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Abstract
Inconel 718 is a popular superalloy with high strength and corrosion-resistance properties that make it widely used in aero-
space and nuclear industries. The conventional production of Inconel 718 powder feedstock involves a considerable amount 
of energy consumption and greenhouse gas emissions. This study investigates the feasibility of using atomized metallic 
scrap to produce Inconel 718 powder feedstock, as a more sustainable alternative. Life cycle assessments showed that this 
approach reduces carbon footprint and energy consumption by more than 90% compared to conventional production meth-
ods. The study also carried out comparative microstructural, static and fatigue analyses to address concerns about potential 
impurities in the secondary-source powder feedstock. The results indicate that this secondary-source powder feedstock can 
achieve properties comparable to those of conventionally processed powders, with negligible loss in ductility and fatigue 
strength, without requiring ad-hoc tuning of the LPBF process parameters. Overall, the findings suggest that using Inconel 
718 powder feedstock produced from secondary sources can be a promising and sustainable alternative to conventional 
production methods.

Keywords  Circular economy · Secondary raw materials · Inconel 718 · Laser powder bed fusion · Fatigue · Tensile 
properties

1  Introduction

According to recent trends in the manufacturing process, 
components made of conventional metals such as steel and 
aluminum exhibit scrap percentages of approximately 15% 
to 20%, while those made of titanium and nickel alloys, com-
monly used in the aerospace and energy sectors, show scrap 
percentages of approximately 40% to 50% [1]. Consequently, 
reducing scrap production and reusing any inevitable scrap, 
particularly in the case of alloys containing critical raw 
materials such as Ti and Ni, is of paramount importance.

With the development of regulations, the traditional lin-
ear economy of the manufacturing process is being replaced 
by a circular economy that emphasizes recycling and reuse. 
The two primary contributors to recycling and reuse in the 
metallic industry are the actual product at the end of its life 
and the metallic waste/scrap generated during subtractive 
manufacturing processes. Additive manufacturing, being a 
near net shape technology, is an effective route to reduce 
this second source of waste. Virgin powders for the addi-
tive manufacturing process are produced using atomization 
techniques to obtain spherical powder particles from pri-
mary metallic billets. However, there is increasing interest 
in producing powder feedstock from secondary resources 
by subjecting metallic waste to gas, plasma, and water 
atomization or mechanical milling [2–4]. Some life cycle 
assessment (LCA) studies have demonstrated that produc-
ing powder feedstock through scrap atomization leads to a 
more sustainable AM process with a reduction in cost and 
carbon footprint [5].

Despite the undeniable advantages of using recycled 
powders from an environmental and raw material supply 
standpoint, the industry still harbors mistrust regarding 
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the widespread use of such powders in critically loaded 
mechanical components. There is a need for solid answers 
and guidance regarding this matter. The accumulation of 
impurities in metal powders used in additive manufacturing 
is a significant concern as it can render them unsuitable for 
direct use, necessitating costly and time-consuming purifi-
cation processes. Metal scrap can come into direct contact 
with machine tools, oil, reactive gases, moisture, improper 
disposal, and incorrect sorting, all of which can alter the 
powder’s chemical composition and/or adversely affect its 
performance. Traceability is crucial during the recycling 
process, particularly in industries such as aerospace and bio-
medical, where quality control and standardization are criti-
cal. This is necessary to monitor the potential contamination 
level of the feedstock. Powder flowability is another concern, 
as it depends on chemical composition, powder morphol-
ogy and size distribution that can be different in recycled 
powders with respect to conventional ones [6, 7]. To this 
regard, a sort of deterioration in mechanical properties was 
observed when employing recycled powder in additive man-
ufacturing processes [8–10]. Recently, Tupac-Yupanqui and 
Armani [11] fabricated laboratory samples of Inconel 718 
using metal additive manufacturing, employing a powder 
feedstock derived from the recycling and melting of used 
parts. While their study did not detect any deterioration in 
quasi-static mechanical properties, they did not investigate 
fatigue properties, which are typically more susceptible to 
the effects of potential contaminations.

