 
800 ◦C for 24h 

~234.94 HBW 

Solution @ 1150 ◦C 
for 2h + Ageing @ 
900 ◦C for 24h 

~192.95 HBW 

LPBF IN625 Vickers hardness 30 kgf 90◦/Powder 1/90 J/ 
mm3 

~289.79 HV [121] 

0◦/Powder 1/90 J/ 
mm3 

~275.58 HV 

90◦/Powder 3/90 J/ 
mm3 

~303.18 HV 

0◦/Powder 3/90 J/ 
mm3 

~287.03 HV 

90◦/Powder 1/100 
J/mm3 

~281.83 HV 

0◦/Powder 1/100 J/ 
mm3 

~275.58 HV 

90◦/Powder 3/100 
J/mm3 

~295.31 HV 

0◦/Powder 3/100 J/ 
mm3 

~285.73 HV 

90◦/Powder 1/110 
J/mm3 

~277.86 HV 

~271.20 HV 
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Table 10 (continued ) 

Technique Material Standard Test condition Sample condition Hardness Ref 

0◦/Powder 1/110 J/ 
mm3 

90◦/Powder 3/110 
J/mm3 

~298.47 HV 

0◦/Powder 3/110 J/ 
mm3 

~286.22 HV 

LPBF IN625 and cast iron 
substrate 

Micro Hardness 500 gm/20 s Cast iron susbtrate ~200 HV [371] 
HAZ ~375 HV 
Sample-substrate 
interface 

~350 HV 

IN625 sample ~300 HV 
LPBF IN625 Microhardness 100g/10 s See the original reference paper [416] 
LPBF IN718 Vickers hardness 1 kgf 250 W/AB 320 HV [67] 

950 W/AB 287 HV 
250 W/HT 360 HV 
950 W/HT 338 HV 
250 W/HIP 310 HV 
950 W/HIP 262 HV 
250 W/HIP + HT 468 HV 
950 W/HIP + HT 451 HV 
Zone 1–250 W 
Matrix and zone 2 - 
two lines of 950 W/ 
AB 

330 HV 285 HV 

Zone 1–250 W 
Matrix and zone 2 - 
two lines of 950 W/ 
HT 

370 HV 335 HV 

Zone 1–250 W 
Matrix and zone 2 - 
two lines of 950 W/ 
HIP 

310 HV 260 HV 

Zone 1–250 W 
Matrix and zone 2 - 
two lines of 950 W/ 
HIP + HT 

478 HV 462 HV 

LPBF IN718 Vickers hardness 1 kgf Zone 1–250 W 
Matrix and Zone 2 - 
two lines of 950 W 

330 HV 285 HV [281] 

Zone 1–950 W and 
Zone 2 – two lines of 
250 W 

322 HV 300 HV 

Zone 1–250 W and 
Zone 2 – four lines of 
950 W 

318 HV 285 HV 

Zone 1–950 W and 
Zone 2 – four lines of 
250 W 

311 HV 289 HV 

LPBF IN718+WC Vickers hardness 200 gf Scan speed 400 mm/ 
s 

~385.30 HV [65] 

Scan speed 500 mm/ 
s 

~402.47 HV 

Scan speed 600 mm/ 
s 

~445.39 HV 

Scan speed 700 mm/ 
s 

~480.26 HV 

LPBF WC1-x reinforced 
IN718 

Vickers hardness 100 gf/15s Linear energy 
density 

Fig. 53a [343] 

LPBF IN718 Vickers hardness 100 gf/10s Linear energy 
density 

Fig. 53b [344] 

LPBF IN718 Vickers hardness 500 gf/20s Scan speed 100 mm/ 
s 

~290.85 HV [59] 

Scan speed 200 mm/ 
s 

~303.19 HV 

Scan speed 400 mm/ 
s 

~312.98 HV 

Scan speed 800 mm/ 
s 

~318.51 HV 

Scan speed 1200 
mm/s 

~294.26 HV 

Scan speed 1600 
mm/s 

~213.40 HV 

LPBF IN718+WC Vickers hardness 100 gf Scan speed 650 mm/ 
s 

317.5 HV [345] 

Scan speed 550 mm/ 
s 

348.6 HV 
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Table 10 (continued ) 

Technique Material Standard Test condition Sample condition Hardness Ref 

Scan speed 450 mm/ 
s 

393.2 HV 

Scan speed 350 mm/ 
s 

381.6 HV 

LPBF IN718 Vickers hardness 100 gf/12s Island size 2 × 2 
mm2 

~339.68 HV [286] 

Island size 3 × 3 
mm2 

~327.17 HV 

Island size 5 × 5 
mm2 

~329.91 HV 

Island size 7 × 7 
mm2 

~321.94 HV 

LPBF 
(DMLS) 

IN718 Rockwell Hardness, scale C  90◦/AB 30 HRC 416 HV [287] 
0◦/AB 43 HRC 416 HV 
90◦/SA 26 HRC 260 HV 
0◦/SA 42 HRC 404 HV 

LPBF IN718 Vickers hardness 300 gf/15s 0◦/AB ~331.05 HV [289] 
90◦/AB ~325.40 HV 
0◦/DA ~497.49 HV 
90◦/DA ~495.18 HV 
0◦/SA ~485.04 HV 
90◦/SA ~489.40 HV 
0◦/HA ~485.94 HV 
90◦/HA ~495.85 HV 
0◦/HSA ~491.27 HV 
90◦/HSA ~486.74 HV 

LPBF IN718 Vickers hardness 1 kgf 0◦/AB 297 ± 5 HV [95] 
XZ plane/AB 319 ± 10 HV 
YZ plane/AB 322 ± 10 HV 
90◦/SA 463 ± 8 HV 

