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Abstract
In the last years, additive manufacturing has become a widespread technology which enables lightweight-design based 
on topological optimization. Therefore, generation of lattice structures with complex geometries and small thicknesses is 
allowed. However, a complete metallurgical and mechanical characterization of these materials is crucial for their effective 
adoption as alternative to conventionally manufactured alloys. Industrial applications require good corrosion resistance and 
mechanical strength to provide sufficient reliability and structural integrity. Particularly, fatigue behavior becomes a crucial 
factor since presence of poor surface finishing can decrease fatigue limits significantly. In this work, both the low-cycle-
fatigue and high-cycle-fatigue behaviors of Inconel 625, manufactured by Selective Laser Melting, were investigated. Fatigue 
samples were designed to characterize small parts and tested in the as-built condition since reticular structures are usually 
adopted without any finishing operation. Microstructural features were studied by light-optical microscopy and scanning-
electron microscopy. Finally, fatigue failures were deeply investigated considering fracture mechanics principles with the 
Kitagawa–Takahashi diagram.
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Abbreviations
AM	� Additive Manufacturing
FCC	� Face-Centered Cubic
SLM	� Selective Laser Melting
BCT	� Body-Centered Tetragonal
TCP	� Topologically Close Packed
UTS	� Ultimate Tensile Strength
YS	� Yield Strength
LOM	� Light Optical Microscope
SEM	� Scanning Electron Microscope
BR	� Build Rate

K-T	� Kitagawa–Takahashi
QS	� Quasi Static
HCF	� High Cycle Fatigue
LCF	� Low Cycle Fatigue
EDS	� Energy-Dispersive Spectroscopy
PM	� Permanent Mold
HPVD	� High-Pressure Vacuum Die
RO	� Ramberg–Osgood
BCM	� Basquin-Coffin-Manson
HIP	� Hot Isostatic Pressing

List of symbols
�
′	� FCC phase in nickel alloys

�
′′	� BCT phase in nickel alloys

R	� Fatigue load ratio
P	� Defect perimeter
A	� Defect area
Ra	� Surface roughness parameter
Rt	� Surface roughness parameter
Rz	� Surface roughness parameter
Rc	� Surface roughness parameter
Rv	� Surface roughness parameter
d	� Defect size
e	� Surface distance of the defect
HV	� Vickers Hardness
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HRB	� Rockwell B Hardness
ΔF	� Force increment
Δ�	� Stress interval
Δa	� Crack extension
Fi	� Stair-case force level
k	� Dixon factor
xF	� Stress level of the last stair-case test
K	� Stress Intensity Factor
√

area	� Defect size parameter (equivalent micro-notch 
length)

t	� Defect depth
ΔKth	� Threshold stress-intensity range
Δ�f 	� Fatigue limit
�	� Constant
�	� Applied stress
Y 	� Constant
a0	� Intrinsic El-Haddad crack length
ΔKth,LC	� Threshold ΔK for long cracks
ΔKth,eff 	� Intrinsic (effective) ΔK threshold
h	� Burgers vector component
k	� Burgers vector component
l	� Burgers vector component
E	� Elastic modulus
b	� Burgers vector
a	� Edge length of the unit cell
Δ�th	� Threshold fatigue stress range
a′
o
	� Modified a0 parameter

a∗	� Additional parameter
�	� Density
�f 	� Fatigue limit (50% failure probability)
a	� Crack length
�f0	� Theoretical fatigue limit
�a	� Total strain amplitude
�ae	� Elastic portion of the total strain amplitude
�ap	� Plastic portion of the total strain amplitude
�a	� Stress amplitude
K	� Material constant
n	� Material constant
Nf 	� Number of cycles at failure
�
′

f
	� Fatigue ductility coefficient

�
′

f
	� Fatigue strength coefficient

2Nf 	� Number of reversals to failure
b	� Fatigue strength exponent
c	� Fatigue ductility exponent

1  Introduction

This research project aims at providing reliable data about 
AM materials to support designers in substituting conven-
tionally manufactured alloys with additively produced ones. 