The objective of this study is to evaluate the challenges 
associated with utilizing powder feedstocks sourced from 
secondary materials in the production of Inconel 718 alloy. 
To achieve this, we conducted a comparative analysis 

between conventionally processed powder and an innovative 
powder generated through the atomization of metallic scrap. 
In Sect. 2, we will outline the methodologies employed for 
the fabrication and characterization of these powder feed-
stocks, considering both their environmental and mechanical 
aspects. Section 3 will present the outcomes of a compre-
hensive Life Cycle Assessment (LCA) analysis, highlighting 
the environmental and energy-related advantages offered by 
the latter powder source. In addition, we will present the 
results of static and fatigue characterizations carried out 
on laboratory samples manufactured through laser powder 
bed fusion (LPBF) using both types of powder feedstocks. 
Finally, in Sect. 4, we will provide concluding remarks and 
offer insights into potential avenues for future research in 
this field.

2 � Materials and experimental procedures

Figure 1 schematically illustrates the main steps involved 
in a conventional (Fig. 1a) and new (Fig. 1b) production 
process of Inconel 718 powder feedstock. The new process 
(hereinafter denoted as “Atomized scrap (AS)”) involves 
different pretreatments for bulky scrap and exhausted pow-
der, respectively, and all the scrap metal is obtained burden-
free from its source. The bulky scrap fraction is properly 
selected, and its geometry and composition optimized to 
guarantee an adequate quality level of the feedstock pro-
duced. Specifically, 75% of the bulky scrap must be cut due 
to the limitations of the atomizer’s crucible, followed by an 
intensive cleaning process in an ultrasonic cleaning machine 
with the addition of a cleaning agent. The scrap contains 

Fig. 1   AM powder production process. a Innovative from atomized scrap, b conventional
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12.5 wt. % of powders from two sources, including the 
recirculated powder from the sieve and an external source 
of exhausted powder. This second group can also include 
powders recovered from the additive manufacturing (AM) 
production, i.e., the powders that are non-sintered/melted 
and left in the AM chamber. Atomization is then performed 
by vacuum induction-melting inert gas atomization (VIGA) 
technology.

In contrast, the conventional process (CP) depicted in 
Fig. 1a involves Inconel production as the first step, fol-
lowed by rolling to produce bars, cutting of the bars to the 
proper dimensions required by the atomizer, atomization, 
sieving, and packing. In the first process, there is a 12% loss 
of material in the sieving unit and a 3% loss in the atomizer. 
In the present work, CP powder of Inconel 718–0405 alloy 
was produced by VIGA and supplied by Renishaw, featuring 
a chemical composition compliant with the ASTM F3055 
standard.

To evaluate the environmental impact of the two pow-
der production routes shown in Fig. 1a and b, we used two 
methods: the Environmental Product Declaration (EPD) 
2018 [12] and the Cumulative Energy Demand (CED) [13]. 
The EPD is a standardized instrument based on the quan-
tification of the environmental impacts associated with the 
product throughout its life cycle. Based on a comprehensive 
LCA analysis (cradle-to-grave), EPDs include information 
on environmental performance at every stage of the life 
cycle, from raw material acquisition to the use of energy 
and material resources. In Europe, all EPDs must conform 
to European standard EN 15804 EPD, and all EPDs report 
the same list of environmental impact indicators, making 
it easy to compare multiple products. The 25 indicators 
are grouped by Environmental Impact, Resource use, and 
Output flows and waste categories. The CED method (also 
called “primary energy consumption”) represents the direct 
and indirect energy use throughout the life cycle, including 
the energy consumed during the extraction, manufacturing, 
and disposal of the raw and auxiliary materials. It is fre-
quently used as a screening impact indicator.

To evaluate the mechanical performances, laboratory 
specimens were produced using a Concept Laser Mlab Cus-
ing, characterized by a 100 W laser and a 50 μm focal diam-
eter, installed in the laboratory of ProM facility (Rovereto, 
Italy). The laser beam modulation parameters were set to 
have a continuous wave emission. Specifically, cylindrical 
bars (10 mm diameter) were built in an Ar protective atmos-
phere along the vertical direction, namely with the longitu-
dinal direction orthogonal to the building platform.

The process parameters were the same for both powder 
feedstocks and are listed in Table 1 (where P is the laser 
power, v the scanning speed, h the hatch distance, and t the 
layer thickness) and were set according to an optimization 
strategy internally carried out by ProM on conventional 

powder feedstocks. This strategy included a Design of 
Experiments (DOE) approach, wherein 12 cubic samples 
were produced under the same laser power setting (P = 90 
W). This DOE exploration encompassed three different laser 
scan speeds (v) at 600, 750, and 900 mm/s, along with four 
hatch distances (h) at 55, 66, 77, and 88 μm. The optimal 
parameter set listed in Table 1 led to the highest relative 
density, which was measured with the Archimedes’ method 
equal to 99.8%.