LPBF IN718 Vickers hardness 100 gf AB 273.2 ± 11.9 HV [72] 
Solution 262.7 ± 6.8 HV 
SA 482.7 ± 21.4 HV 
HIP 258.8 ± 8.2 HV 

LPBF IN718 Rockwell C-scale hardness for macro hardness, 
Vickers hardness for micro hardness 

1.5 N for Rockwell C/ 
0.25 N for Vickers 

0◦/AB/HV/Argon 3.8/3.9 GPa [64] 
90◦/HIP +
annealed/HV/Argon 

5.6/5.8 GPa 

0◦/HIP + annealed/ 
HV/Argon 

5.5/5.8 GPa 

0◦/annealed (4 h)/ 
HV/Argon 

4.5/4.7 GPa 

0◦/AB/HRC/Argon 30/33 HRC 
90◦/HIP +
annealed/HRC/ 
Argon 

38/39 HRC 

0◦/HIP + annealed/ 
HRC/Argon 

33/35 HRC 

0◦/annealed (4 h)/ 
HRC/Argon 

39/40 HRC 

90◦/HIP +
annealed/HV/ 
Nitrogen 

5.5/5.6 GPa 

0◦/HIP + annealed/ 
HV/Nitrogen 

5.4/5.6 GPa 

90◦/HIP +
annealed/HRC/ 
Nitrogen 

35/38 HRC 

0◦/HIP + annealed/ 
HRC/Nitrogen 

36/38 HRC 

LPBF 
(DMLS) 

IN718 Vickers hardness 10 kgf AB 319 ± 18 HV [70] 
Ageing + shot 
peening 

470 ± 8 HV 

LPBF IN718 Rockwell hardness  AB 32.5 
HRC 

303 HV [165] 

SA 43 HRC 424 HV 
HSA 42.5 

HRC 
406 HV 

LPBF IN718 Rockwell hardness  HSA 42.5 
HRC 

406 HV [216] 

SA 45 HRC 448 HV 
LPBF IN718 Vickers hardness 10 kgf 0◦/AB 304 ± 9 HV [185] 

90◦/AB/top 288 ± 7 HV 
90◦/AB/bottom 301 ± 6 HV 
0◦/1100 ◦C/1h 258 ± 8 HV 

5 kgf 0◦/1100 ◦C/7h 217 ± 4 HV 
0◦/1250 ◦C/1h 210 ± 7 HV 
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Table 10 (continued ) 

Technique Material Standard Test condition Sample condition Hardness Ref 

0◦/1250 ◦C/7h 207 ± 6 HV 
LPBF IN718 Vickers hardness 200 gf AB 309 ± 12 HV 

[349] HSA 463 ± 17 HV 
LPBF IN718 Vickers hardness 100 gf/15s AB ~366.74 HV [355] 

Solution @ 980 ◦C/ 
1h 

~318.33 HV 

Solution @ 980 ◦C/ 
2h 

~322.01 HV 

Solution @ 1065 ◦C/ 
1h 

~312.67 HV 

Solution @ 1065 ◦C/ 
2h 

~299.93 HV 

Solution @ 1200 ◦C/ 
1h 

~243.31 HV 

Solution @ 1200 ◦C/ 
2h 

~241.05 HV 

LPBF IN718 Vickers hardness 200 gf/10s 90◦/AB ~435.52 HV [356] 
90◦/STA (940 ◦C) ~465.47 HV 
90◦/STA (980 ◦C) ~510.56 HV 
90◦/STA (1020 ◦C) ~486.13 HV 
90◦/STA (1060 ◦C) ~478.85 HV 
0◦/AB ~418.35 HV 
0◦/STA (940 ◦C) ~434.93 HV 
0◦/STA (980 ◦C) ~496.02 HV 
0◦/STA (1020 ◦C) ~472.46 HV 
0◦/STA (1060 ◦C) ~469.26 HV 

LPBF IN718 Vickers hardness 0.98 N Keyhole mode Fig. 54d [369] 
Conduction mode Fig. 54e 

LPBF IN718 Vickers hardness  0◦/AB ~325.93 ± 8.8 HV [350] 
0◦/SA ~356.10 ± 10.6 HV 

LPBF IN718 (GA) Vickers hardness 9.8 gf AB ~316.94 HV [275] 
Solution @ 550 ◦C ~307.28 HV 
Solution @ 650 ◦C ~374.90 HV 
Solution @ 700 ◦C ~384.56 HV 
Solution @ 750 ◦C ~363.09 HV 
Solution @ 775 ◦C ~323.92 HV 
Solution @ 800 ◦C ~328.21 HV 
Solution @ 825 ◦C ~296.01 HV 
Solution @ 850 ◦C ~290.64 HV 
Solution @ 900 ◦C ~278.30 HV 
Solution @ 950 ◦C ~260.05 HV 
Solution @ 1000 ◦C ~251.47 HV 
Solution @ 1050 ◦C ~253.61 HV 
STA (550 ◦C) ~440.91 HV 
STA (700 ◦C) ~437.16 HV 
STA (1000 ◦C) ~477.41 HV 

LPBF IN718 Rockwell hardness & Vickers hardness 150 kP (1471 N)/ 
Rockwell 
10 KP (1471 N)/Vickers 

90◦/AB 341 HV 35 HRC [277] 
0◦/AB 307 HV 30 HRC 
90◦/SA 452 HV 45 HRC 
0◦/SA 453 HV 45 HRC 
90◦/HSA 439 HV 44 HRC 
0◦/HSA 448 HV 44 HRC 