Starting from a virtual 3D CAD model, the SLM technique 
allows to print layer by layer 3D components with build 
direction perpendicular to the base plate of the machine. 
Once the process parameters are defined, the first thin pow-
der layer is uniformly distributed on the base plate. A laser 
beam is adopted to selectively melt the powder based on the 
selected scan strategy. Once the first layer is scanned, the 
base plate is lowered and this stacking process is repeated 
again until the last layer. During the whole process, an inert 
gas (argon or nitrogen) is fed into the chamber to avoid reac-
tion of the molten metal especially with oxygen [1].

Thanks to the presence of relatively high contents of Cr, 
Mo and Nb, Inconel 625 is characterized by an excellent 
combination of mechanical strength, fatigue properties and 
corrosion resistance under aggressive conditions. This out-
standing behavior is required in several industrial fields, such 
as aerospace, chemical, oil and gas extraction, power genera-
tion and automotive [2–4]. Inconel 625 is often employed in 
harsh environments involving high temperatures and corro-
sive media so critical that other materials would fail quickly. 
In the first case, the creep phenomenon becomes more and 
more important as the service temperature increases. Moreo-
ver, at high temperatures, simple oxidation becomes a sig-
nificant corrosion mechanism. When fatigue loading, creep 
and corrosion operate together, the component life can be 
strongly reduced and it cannot be predicted easily because 
of the non-linearity introduced by creep and corrosion phe-
nomena. Nevertheless, an estimation of the service life can 
be done with sufficient reliability assuming that creep, cor-
rosion and fatigue damage mechanisms are independent. 
Under this hypothesis, they can be related by the linear dam-
age accumulation approach described in the literature [5–7].

AM Inconel 625 has an austenitic matrix with face-cen-
tered cubic (FCC) lattice, but a large variety of intermetallic 
phases and carbides can be precipitated upon sufficient ther-
mal exposure during processing and heat treatment, if any. In 
fact, the layer stacking process in SLM determines complex 
thermal cycles in the regions already solidified. Qin et al. 
[8] observed formation of � ′ phase (FCC lattice), � ′′ phase 
(BCT lattice), TCP Laves phases and Cr, Nb and Mo car-
bides. Additionally, presence of orthorhombic Ni3Nb phase 
was observed in the form of inter-dendritic precipitates [9]. 
Formation of precipitates can deeply alter mechanical prop-
erties and corrosion resistance [10, 11]. In fact, carbides 
and intermetallic phases can determine sensitization of the 
alloy, because they deplete alloying elements, like chromium 
and molybdenum, from the surroundings leading to local 
reductions in the corrosion resistance [10–14]. However, 
formation of intermetallic phases can provide a hardening 
effect with an improvement of the mechanical strength at the 
expense of ductility [10, 11, 14].

In the last years, additive manufacturing has become a 
spreading technology with more and more materials which 
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are now available on the market. The major advantages of 
this technique are the possibility to enable light-weight 
design of components and generation of complex lattice 
structures. In this case, topology optimization algorithms 
can be exploited at the design stage to improve the lattice 
geometry aiming at optimizing their mechanical perfor-
mance. For instance, Yang et al. [15] compared three differ-
ent types of BCC lattice structures to assess the impact of 
the structural optimization of fillets on the fatigue strength. 
Rounded fillets generated by topology optimization allowed 
an improved fatigue performance of the lattice component 
because of the reduced stress concentration [15].