Table 1 reports also the energy density Ed expressed by 
[14]

Interestingly, the energy density resulting from the opti-
mized process parameters set turned out to lie in the safe 
region not affected by keyhole and lack of fusion according 
to the investigations done in [14]. Similar optimal Ed values, 
exceeding 60 J/mm3, were also reported in [11].

The printed cylindrical bars were subjected to an aging 
heat treatment according to AMS 5663 standard [15]. The 
rationale behind this choice was to investigate the possible 
effect of impurities in the AS powder feedstock in the most 
unfavorable conditions possible, viz. under aged microstruc-
tural conditions that lead to high tensile properties accom-
panied by a remarkable ductility loss with respect to the 
as-built condition [14]. Specifically, the heat treatment is 
composed of solution treatment (980 °C, 1 h) followed by 
a furnace forced cooling to 50 °C at 100 °C/and a double 
aging (720 °C, 8 h; furnace cooling at 55 °C/h to 620 °C, 
8 h/air cooling).

After heat treatment, the cylindrical bars were turned 
to fabricate dog-bone specimens for quasi-static tensile 
(Fig. 2a) and axial fatigue tests (Fig. 2b), respectively. The 
formers have a gauge diameter of 4 mm and are compli-
ant with the ASTM E8-16 standard. The latter have been 
designed according to ASTM E466 standard and feature a 
uniform 4 mm diameter along the gauge length. In this way, 
a significant amount of material is critically stressed, so that 
the impact of microstructure and defectiveness on the fatigue 
behavior can be captured more effectively compared to com-
mon hourglass specimens [16]. The surface roughness was 
measured using a contact profilometer having a stylus with 
tip radius of 2 μm. A cutoff distance of 2.5 mm along the 

(1)Ed =
P

v ∙ h ∙ t

Table 1   Process parameters of the LPBF adopted for CP and AS 
powder feedstocks

Laser 
power, P 
(W)

Scan 
speed, v 
(mm/s)

Hatch 
distance, 
h (μm)

Layer 
thickness, 
t (μm)

Energy 
density, 
Ed (J/
mm3)

Scanning 
strategy

90 750 77 25 62.3 Meander



1846	 Progress in Additive Manufacturing (2023) 9:1843–1856

specimens’ longitudinal direction was selected according to 
ISO standard 4288:1998. The results are listed in Table 2. 
The surface finish was comparable for samples manufactured 
using both powders and is sufficiently smooth to rule out any 
significant impact on the quasi-static and fatigue properties 
of the samples, which is rather dictated by internal defective-
ness, as discussed in the following.

Monotonic tensile tests (initial strain rate of 1 × 10−4 s−1) 
were performed at room temperature (25 °C, 60% relative 
humidity) using a servo-hydraulic universal testing machine 
INSTRON 1343 equipped with hydraulic grips, a load cell 
of 100 kN (non- linearity ± 0.1% of rated output R.O.) and 
an axial extensometer (10  mm gage length, nonlinear-
ity ± 0.15% of R.O.). Five tests were replicated for each 
experimental condition. The yield strength was determined 
as the 0.2% offset yield stress.

To evaluate the high-cycle-fatigue (HCF) behavior, axial 
fatigue tests were conducted in laboratory environment using 
a resonant testing machine Rumul Mikrotron 20 kN operat-
ing at a nominal frequency of 150 Hz under load control and 
stress ratio R = 0.1. Tests were carried out at different stress 
amplitudes to explore fatigue lives comprised between 105 and 
3 × 107 cycles. The S–N curve for each experimental condition 

was obtained from 15 samples. Run-out tests were terminated 
at 3 × 107 cycles when no facture took place.

The S–N curve were fitted by the following power-law 
equation enriched with a constant term to better represent their 
asymptotic behavior [17]:

The scatter of the fatigue data was assessed by computing 
the estimated regression variance assumed to be uniform for 
the whole fatigue life range and expressed by

where �a,i is the i-th fatigue amplitude data point, �̂a,i is its 
estimator, n is the number of data elements, and p is the 
number of parameters in the regression (p = 3).