LPBF IN718  5 N/5s 90◦/Top #1 6.64 
GPa 

667.1 HV [278] 

90◦/#2 6.47 
GPa 

659.7 HV 

90◦/#3 6.67 
GPa 

680.1 HV 

90◦/Bottom #4 7.09 
GPa 

723 HV 

0◦/Top #5 6.81 
GPa 

694.4 HV 

0◦/#6 6.32 
GPa 

644.4 HV 

0◦/#7 7.05 
GPa 

718.9 HV 

0◦/Bottom #8 6.98 
GPa 

711.7 HV 

LPBF IN718 Vickers hardness 200 gf AB/31.75 J/mm3 ~322.48 HV [300] 
AB/39.7 J/mm3 ~310.08 HV 
AB/40.8 J/mm3 ~327.13 HV 
AB/47.6 J/mm3 ~328.68 HV 
AB/51 J/mm3 ~330.23 HV 
AB/61.2 J/mm3 ~336.43 HV 
HIP + SA/31.75 J/ 
mm3 

~485.27 HV 
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Table 10 (continued ) 

Technique Material Standard Test condition Sample condition Hardness Ref 

HIP + SA/39.7 J/ 
mm3 

~489.92 HV 

HIP + SA/40.8 J/ 
mm3 

~482.17 HV 

HIP + SA/47.6 J/ 
mm3 

~486.82 HV 

LPBF IN718+WC Vickers hardness 200 gf/15s 0% 
WC 

Matrix 315 ± 8 
HV 

299 ± 5 
HBN 

[302] 

WC 
particle 

NA 

Interface NA 
5% 
WC 

Matrix 340 ±
12 HV 

322 ± 7 
HBN 

WC 
particle 

2670 ± 97 HV 

Interface 1250 ± 76 HV 
10% 
WC 

Matrix 364 ±
14 HV 

345 ± 8 
HBN 

WC 
particle 

2635 ± 105 HV 

Interface 1198 ± 52 HV 
15% 
WC 

Matrix 366 ±
21 HV 

346 ± 15 
HBN 

WC 
particle 

2665 ± 121 HV 

Interface 1204 ± 74 HV 
LPBF IN718+TiC Nanohardness 100 mN/10s Linear energy 

density 225 J/m 
3.87 GPa [307] 

250 J/m ~4.19 GPa 
275 J/m ~4.34 GPa 
300 J/m 4.48 GPa 

LPBF IN718 Vickers hardness 25 gf/15s Hardness in the melt 
pool 

Fig. 55 [368] 

LPBF IN718 Vickers hardness 5 kgf/15s 90◦/AB 269 ± 5 HV [370] 
0◦/AB 310 ± 5 HV 
90◦/HT 452 ± 5 HV 
0◦/HT 457 ± 5 HV 
90◦/machined/AB 257 ± 5 HV 
0◦/machined/AB 277 ± 5 HV 
90◦/machined/HT 441 ± 5 HV 
0◦/machined/HT 454 ± 5 HV 

LPBF Multi material 
IN718–Ti6Al4V 

Microhardness 500 gf/15 s IN718 255 ± 13 HV [377] 
10 wt%IN718 – 
Ti6Al4V 

381 ± 21 HV 

20 wt%IN718 – 
Ti6Al4V 

477 ± 16 HV 

30 wt%IN718 – 
Ti6Al4V 

684 ± 48 HV 

40 wt%IN718 – 
Ti6Al4V 

582 ± 27 HV 

LPBF IN718 Vickers Hardness  AB 335 HV [335] 
STA 1595 HV 

LPBF IN718 Vickers Hardness 0.025 kgf/15 s AB 390 HV0.025 [197] 
Barell Finish 445.4 HV0.025 
Ultrasonic shot 
peening 

482.8 HV0.025 

Ultrasonic impact 
treatment 

585 HV0.025 

Shot peening 649.4 HV0.025 
LPBF IN718 Vickers Hardness 30 kg/20 s Island/30◦ interlayer 

rotation/500 mm/s 
scan speed 

300 HV [148] 

Island/30◦ interlayer 
rotation/700 mm/s 
scan speed 

300 HV 

Island/30◦ interlayer 
rotation/1000 mm/s 
scan speed 

300 HV 

Meander/90◦

interlayer rotation/ 
500 mm/s scan 
speed 

330 HV 

Meander/90◦

interlayer rotation/ 
700 mm/s scan 
speed 

320 HV 
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Technique Material Standard Test condition Sample condition Hardness Ref 

Meander/90◦

interlayer rotation/ 
1000 mm/s scan 
speed 

315 HV 

LPBF IN718 Vickers Hardness 200 g/ 
10 s 

AB 300-350 HV 
[372] DA 490- 

540 
HV 

STA-1 476- 
500 
HV 

STA-2 400-450 HV 
LPBF IN718 ASTM E384 

Vickers Hardness 
20 kg/15 s AB 297 HV [373] 

HIP + HT 433 HV 
LPBF IN718 Vickers Hardness  Solution HT at 

950 ◦C 
476-500 HV [374] 

LPBF IN718 Vickers Hardness  AB 300-350 HV [375] 
DA 490-540 HV 
STA (950 ◦C) 476-500 HV 
STA (1050 ◦C) 400-450 HV 

LPBF IN718 Microhardness 500 gf/10 s AB Top: 313 ± 13 HV0.5 
Bottom: 307 ± 15 
HV0.5 

[443] 

HIP 210 ± 10 HV0.5 
Double Ageing 470 ± 20 HV0.5 
Hip + Double Ageing 440 ± 113 HV0.5 

LPBF (SLE) MAR-M247 Vickers hardness 2000 gf (19.6 N) AB/substrate 407.8 HV [347] 
AB/interface 437.7 HV 
AB/deposited 462.5 HV 
HT/substrate 427.2 HV 
HT/interface 461.1 HV 
HT/deposited 480.1 HV 