In the as-built condition, AM parts are typically charac-
terized by textured tracks related to the scanning strategy 
[16]. Because of really high cooling rates, their microstruc-
ture shows very fine columnar dendrites and cell structures 
whose morphology and size strongly depend on process 
parameters. Further modifications can be induced by partial 
re-melting induced by layers deposition [9, 17]. Because of 
the undercooling effect, inter-dendritic microstructure and 
chemical composition are generally really different from the 
center-dendrite ones [18]. From the point of view of fatigue 
resistance, the surface condition is the major critical aspect 
in AM components because of a normally high roughness 
and defects content in the near-surface layer. This peculiar-
ity appreciably affects fatigue limits. Poulin et al. [4, 19] 
observed a detrimental reduction of fatigue strength with 
increasing porosity. In particular, axial fatigue tests with 
load ratio, R = 0.1 , were performed. They observed fatigue 
limits of 590 MPa, 310 MPa, 220 MPa and 180 MPa with 
porosity levels of < 0.1%, 0.3%, 0.9% and 2.7%, respectively. 
These results confirm the detrimental influence of defects 
on fatigue limits. For instance, in the worst condition (2.7% 
porosity fraction), the fatigue limit is reduced of approxi-
mately 70%. Then, Poulin et al. [4, 19] also studied the influ-
ence of porosity fraction on static tensile properties. They 
observed a negligible influence on the yield strength, while 
the ultimate tensile strength remained constant up to 0.3% 
porosity level and then it decreased. In particular, with the 
porosity levels of 0.9% and 2.7%, the UTS was reduced of 
13% and 22%, respectively.

The high-cycle-fatigue performance of AM Inconel 
625 has been investigated by several authors [8, 20–22], 
but much less information is available about the low cycle 
behavior. Pereira et  al. [20] reported a fatigue limit in 
the AM condition of 244 MPa, whereas the conventional 
wrought material exhibited a fatigue limit of 550 MPa [21]. 
Poulin et al. [4, 19] investigated the influence of porosity on 
fatigue limits. They observed a fatigue limit ranging from 
180 to 590 MPa with a porosity fraction varying from < 0.1% 
to 2.7%.

As described, one of the most critical aspects of the 
SLM technique is the formation of process-induced defects 
which are mainly concentrated on the surface and in the 
near-surface regions [19, 23–26]. The presence of a poor 
surface quality dramatically affects the fatigue properties of 
components manufactured with this technique [19, 23, 25]. 
Many experimental works available in the literature focused 
on the influence of process parameters (laser power, scan 
speed, beam diameter) and powder characteristics on such 
detrimental features [23, 24, 26–28]. Joy Gockel et al. [26] 
concluded that increasing the laser power is beneficial for 
the surface roughness, but beyond a certain limit, keyholing 
occurs and sub-surface porosity is generated. Regarding the 
influence of the contour laser power, its increase determines 
an enlargement of the melted area resulting in re-melting of 
the previous layers. This reduces the amount of agglomer-
ated powder stuck on the surface and it improves surface 
finishing [23]. These stuck and incrusted agglomerates are 
mainly generated because of the combination of two phe-
nomena: contaminating liquid spatters and coalescence of 
un-melted powder located close to the melted walls [23]. 
Such particles, which are typically completely embedded in 
the surface layer, have a detrimental influence on the fatigue 
behavior. Regarding the influence of the contour scan speed 
and beam diameter, the surface roughness is increased with 
increasing the laser beam size [23]. At constant beam diam-
eter, a reduction of the scan velocity is detrimental to surface 
roughness and porosity content. In fact, lower scan speeds 
promote turbulent melt pools and spattering on the built 
surfaces deteriorating surface finishing [23]. Typically, in 
the inner regions, porosities are few, small and with a low-
roundness morphology. Instead, in the sub-surface layer, 
both defects size and roundness increase mainly because of 
the overlapping between the two strategies (external con-
tour and inner hatching) [23]. In this case, another possible 
explanation is associated to the deceleration and acceleration 
of the scan head close to the contour. In fact, this promotes 
deeper melt pools and possible keyholing [23, 29].