Metallographic samples were prepared according to the 
standard procedure (hot mounting in resin, grinding and pol-
ishing). Etching was performed with Kalling 2 reagent (100 ml 
Ethanol, 100 ml HCl, 5 g CuCl2), applied for 30 s. To examine 
the microstructure of both the tensile and fatigue samples in 
the cross-section perpendicular to the building direction, opti-
cal microscopy was employed using a Zeiss Axiophot micro-
scope. Furthermore, scanning electron microscopy (SEM) was 
conducted using a Jeol IT 300 electron microscope equipped 
with an energy-dispersive X-ray spectroscopy (EDXS) system. 
The SEM analysis also extended to the fracture surfaces of 
both the tensile and fatigue samples. Unetched metallographic 
sections were prepared specifically for characterizing the 
morphology of pores using Image Analysis software, namely 
Image J. The analysis of porosity involved examining various 
transversal sections to obtain a statistically significant number 
of pores, amounting to approximately 500. Pore shape factor 
fs was evaluated according to this formula:

where A and P are the pore area and perimeter, respectively. 
fs = 1 corresponds to a perfectly circular shape.

The SEM fractographic analyses done on all the fatigued 
specimens were used to reanalyze the SN fatigue data accord-
ing to a fracture mechanics approach. Specifically, the stress 
intensity factor range (∆K) for each killer pore was assessed 
using the following formula [18]:

where Y is the shape factor (Y = 0.50 for internal defects 
and Y = 0.65 for surface defects [18, 19]) and Δ� = 2�a is 

(2)�a = c1 +
c2

N
c3
f

(3)S2 =

∑n

i=1

�

�a,i − �̂a,i

�2

n − p

(4)fs =
4�A

P2

(5)ΔK = Y ∙ Δ� ∙

�

�
√

area

Fig. 2   Specimens geometry. a Quasi-static tests, b axial fatigue tests. 
Dimensions in mm

Table 2   Surface roughness measurement. Average and standard devi-
ation based on three replicated measures

Powder 
feedstock

Ra (µm) RzISO (µm) Rt (µm) Rq (µm)

CP 0.5 ± 0.1 3.5 ± 0.6 4.5 ± 0.7 0.7 ± 0.1
AS 0.6 ± 0.1 3.4 ± 0.1 4.3 ± 0.4 0.7 ± 0.0
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the stress range at which the fatigue specimen was tested. A 
Basquin power-law has been used to fit the ∆K vs Nf data:

The standard deviation was assessed using a formula 
similar to Eq. (3).

Microhardness measurements were carried out on metal-
lographic surfaces with the help of a Vickers micro-indenter, 
by applying a load of 25 gr (HV0.025). Ten measurements 
for each sample were averaged.

The obtained static and fatigue results were compared 
with those obtained under similar testing conditions 
(machined surfaces, aged microstructure) using a Renishaw 
RenAM 500S Flex LPBF printing machine operating at the 
University of Pisa (Italy) with process parameters tuned 
in [14] resulting in an energy density Ed = 57.6  J/mm3, 
thus very similar to that adopted in the present work. The 
specimens present a gauge diameter of 6 mm and surface 
roughness similar to the CP and AS samples. The static and 
fatigue testing strategy was the same as that described in 
[14]. This material variant will be denoted in the following 
as Control Batch (CB).

3 � Results and discussion

3.1 � Life cycle assessment

Figure 3 compares the environmental impacts of the two 
powder production routes. Importantly, the new pro-
cess (AS) has lower impacts for all the impact categories 

(6)ΔK =
k1

N
k2
f

Fig. 3   Relative results of the comparative analysis of conventional 
(CP) and innovative process (AS). a EPD 2018 method, b CED 
method

Table 3   Chemical composition 
(oxygen included) of the two 
powders

Element CP AS
%wt %wt

O 0.011 0.009
Ni 54.9 54.5
Cr 18.2 18.6
Cu 0.01 0.05
Nb 4.80 4.95
Mo 2.95 3.03
Ti 0.93 0.93
Al 0.44 0.45
Co 0.12 0.05
C 0.05 0.03
Mn 0.01 0.09
Si  < 0.05 0.11
P 0.010 0.007
S 0.003  < 0.003
Fe 17.2 17.1
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considered, both for the evaluations using the EPD 2018 
(Fig. 3a) and the CED (Fig. 3b) methods, respectively. In 
particular, the results of LCA with the EPD 2018 method 
for the conventional process show that the main impact is 
due to Inconel production, followed by atomization. In the 
global warming category, the impact is reduced by 92.85% 
by replacing the conventional process with the new one. The 
main reason for this reduction is the elimination of Inconel 
billets production and the use of just scrap Inconel instead of 
them. The results obtained from the CED method (Fig. 3b) 
show analogously that Inconel production is the dominant 
hotspot, along with a relevant contribution from atomization 
in the categories “Non-renewable, nuclear” and “Renewable, 
wind, solar, geothermal”.