LPBF Nickel-based 
superalloy 

Microhardness 300 g spacing 300 μm With supports 301 ± 8.24 VHN [380] 
Without supports 316 ± 9.14 VHN 
90◦/VED 100 J/mm3 ~153.37 HV 
0◦/VED 120 J/mm3 ~145.07 HV 
90◦/VED 120 J/mm3 ~150.86 HV 
0◦/VED 140 J/mm3 ~148.11 HV 
90◦/VED 140 J/mm3 ~147.28 HV 
0◦/VED 160 J/mm3 ~148.16 HV 
90◦/VED 160 J/mm3 ~148.07 HV 
0◦/VED 180 J/mm3 ~146.10 HV 
90◦/VED 180 J/mm3 ~157.54 HV 
0◦/VED 200 J/mm3 ~148.51 HV 
90◦/VED 200 J/mm3 ~151.45 HV 

LPBF Nimonic 263 Vickers hardness 30 kgf AB 300 HV [285] 
Solution @ 400 ◦C ~292.61 HV 
Solution @ 500 ◦C ~298.96 HV 
Solution @ 600 ◦C ~303.81 HV 
Solution @ 650 ◦C ~349.06 HV 
Solution @ 700 ◦C ~366.01 HV 
Solution @ 800 ◦C ~317.64 HV 
Solution @ 900 ◦C ~244.37 HV 
Solution @ 1000 ◦C ~231.48 HV 

LPBF Thymonel-2 Vickers hardness 300 gf AB 271 HV [352] 
Solution @ 1200 ◦C 359 HV 
DA 407 HV 
Solution @ 800 ◦C 512 HV 

LPBF 247LC Microhardness  Various process 
parameters 

See Table in the original 
reference paper 

[444] 

DMD 12N-01 alloy Vickers Hardness 100 gf Single track 350 - 400 HV [378] 
Double track 500-580 HV 

EBM IN625 Vickers hardness 1 kgf/10s AB 335 HV [305] 
EBM IN625 Vickers hardness  Mesh structure 2.9 GPa 295.7 HV [293] 
EBM IN625 Vickers hardness and Rockwell C 100 gf/10s/Vickers Powder 2.6 GPa 265.1 HV [292] 

0◦/AB 2.8 GPa 285.5 HV 
90◦/AB 2.5 GPa 254.9 HV 
0◦/HIP 2.2 GPa 224.3 HV 
90◦/HIP 2.1 GPa 214.1 HV 
0◦/AB/538 ◦C 2.6 GPa 265.1 HV 
90◦/AB/538 ◦C 2.8 GPa 285.5 HV 
0◦/HIP/538 ◦C 2.3 GPa 234.5 HV 
90◦/HIP/538 ◦C 2.2 GPa 224.3 HV 

Rockwell C 150 kgf AB 14 HRC 197 HV 
HIP 8 HRC 175 HV 
AB/538 ◦C 14 HRC 197 HV 

(continued on next page) 
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Table 10 (continued ) 

Technique Material Standard Test condition Sample condition Hardness Ref 

HIP/538 ◦C 6 HRC 172 HV 
EBM In690 Vickers hardness 100 gf  233 ± 12 HV [310] 
EBM In690 Hardness 100 gf with 2 mm 

intervals 
Cladding 2.33 ± 0.12 GPa [330] 
On build plate 1.78 ± 0.04 GPa 

EBM IN718 Brinell hardness for macro hardness, Vickers 
hardness for microhardness 

Brinell 187.5 kPa (1839 
N)/Vickers: 0.5 N 

0◦/Macro-hardness/ 
AB 

337 ±
10 HB 

354 HV [295] 

0◦/Macro-hardness/ 
HT 

430 ±
10 HB 

452 HV 

0◦/Micro-hardness/ 
AB 

506 ± 26 HV 

90◦/Micro- 
hardness/AB 

502 ± 29 HV 

0◦/Micro-hardness/ 
HT 

640 ± 15 HV 

90◦/Micro- 
hardness/HT 

646 ± 22 HV 

EBM IN718 Vickers hardness  AB 410 HV [304] 
HT 470 HV 

EBM IN718 Vickers hardness  Fast cooled 324 ± 18 HV [183] 
Slow cooled 392 ± 15 HV 
In-situ HT 478 ± 7 HV 

EBM IN718 Vickers hardness 300 gf/15s AB 427.5 HV [294] 
DA 488.0 HV 
STA (930 ◦C) 479.6 HV 
STA (980 ◦C) 478.7 HV 
STA (1080 ◦C) 472.7 HV 

EBM IN718 Vickers hardness N.A. AB/HT Fig. 56 [308] 
EBM IN718 Vickers hardness 500 gf/15s AB 438.41 ± 8.35 HV [160] 

HIP 199.37 ± 10.44 HV 
HIP + HT 482.26 ± 7.83 HV 

EBM IN718 Vickers hardness 1 kgf/15s AB 421.80 HV [321] 
STA 468.72 HV 
HIP + STA 474.38 HV 

EBM IN718 Vickers hardness 500 gf/15s Set A 387.92 HV [367] 
Set B 386.95 HV 
Set C 391.08 HV 
Set D 394.96 HV 

EBM nickel-based 
superalloy 

Vickers hardness 1 kgf 90◦ Fig. 52a [146] 

EBM Rene 142 Vickers hardness & Rockwell C Vickers 100 gf/Rockwell 
1.5 N 

Powder 3.4 GPa 346.7 HV [354] 
0◦/AB 4.1 GPa 418.1 HV 
90◦/AB 4.2 GPa 428.3 HV 
0◦/AB 39 HRC 379 HV 
90◦/AB 42 HRC 406 HV  

Appendix D. Fatigue properties of PBF Nickel-based superalloys  

Table 11 
Summary of fatigue properties of PBF Nickel-based superalloys (’~’ indicates that the data was obtained from the bar chart).  