The AS process has significantly reduced the environ-
mental impact parameters compared to CP. This is mainly 

due to the utilization of metallic scrap instead of virgin mate-
rial bars, which directly benefits the reduction of emissions 
throughout the entire production process. This outcome is 
quite challenging from a circular economy perspective. The 
metallic waste used as raw materials in the new produc-
tion process would have had a much greater environmental 
impact if they had not been collected, sorted, and reused. 
One of the most significant impact indices of the new process 
is its global warming category. The environmental impact of 
producing 10 kg of powder using the new process results in 
10.86 kg CO2eq. In addition, the energy demand of the new 
process falls under the “Non-renewable, fossil” category, 
with a production burden of 129.68 MJ per 10 kg of powder 
produced. In comparison, the conventional process results in 
much higher CO2eq and embodied energy values. For 10 kg 
of powder produced, the CO2eq and embodied energy values 

Fig. 4   Powder morphology (a 
atomized scrap, b conventional 
process) and size distribution 
(c)
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for the categories “Global warming” and “Non-renewable, 
fossil” are 151.91 kg CO2eq and 1991.33 MJ, respectively. 
It is evident that the production of new powder by recycling 
general scrap and wasted powders after one or more AM 
cycles requires significantly less energy than fabricating 
powder from raw materials. The embodied energy is reduced 
since the most expensive primary production step, which is 
the production of the alloy from raw materials, is not neces-
sary. In addition, the reduction in CO2 emissions provides a 
significant advantage for sustainability.

3.2 � Powders chemical composition and morphology

The chemical composition of both powder feedstocks, as 
determined according to the standard ASTM E1019-18/
ASTM E2594-20, is presented in Table 3. Specifically, the 
oxygen content reported in the first line of the table was 

determined using the Oxygen Analyzer Eltra Elementrac 
ONH. Remarkably, both powders exhibit a very low oxygen 
content, which is nearly equivalent and significantly below 
the required quality specification content outlined in the 
ASTM F3055 standard (O < 0.03%wt.). This remarkably low 
oxidation level of the powders minimizes issue s during the 
deposition process, such as gas porosity, and ensures supe-
rior metallurgical quality in the produced samples. Conse-
quently, the manufactured samples exhibit enhanced tough-
ness and ductility [20–22]. It is worth noting that excessive 
uptake of oxygen (O2) has been identified as a restricting 
factor for the recyclability of powders in the LPBF process.

Figure 4a and b illustrates the morphology of powders 
CP and AS, respectively, and also displays their particle size 
distribution, which was determined through Sieve Analy-
sis (Fig. 4c). Both powders exhibit a spherical morphol-
ogy characteristic of gas atomization, with smooth particle 

Fig. 5   a, b Light optical micro-
graphs of the microstructure 
on transversal cross-section 
(“B.D.” denotes the build-
ing direction). c, d SEM 
micrograph showing the fine 
dispersion of precipitates. (e, 
f) Transversal cross-section 
showing internal porosity. 
(a–c–e) atomized scrap, (b–d–f) 
conventional process
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surfaces. Some satellites and irregularly shaped particles 
are observable in both powder feedstocks. The particle size 
distribution of AS powder is larger compared to CP powder, 

with a significantly higher proportion of particles falling 
within the 45–100 μm range (22%wt. versus 2.1%wt.).

3.3 � Microstructure and defectiveness

Figure 5a and b displays the cross-sectional microstructures 
of CP and AS tensile samples, with “B.D.” denoting the 
building direction. These images reveal that the fundamental 
microstructural characteristics of the alloy, such as grain size 
and shape, remain unaffected by the choice of powder. Both 
alloys exhibit similar features, characterized by anisotropic 
grains with larger dimensions parallel to the build direction, 
as well as the presence of some twinned grains.

Further SEM analysis in both cases unveils a fine distri-
bution of precipitates, as depicted in Fig. 5c and d. Accord-
ing to investigations documented in existing literature, 
three primary types of precipitates are typically recognized: 
δ-Ni3Nb, situated at the grain boundaries; very fine cubic 
γ′-Ni3Al and Ni3Ti; and fine plate-like γ″-Ni3Nb, coher-
ently dispersed within the grains [23–27]. In addition, as 
indicated by such research findings, it is possible that Laves 
phases (Ni, Fe, Cr)2(Nb, Mo, Ti) and carbides (Nb, Ti)C, 
initially present at the grain boundaries, dissolve after the 
solution + aging treatment. The aim of this precipitation 
hardening process is to maximize the formation of reinforc-
ing γ′ and γ″ phases, which are coherently dispersed within 
the austenitic matrix, while simultaneously minimizing the 
presence of δ and Laves phases at the grain boundaries. This 
strategic approach is adopted to enhance material toughness, 
as the existence of δ and Laves phases can have a detrimen-
tal effect, potentially leading to intergranular fracture.

Another characteristic feature observed in the micro-
structure of powder-based AM Inconel 718 is the presence 
of porosity. Figure 5e and f presents the unetched sections 
of CP and AS tensile samples, revealing the presence of 
circular-shaped pores. These pores typically originate from 
entrapped gas during the molten metal stage. Notably, there 
is no discernible difference in the quantity, size, or shape of 
the pores between the two materials. To gain further insights 
into the pore size and shape distribution, the porosity was 
evaluated through image analysis of metallographic cross-
sections. Figure 6a plots the shape factor fs as a function of 

(a)

(b)

Fig. 6   Porosity characterization from image analysis of transversal 
cross-sections. a Shape factor vs. defect size. b Cumulative probabil-
ity distributions of defect size

Table 4   Monotonic tensile 
properties and hardness based 
on four replicated tests per 
material variant

Note: Standard error corresponds to 1σ uncertainty band
E Young’s modulus; σU, ultimate tensile strength; σY, 0.2% yield stress; T.E. total elongation; U.E. uniform 
elongation

Powder feed-
stock

E (GPa) σY (MPa) σU (MPa) T.E. (%) U.E. (%) HV0.1

CP 178 ± 2 1250 ± 5 1440 ± 5 11.2 ± 1.0 7.6 ± 0.8 511 ± 17
AS 179 ± 2 1230 ± 5 1415 ± 5 10.6 ± 1.0 8.0 ± 1.2 501 ± 13
CB 155 ± 5 1100 ± 10 1350 ± 15 15 ± 2 15 ± 2 456 ± 2
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the 
√

area of each detected pore. It can be noted that the 
distributions of pore shape and size are very similar for the 
samples additively manufactured with the two powder types. 
The largest pores have a 

√

area of about 250 μm and a fs 
value of about 0.7. This value suggests a relatively regular 
shape, which is more indicative of gas or keyhole porosity 
rather than lack of fusion defects [28, 29]. It is important 
to note that keyhole porosity can likely be ruled out due to 
the selection of an appropriate energy density that should 
effectively prevent their formation. On the other hand, the 
presence of relatively large pores, presumably containing 
gas, remains a plausible but not fully explained phenom-
enon. This aspect warrants further investigation in future 
research endeavors. Nevertheless, it is noteworthy that, given 
the similar porosity observed in both variants, its occurrence 
can be attributed to a minimal extent, if at all, to the use of 
AS powder feedstock.

Given the crucial role exerted by porosity in dictating the 
mechanical performances, the results of pores analyses were 
elaborated with the aim of estimating the expected maxi-
mum defect size 

√

area
max

 according to the statistics of larg-
est extreme value distribution (LEVD) using the Maximum 
Likelihood Method [30, 31]. Figure 6b shows the statistical 
distribution of defect sizes detected in samples additively 
manufactured using the two powder feedstocks. Very impor-
tantly, the two distributions turned out to be very similar, 
leading to a maximum expected defect size with cumulative 
probability of 99% only slightly larger in the AS variant.

3.4 � Quasi‑static tensile and hardness tests

The results of the quasi-static tensile tests and hardness are 
listed in Table 4. Representative stress–strain curves are 
reported in Fig. 7a. The obtained values are in line with 

values reported in the literature for the same alloy in the 
same microstructural condition [14, 32]. The two powder 
feedstocks display the same ductility (expressed both in 
terms of uniform and total elongation). The only difference 
is a slightly higher strength and hardness displayed by the 
CP variant and a slightly lower value of total elongation in 
the AS condition. The presence of porosity on the fracture 
surface is confirmed by fractographic inspections reported 
in Fig. 7b and c, for CP and AS conditions, respectively. 
Nonetheless, a substantial portion of these fracture surfaces 
exhibits dimples, signifying a predominant ductile behavior, 
which is quite similar in both variants owing to their closely 
matched oxygen content. In addition, both variants display 
a comparable, minor fraction of intergranular fracture areas, 
with specific instances highlighted in Fig. 7b and c by red 
dashed circles. These occurrences can be attributed to a 
reduction in grain boundary strength, particularly in regions 
where a substantial precipitation of the δ phase is present. 
Literature data further support the notion that intergranular 
fracture is a potential outcome in this alloy when the cohe-
sion along grain boundaries is compromised by the presence 
of precipitates [33].