Technique Material Standard Test condition Load 
ratio (R) 

Frequency Sample condition Ref 

LPBF EP708  Fatigue endurance study at room temperature, load 
from 340 to 380 MPa, cycles from 2⋅106 to sample 
failure   

Hot rolling + HT [395] 
HT 
HIP + HT 

LPBF Hastelloy X  Low cycle fatigue test at RT in strain control with 
triangular wave shape, Strain ratio = 1   

Specimens were built in the 0◦, 45◦

and 90◦ direction 
[384] 

Thermomechanical fatigue test elevated temperature 
using a trapezoid waveform, Strain ratio = 0   

LPBF Hastelloy® 
X  

Four-point bend fatigue test, stress amplitude range 
450 MPa–900 MPa 

0.1 110 Hz Specimens were built in the 0◦ and 
90◦ direction. AB/HIP 

[255] 

S–N tension–tension fatigue test, stress amplitude 
range 500 MPa–800 MPa 

0.1 117 Hz 

LPBF IN625 ASTM E647 Fatigue test at RT 0.1 20 Hz 0◦/SR [312] 
45◦/SR 
90◦/SR 
90◦⊥/SR 
0◦/HIP 
45◦/HIP 
90◦/HIP 
90◦⊥/HIP 

LPBF IN625  Fatigue Crack Growth at RT Varied 20 Hz Different R ratios [399] 
LPBF IN625 ASTM E466 Fatigue Limit (107 cycles) test at RT and at 650 ◦C 0.1 20 HIP [438] 

(continued on next page) 
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Table 11 (continued ) 

Technique Material Standard Test condition Load 
ratio (R) 

Frequency Sample condition Ref 

LPBF IN626  Stress amplitude range 200 MPa–300 MPa − 1 20 Hz AB, polished specimens [252] 
LPBF 

(DMLS) 
IN718 ASTM E606 Low cycle fatigue at RT with strain amplitudes at 

0.6%, or 0.8%, or 1.0%, or 1.2%, or 1.4% and a mean 
strain of 0.5%, strain rate 4 × 10− 3 s− 1  

0.15 Hz Specimens were built in the 0◦ and 
45◦ direction, SA/HIP 

[176] 

LPBF IN718  The crack growth rate study 0.1 25 Hz Modified with Re. Specimens were 
built in the 0◦, 45◦ and 90◦ direction, 
SA 

[385] 

LPBF IN718 ASTM E647 High cycle fatigue, fatigue test at RT, 800 ◦F and 
1200 ◦F 

0.01 40 Hz SR + HIP + HSA. AB surface 
condition, LSG surface condition 

[386] 

LPBF IN718  High cycle fatigue plane bending testing 0 20 Hz Specimens were built in the 0◦ and 
90◦ direction, SR + ageing 

[387] 

LPBF IN718  Thermomechanical Fatigue Testing, temperature 
cycling between 350 and 650 ◦C with a strain 
amplitude of ±0.45%. Strain rate = − 1   

AB - 250, 950 W or Functionally 
Graded (FGM) 
Heat treated - HA 

[388] 

LPBF IN718  Low-cycle fatigue tests at ambient temperature. Strain 
amplitudes of Δε/2 = ±0.35%, Δε/2 = ±0.5% and 
Δε/2 = ±0.8%. Strain rate = 6 × 10− 3 s− 1   

AB/combinations of solution, ageing, 
HIP and Arc-PVD 

[172] 

LPBF IN718 ASTM E466 Fatigue test at RT 0.1 15 Hz HT 1–1200 ◦C for 1 h under argon 
atmosphere 
HT 2 - Max temperature of 980 ◦C 
following the heat/hold/cool cycle 
for 24 h 

[256] 

LPBF 
(DMLS) 

IN718  High cycle fatigue test, vibration bending testing, 
chord-wise bending (or two-stripe) mode  

1600 Hz AB [257] 

LPBF IN718  Fatigued samples were pre-strained to 1% then tested 0.05 1 Hz SR/SR + HSA [254] 
LPBF 

(DMLS) 
IN718 ASTM E466 Fatigue test at RT 0.1 0.5 Hz Dog bone structure, lattice structure. 

SR + SA 
[220] 

LPBF IN718 ASTM E647 The crack growth rate study 0.1 80 to 60 
Hz 

AB, compact tension specimen with 
crack growth plane parallel to the 
build direction 

[389] 

LPBF IN718 ASTM E647 The crack growth rate study 0.1 80 to 60 
Hz 

AB, compact tension specimen with 
crack growth plane parallel to the 
build direction 

[390] 

LPBF IN718 ASTM E649 Fatigue Crack Growth at RT and 650 ◦C 0.1 10 Hz AB [424] 
LPBF IN718 ASTM E466 High cycle fatigue at RT − 1  SR +

HIP +
SA 

Defective specimen, LSG, 
built in 0◦

[391] 

0.1 Non- 
defective 
specimen 

LSG, 
built in 
90◦

LSG, 
built in 
0◦

AB, 
built in 
0◦

ASTM E647 The crack growth rate study 0.1&0.7  Compact tension 
specimen with crack 
growth plane 
perpendicular to the build 
direction 

LPBF IN718  Low cycle fatigue at 650 ◦C, strain amplitude of 0.40% − 1  SA HT to obtain columnar grains [396] 
HA HT to obtain equiaxed grains 

LPBF IN718 ASTM E466 Fatigue test at 25 ◦C, maximum stress 827.4 MPa 0 30 Hz Nominal [320] 
Increased hatch spacing 
Decreased hatch spacing 
Increased cooling rate 
Decreased cooling rate 

LPBF IN718  Tension compression fatigue test − 1 30 Hz Material A [313] 
Material B 

LPBF IN718 ASTM E466 High cycle fatigue at RT 0.1 40 Hz 0◦/HIP + SA/U notch [392] 
90◦/HIP + SA/U notch 
0◦/HIP + SA/V notch type 1 
90◦/HIP + SA/V notch type 1 
0◦/HIP + SA/V notch type 2 
90◦/HIP + SA/V notch type 2 
0◦/HIP + SA/V notch type 2 with 
machined surfaces 
90◦/HIP + SA/V notch type 2 with 
machined surfaces 