Slightly different quasi-static properties are displayed 
by the CB, namely slightly lower strength accompanied 
by a higher total elongation, presumably to the different 
process parameters of the furnace adopted in [14] for the 
aging treatment.

3.5 � Fatigue tests

The results of the fatigue tests are shown in Fig. 8a. Fit-
ting curves corresponding to 50% (solid line), 10% and 
90% (dashed lines enclosing a colored scatter band) failure 
probability, expressed by Eq. (2), are also plotted in Fig. 8a. 
The best-fit parameters and the standard deviation S are 

Fig. 7   a Representative tensile 
curves. SEM micrographs of the 
fracture surface of tensile speci-
mens made with CP (b) and 
AS (c) powder feedstock. Red 
dashed circles denote regions of 
intergranular fracture
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listed in Table 5, which also indicates the estimation of the 
fatigue strength at 3 × 107 cycles. It can be noted that the SN 
curves for both powder variants display a steadily declining 
trend with increasing number of cycles to failure, a behav-
ior typically observed in additively manufactured metallic 
materials affected by internal defects [16]. In addition, both 

material variants display quite dispersed fatigue properties, 
as evidenced by a coefficient of variation in HCF strength 
at 3 × 107 cycles of over 15%, another distinctive character-
istic of additively manufactured materials [34, 35]. Due to 
the significant scatter in the fatigue data, it is challenging 
to distinguish a substantial difference in fatigue behavior 
between the two variants. This is further demonstrated by the 
considerable overlap in the 10–90% scatter bands of the two 
materials. Specifically, the HCF strength at 3 × 107 cycles 
for the CP variant is only marginally higher than that of the 
AS counterpart, by a mere 7%. In Fig. 8b, the SN curves 
with a 50% failure probability are compared to the results 
of fatigue tests performed on the control batch CB and to 
data reported in literature [36] for specimens in the same 
testing conditions (vertical direction, machined surface, 
aged microstructure), but with the added treatment of Hot 
Isostatic Pressing (HIP). The investigated variants exhibit a 
SN trend that aligns with CB, and the fatigue behavior of all 
three conditions is significantly inferior to that of the HIPed 
counterpart. This is likely due to the presence of similar 
internal defects affecting the former three material condi-
tions, which is conversely eliminated by the HIP treatment.

3.6 � Fractographic analyses: the influence of defects 
on fatigue strength

The fracture surfaces of the fatigue specimens were carefully 
examined using scanning electron microscopy (SEM) to gain 
deeper insights into the role of internal defects. Representa-
tive fracture surfaces are depicted in Fig. 9a, b, c, and d for 
AS (a, b) and CP (c, d) specimens at low (a–c) and high 
magnification (b–d), respectively. In both cases, a defect, 
indicated by a red arrow and circumscribed by a dashed line, 
triggers the fatigue crack initiation. Typically, these initia-
tion sites were situated near the outer surface, a consistent 
observation across multiple specimens. The size of these 
critical defects, referred to as the “killer pore,” was quanti-
fied by measuring the square root of the pore area 

√

area for 
all the fatigued specimens. In general, isolated pores were 
identified (for example, as seen in Fig. 9b). In cases where 
multiple pores were in close proximity (as shown in Fig. 9d), 
they were treated as a single pore cluster in case the dis-
tance between their centroids was less than the 

√

area of 
the smaller defect [37].

Figure 10a illustrates the cumulative probability distribu-
tions of killer defect sizes identified on the fracture surfaces 
of all the fatigued specimens. It is evident that these two 
sets of data align closely with the right tail of the popula-
tions previously presented in Fig. 6a, which were determined 
through image analysis conducted on optical micrographs. 
Utilizing the statistics of the largest extreme value distribu-
tion on the killer defects, we arrive at an expected defect 
size that fairly closely corresponds to the one inferred from 

Fig. 8   a Results of the axial fatigue tests. Run-out tests are marked 
by arrows. b Comparison of the SN curves with data taken from the 
literature for HIPed variant [36] and with a control batch obtained on 
machined samples manufactured according to process parameters set 
in [14]

Table 5   Summary of Wohler curves and best-fit coefficients of 
Eq. (2) used to interpolate the HCF test results

Powder 
feed-
stock

c1 (MPa) c2 (MPa) c3 Standard 
deviation, S 
(MPa)

�
a,3×10

7(MPa)

CP 101 4228 0.234 26.7 176
AS 79 2842 0.203 32.1 165
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our analysis of optical micrographs. This congruence under-
scores the presence of larger defects in the AS variant.

Figure 10b displays the outcomes of the SN fatigue tests 
reanalyzed using a fracture mechanics approach. The best-fit 
coefficients for Eq. (6), which were used to model the data, 
are detailed in Table 6.

It is worth noting that both material variants exhibit 
nearly identical trends, and the scatter bands (as represented 
by colored bands in Fig. 10b) almost completely overlap. 
This significant finding underscores that the slight difference 
in fatigue strength can be primarily attributed to smaller crit-
ical defects in the CP compared to the AS variant, while the 
respective material’s microstructure contributes little to vari-
ations in fatigue crack growth resistance between the two.

Indeed, it is intriguing that when we regard the high-cycle 
stress intensity factor range ΔK3×10

7 (see Table 6) as an indi-
cator of the material’s crack growth threshold (∆Kth), this 
value consistently stands at an approximate average value 
of 3.7 MPa√m.

Remarkably, this is in very good agreement with the short 
crack stress intensity threshold ∆Kth,SC evaluated according 
to El Haddad, Topper and Smit approach [38] then reformu-
lated by Meneghetti et al. [39]:

In fact, using data documented in the literature for con-
ventionally wrought Inconel 718 ( ΔKth = 4.0MPa

√

m [36, 
40], Δ�lim = 560MPa ), a shape factor Y = 0.50, and an 
equivalent crack size 

√

area of 0.25 mm, viz. representa-
tive of the largest killer defect size found in the investi-
gated material variants, a value of ∆Kth,SC = 3.7 MPa√m is 
obtained. This compelling correlation strongly reinforces the 
notion that utilizing powder feedstock from atomized scrap 
in the AS variant does not impact detrimentally on ductility 
and crack growth resistance of the material’s matrix, which 
conversely proved to accommodate well the presence of 
rather large killer defects.

In conclusion, the fatigue properties, particularly in terms 
of crack growth resistance, and quasi-static properties of the 
AS condition closely match those achieved using conven-
tional powder feedstock (both CP and CB conditions), all 
without necessitating specific adjustments to the processing 

(7a)ΔKth,SC = ΔKth

�

�

�

�

Y2
√

area

Y2
√

area+a0

(7b)a0 =
1

�

(

ΔKth

Δ�lim

)2

Fig. 9   SEM micrographs of 
the fracture surfaces around 
the fatigue crack initiation site. 
The defect responsible for crack 
nucleation is circumscribed 
by a dashed line. a, b Atom-
ized scrap (σa = 240 MPa, 
Nf = 5.1 × 105), c, d conven-
tional process ((σa = 240 MPa, 
Nf = 3.2 × 106)
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parameters. Nevertheless, it is crucial to acknowledge that 
the mechanical behavior is still influenced by the presence 
of internal defects. To attain even greater mechanical per-
formance, ongoing efforts should focus on minimizing the 
size of these critical defects.

4 � Conclusions

The present study explored the potential use of Inconel 718 
powder feedstock generated via atomization of metallic 
scrap, and the results are promising. The life cycle assess-
ments showed a remarkable reduction in energy consump-
tion and carbon footprint by over 90% compared to conven-
tionally produced powder, while also providing a sustainable 
source of critical raw materials like Ni. Moreover, micro-
structural, static, and fatigue analyses demonstrated that this 
secondary-source powder feedstock could achieve properties 
comparable to those of conventionally processed powders 
in terms of both ductility and fatigue strength, without the 
need for specific process parameter adjustments, unless even 
smaller critical defect sizes are required. Although additional 
research is required to evaluate the material’s performance 
under impact loading and in notch fatigue scenarios, the 
findings suggest that Inconel 718 powder feedstock produced 
from secondary sources can be a feasible and eco-friendly 
alternative to conventionally produced powders.
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Powder 
feedstock

k1 (MPa√m) k2 Standard 
deviation, S 
(MPa√m)

ΔK3×10
7(MPa)

CP 46.2 0.151 0.98 3.44
AS 26.3 0.110 0.70 3.95
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