LPBF IN718  Four-point bending fatigue test at RT 0.1 20 Hz HIP + HT/Machined surface [397] 
HIP + HT/AB surface 
HT/machined surface 
HT/AB surface 

LPBF IN718  Fatigue test at RT 0 10 Hz Unnotched [393] 
Semi-circular notch 

(continued on next page) 

S. Sanchez et al.                                                                                                                                                                                                                                

astm:E606
astm:E647
astm:E466
astm:E466
astm:E647
astm:E647
astm:E649
astm:E466
astm:E647
astm:E466
astm:E466


International Journal of Machine Tools and Manufacture 165 (2021) 103729

67

Table 11 (continued ) 

Technique Material Standard Test condition Load 
ratio (R) 

Frequency Sample condition Ref 

v-shaped notch with notch radius 
equal to 1 mm 
v-shaped notch with notch radius 
equal to radius 0.1 mm 

LPBF IN718  Fatigue test at RT 0 10 Hz Unnotched [394] 
Semi-circular 
V-shaped notch 

LPBF IN718  Fatigue test at RT 0.1 30 Hz AB [322] 
SA 
HA 
HSA 

LPBF IN718 ASTM E466 Fatigue test at RT, with maximum stress 900 MPa 0.1 20 Hz Scan strategy-controlled group [398] 
Processing parameters-controlled 
group 

LPBF IN718 ASTM E647 N-type Fatigue test at 550 ◦C and 2160 s dwell time 0.05 10 Hz STA/Homogenisation + DA/ 
Homogenisation + STA 

[400] 
P-type Fatigue test at 550 ◦C and 2160 s dwell time   

LPBF IN718 ASTM E647 Fatigue test at 550 ◦C and 2160 s dwell time 0.05 10 Hz 1h Homogenisation/48h 
Homogenisation 

[426] 

LPBF IN718  Fatigue test at RT − 1  Homogenisation + STA (AMS 5663) [337] 
LPBF IN718  Fatigue test at RT 0.1 10 Hz Specimens built at 0◦, 45◦ and 90◦ [401] 
LPBF IN718  Fatigue test at RT − 1  Homogenisation + STA 

Specimen built at 0◦ and 90◦

[327] 

LPBF IN718  Fatigue limit (105 cycles) test  20 Hz Dry machining [373] 
Emulsion machining 

LPBF IN718 ASTM 
E606/E606 
M 
And ASTM 
E739 

Strain controlled at RT until 43200 cycles Varied 0.5 Hz Specimens built at 0◦, 45◦ and 90◦

AB/DA/SA 
[445] 

LPBF IN718  Fatigue Crack Growth at RT and 650 ◦C 0.1 2 Hz Specimens built at 0◦ and 90◦ and HT [425] 
LPBF IN718  Incremental step Fatigue test at RT − 1  Specimens built at 0◦, 45◦ and 90◦

Different support structures 
Different surface preparation 
(mechanical or electromechanical 
polishing) 

[402] 

LPBF IN718  Fatigue Limit (107 cycles) test at RT − 1 10 Mechanically polished/HIP + HT [446] 
LPBF IN718  Stress controlled fatigue test at 650 ◦C 0.1 1 Various surface conditions [423] 
LPBF IN939  Low-cycle fatigue at RT and 750 ◦C, total strain 

amplitude 0.5%, strain rate 6 × 10− 3 
− 1  AB/SA [253] 

LPBF K536 ASTM E466 Tested at 400 ◦C 0.1 100 Hz SR/built in 0◦ [319] 
SR/built in 90◦

Tested at 600 ◦C SR/built in 0◦

SR/built in 90◦

LPBF K536  Stress controlled at 400 ◦C and 600 ◦C 0.1 100 Hz Specimens built at 0◦ and 90◦ [319] 
EBM IN718  Constant amplitude Fatigue Limit (106 cycles) test at 

RT 
− 1 10 AB/Polished [422] 

EBM IN718  Four-point bending fatigue test at RT 0.1 20 Hz HIP + HT/Machined surface [397] 
HIP + HT/AB surface 
HT/machined surface 
HT/AB surface 

EBM IN718 ASTM E647 Fatigue test at 550 ◦C and 2160 s dwell time 0.05 10 Hz 1h Homogenisation/48h 
Homogenisation 

[426] 

EBM IN718 ASTM E606 Low cycle fatigue at 650 ◦C − 1 0.5 Hz Specimens were built in the 0◦ and 
90◦ direction. AB/HIP + SA 

[296] 

EBM IN718  Four-point bending fatigue test at room temperature 0.1 20 Hz STA + HIP/AB surface/cross-section 
10 × 10 mm2 (with contour) 

[321] 

STA + HIP/machined surface/cross- 
section 10 × 10 mm2 (with contour) 
STA + HIP/machined surface/cross- 
section 6 × 6 mm2 (without contour) 
STA/AB surface/cross-section 10 ×
10 mm2 (with contour) 
STA/machined surface/cross-section 
10 × 10 mm2 (with contour) 
STA/machined surface/cross-section 
6 × 6 mm2 (without contour)  
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Appendix E. Creep properties of PBF Nickel-based superalloys  

Table 12 
Summary of creep properties of PBF Nickel-based superalloys (’~’ indicates that the data was obtained from the bar chart).  

Technique Material Standard Test condition Sample condition Ref 

LPBF CM247LC  Small Punch creep test at 950 ◦C and 150 N HIP + STA [412] 
LPBF C263  Small punch testing, tested at 780 ◦C Specimens are built in 0◦ and 90◦. Solution (1150 ◦C) 

+ ageing, Solution (1275 ◦C) + ageing 
[410] 

LPBF Hastelloy X  Creep test at 815 ◦C Specimens are built in 0◦, 45◦ and 90◦ [384] 
LPBF IN718  Creep test under the constant compressive stress of 725 MPa at 

630 ◦C 
DA & SA [275] 

LPBF IN718  Creep test under the constant compressive stress of 900 MPa at 
630 ◦C. Stress-change tests were performed at stresses between 900 
and 1100 MPa. The load was step-wise increased by 50 MPa. 

DA, solution at 930 ◦C + ageing, solution at 1000 ◦C 
+ ageing 

[190] 

LPBF IN718 ISO 204 Creep test at 700 ◦C, stress range from 250 to 375 MPa Specimens are built in 0◦ and 90◦. SR, SR + solution 
(980 ◦C) + ageing, SR + solution (1065 ◦C) + ageing 

[405] 

LPBF IN718  Creep test at 650 ◦C and 550 MPa AB, SA [250] 
LPBF IN718  Creep test at 650 ◦C and 550 MPa Specimens are built in 0◦ and 90◦. AB, SA, DA [406] 
LPBF IN718  Creep test at 650 ◦C and 650 MPa AB, 2 bar specimens [75] 
LPBF IN718 ASTM 

E139 
Creep test at 650 ◦C and 690 MPa AB, SA, functionally graded built [388] 

LPBF IN718  Creep test at 650 ◦C and 650 MPa AB, HSA, CNC/WEDM machined, 2 bar specimens [407] 
LPBF IN718  Creep test at 650 ◦C and 550 MPa AB [408] 

Solution @ 980 ◦C for 1 h + ageing 
Solution @ 1045 ◦C for 1 h + ageing 
Solution @ 1065 ◦C for 1 h + ageing 
Solution @ 1120 ◦C for 1 h + ageing 
Solution @ 1180 ◦C for 1 h + ageing 
Solution @ 1180 ◦C for 4 h + ageing 
HIP 
HIP + ageing 

LPBF IN718  Small punch testing, creep test at 650 ◦C and 600 N Forged-N: loading direction parallel to the forging 
direction 
Forged-P: loading direction perpendicular to the 
forging direction 
Casted 
LPBF specimen: Loading direction parallel to the 
build direction 

[411] 

LPBF IN718 ASTM 
E139 

650 ◦C and 620 MPa 1 different STA [326] 

LPBF IN718 CEN 
15627 

Small Punch creep test at 650 ◦C and 400 N Specimens built at 0◦ or 90◦ and STA or 
Homogenisation + Ageing 

[430] 

LPBF IN718 ASTM 
E139 

650 ◦C and 600 MPa Specimens built at 0◦, 90◦ and 45◦

AB/STA 
Meander/Stripe strategy 

[414] 

LPBF IN718 ASTM 
E139 

650 ◦C and 600 MPa Specimens built at 0◦, 90◦ and 45◦ + STA 
Single or Muli-laser 

[415] 

LPBF IN738LC ISO 204 The creep machine used was a Unisteel multipoint machine with a 
load capacity of 30 kN and a 20:1 lever ratio. Creep test at 850 ◦C. 

Specimens are built in 0◦ and 90◦ [249] 

LPBF IN738LC ISO204 Creep test at 850 ◦C. A similar procedure respect to [249] Specimens are built in 0◦ and 90◦ [251] 
LPBF nickel-based 

superalloy  
Creep test at 650 ◦C and 550 MPa Specimens built in 90◦/solution and aging treatment 

(980 ◦C/1 h/AC+718 ◦C/8 h/FC+621 ◦C/10 h/AC) 
[413] 

Specimens built in 90◦/Yttrium addition/solution 
and aging treatment (980 ◦C/1 h/AC+718 ◦C/8 h/FC 
+ 621 ◦C/10 h/AC) 
Specimens built in 90◦/Yttrium addition/direct aging 
treatment (718 ◦C/8 h/FC + 621 ◦C/10 h/AC) 
Specimens built in 0◦/direct aging treatment (718 ◦C/ 
8 h/FC + 621 ◦C/10 h/AC) 
Specimens built in 0◦/Yttrium addition/direct aging 
treatment (718 ◦C/8 h/FC + 621 ◦C/10 h/AC) 

EBM IN718  Compression + Tension creep test at 800 ◦C. Load increased 
stepwise in a compression test 

SA, Specimens are built in 0◦ and 90◦. [295] 

EBM IN718 ASTM 
E319 

Creep test at 580 MPa and 600 MPa, at 650 ◦C Specimens are built in 0◦ and 90◦ with point net fill 
scan strategy and standard melt fill scan strategy, 
post-treated with HIP + STA 

[409]  

Appendix F. Sample preparation 

A summary of commonly used etchants for PBF manufactured nickel-based superalloys in literature is given in Table 13.  
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Table 13 
Commonly used etchants for PBF manufactured nickel-based superalloys in literature.  

Alloys Chemical etching Electrolytic etching 

IN718  • Marble’s reagent (10 g CuSO4, 50 ml HCl and 50 ml H2O) and 5% 
nitric acid in alcohol [173].  

• HNO3, CH3COOH and HCl in a ratio of 1:1:1 [132,183,297,447].  
• Glyceregia reagent (15 ml HCl, 10 ml glycerol and 5 ml HNO3) [67, 

95,281,388].  
• Kalling’s reagent No. 2 (40 ml HCl, 2 g CuCl2 and 40 ml ethanol/ 

methano) [67,165,216,220,385,389,390].  
• H2O2 (1.5–3 ml) and HCl (10 ml) for 10 s [65,228,229,289,344,345, 

387,448].  
• 25 ml H2O + 45 ml HCl + 15 ml HNO3 + 15 ml HF [70].  
• Beraha III (colour etching) and Kalling No. 2 (micro-etching) [72, 

172].  
• Dilute aqua regia solution (HNO3 and HCl in a proportion of 1:3) 

[59,259,283].  
• 5 g FeCl3, 100 ml HCl acid, and 100 ml ethanol [262].  
• 30 ml HCl + 5g FeCl3 at RT [286].  
• 20 ml HCl, 20 ml HNO3 and 1 g CuCl2 [278].  

• Etch in 10% oxalic acid for 5–10 s [73–75].  
• Etch in a mixture of 70 ml of phosphoric acid and 30 ml of water at RT, using 5 V and last 

for 5–120 s at RT [76,77].  
• Etch in a solution of 12 ml H3PO4 + 40 ml HNO3 + 48 ml H2SO4 at 6 V for 5 s [78].  
• Etch in a solution of 50 ml lactic acid, 3 g oxalic acid and 150 ml hydrochloric acid for 

10–20 s at a voltage of 2 V (DC) [79].  
• Etch in a solution of 50 ml hydroxypropionic acid, 150 ml HCl acid, and 3 g oxalic acid 

with a constant current of 2 V for a few seconds [80]. 

IN625  • Etch with aqua regia solution (HNO3 and HCl in a proportion of 1:3) 
for 10–60 s [449,450].  

• Lactic acid-HCl mixture [451].  
• Etch with Kalling’s No.2 etchant for 1–2 s [452].  
• Etch in 10 ml HNO3, 10 ml HCl and 15 ml CH3COOH for 30 s [348].  
• Kalling’s No.2 reagent (5 g CuCl2 in 100 ml HCl and 100 ml 

CH3CH2OH) for about 2 min [353].  
• Etch with 15 ml HCl, 10 ml CH3COOH and 10 ml HNO3 for 15 s 

[353].  
• 45 ml HCl, 2.2 ml HNO3, 2.5 ml H2SO4 and 0.5 ml HF [318].  
• 5 ml HNO3, 10 ml HCl, and 300 ml water for about 1s [453].  

• Etch in 7.5% oxalic acid for approx. 10 s [454].  
• Etch in a solution of 70 ml phosphoric acid and 30 ml H2O using 1–5 V for 5 s–2 min at RT 

[264,266,269,292]. 

Hastelloy 
X  

• 30 ml HCl, 20 ml CH3COOH and 20 ml HNO3 [117,179].  
• Kalling’s No.2 reagent (5 g CuCl2 in 100 ml HCl and 100 ml 

CH3CH2OH) [147].  

• Etch in a solution of 10 g oxalic acid in 100 ml of water at 6 V over 8 s [284,455]. 

IN939   • Etch in HF at 3 V for 3–5 s [456]. 
IN738LC  • Molybdic acid (0.5 g MoO3, 200 ml H2O, 50 ml HCl and 50 ml 

HNO3) at 40 ◦C [457].  
• Adler reagent (50 ml H2O, 100 ml HCl, 30 g FeCl3, 6 g (NH4)2 

[CuCl4]2) for few seconds [249,251].  

• Etch with 10% H2PO4 [119].  
• Etch in a solution of 10 vol % oxalic acid with 6 V and 0.4 A for 26 s [58]. 

CMSX-4  • V2A etchant at 338 K–343 K (65–70 ◦C) [458].  
• Marble’s reagent (50 ml HCl, 50 ml H2O and 10.0 g CuSO4) [459].  

CM247LC  • Kalling’s No. 2 reagent (5 g CuCl2, 100 ml HCl, and 100 ml ethanol) 
[38].  

• Etch for 3–5 s in Kalling’s reagent (5 g CuCl2 +100 ml HCl +100 ml 
distilled water) [184,460].   
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[226] E. Kundakcıoğlu, I. Lazoglu, Ö. Poyraz, E. Yasa, N. Cizicioğlu, "Thermal and 
molten pool model in selective laser melting process of Inconel 625, The 
International Journal of Advanced Manufacturing Technology, journal article 95 
(9) (2018) 3977–3984. 
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[261] T. Trosch, J. Strößner, R. Völkl, U. Glatzel, "Microstructure and mechanical 
properties of selective laser melted Inconel 718 compared to forging and casting, 
Mater. Lett. 164 (2016) 428–431. 

[262] Y. Wang, J. Shi, S. Lu, Y. Wang, "Selective laser melting of graphene-reinforced 
inconel 718 superalloy: evaluation of microstructure and tensile performance, 
J. Manuf. Sci. Eng. 139 (4) (2016), 041005–041005-6. 

[263] A. Kreitcberg, V. Brailovski, S. Turenne, "Elevated temperature mechanical 
behavior of IN625 alloy processed by laser powder-bed fusion, Mater. Sci. Eng., A 
700 (2017) 540–553. 

[264] Krista Amato, et al., "Comparison of microstructures and properties for a Ni-base 
superalloy (alloy 625) fabricated by electron beam melting, J. Mater. Sci. Res. 1 
(2) (2012) 3–41. 

[265] Y. Zhou, X. Zhou, Q. Teng, Q.S. Wei, Y.S. Shi, Investigation on the scan strategy 
and property of 316L stainless steel-Inconel 718 functionally graded materials 
fabricated by selective laser melting, in: In the 26th Solid Freeform Fabrication 
Symposium, Austin, USA, 2015, pp. 700–707. 

[266] P. Wang, et al., "Microstructural characteristics and mechanical properties of 
carbon nanotube reinforced Inconel 625 parts fabricated by selective laser 
melting, Mater. Des. 112 (2016) 290–299. 

[267] F. Geiger, K. Kunze, T. Etter, "Tailoring the texture of IN738LC processed by 
selective laser melting (SLM) by specific scanning strategies, Mater. Sci. Eng., A 
661 (2016) 240–246. 
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