Regarding the optimization and selection of the SLM pro-
cess parameters, Letenneur et al. [30] developed a density 
prediction approach creating processing maps for Inconel 
625 as a function of the layer thickness. A reduction of the 
layer thickness improves surface finishing and precision, but 
the process productivity is reduced [30]. For this reason, 
the authors recommended to work with layer thicknesses 
between 30 and 40 μm to enhance precision and between 
50 and 60 μm to increase the build rate [30]. Once the layer 
thickness is selected, the processing maps allow to iden-
tify the correct combination of process parameters able to 
provide the desired densification [30]. Therefore, given the 
layer thickness (t), the processing maps allow to identify the 
optimal ranges for the melt pool size parameters: hatching 
space (h), melt pool depth (D) and width (W). This allows to 
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minimize the amount of porosities and improve the fatigue 
resistance. For Inconel 625, Letenneur et al. [30] obtained 
experimentally with a layer thickness of 40 μm that the opti-
mal ranges (density 𝜌 > 99.5% ) for the melt pool geometric 
characteristics are 1.5 ≤ D∕t ≤ 2.75 , 1.8 ≤ W∕h ≤ 2.8 and 
3.8 ≤ L∕w ≤ 4.6 , where L is the melt pool length. Also, the 
powder characteristics have a great influence on the forma-
tion of defects. Regarding the powder morphology, for the 
same process parameters, adoption of powder with parti-
cles more spherical than elongated improves densification 
because of the enhanced powder flowability [27]. With the 
same process parameters, the variation of laser absorptivity 
of powder particles with different morphologies determines 
different spattering behaviors [24]. In particular, spherical 
powder particles reduce the spattering phenomenon [27].

Therefore, the process parameters and powder character-
istics should be selected to minimize as much as possible 
the formation of defects. This is fundamental to improve the 
overall quality of a component in terms of fatigue behavior, 
especially.

According to Murakami [31, 32], defects can be con-
verted into equivalent micro-notches and the corresponding 
fatigue limits can be determined by the Kitagawa–Takahashi 
approach [33, 34]. This procedure is often employed to jus-
tify that, after failure, the applied stress and the killer defect 
size exceeded the limit curve for fatigue resistance. Recently, 
a method was proposed to predict the fatigue limit based on 
the statistical analysis of defects observed by metallographic 
analysis [35]. In this case, the authors found a good agree-
ment between predicted and experimental data.

According to the previous observations about optimiza-
tion of process parameters, the content of defects can be 
minimized, but their presence cannot be avoided completely 
also because of process instabilities which are difficult to be 
controlled.

Therefore, the periodic control of the powder character-
istics, porosities content and surface roughness are recom-
mended during production to ensure consistent and reliable 
fatigue performance. Such features can be kept under control 
by destructive quality tests, like metallographic analyses, or 
non-destructive tests, like radiography and tomography, on 
some parts per batch and by roughness measurements. Since 
powder characteristics influence the porosity amount, size 
and morphology, high standards should be established to 
control the powder quality. Then, also the powder chemical 
composition should be controlled as well since metallurgical 
properties of components are strongly dependent on alloy-
ing elements.

Post-processing operations can be adopted to improve 
the surface quality of additively manufactured components 
to enhance their fatigue performance. These methods act 
removing or modifying the defects-rich surface layer. 
Chang et al. [36] summarized the most common surface 
modification techniques remarking their influence on the 
microstructure and the fatigue behavior. Particularly, great 
improvements can be obtained by HIP, laser shock and 
shot peening, as well as the use of advanced machining 
operations and chemical and electrochemical finishing. 
Mechanical treatments, such as shot peening, are appreci-
ated also for the compressive state of stress induced on the 
surface and sub-surface zones.

Comparing AM and conventionally manufactured parts, 
one of the most important differences is the high produc-
tion cost of the additive technique. This is acceptable only 
for components with high added value when the required 
geometrical features, static and dynamic properties, corro-
sion and high temperature resistance are almost impossible 
to be obtained with all the conventional casting and plastic 
deformation processes. As previously described, the most 
known and severe drawbacks are the presence of porosi-
ties, mainly located close to the surface, and the poor sur-
face finishing which dramatically affects fatigue resistance. 
Such loss is generally not recovered by the high mechani-
cal properties that often characterize AM parts. In fact, 
it is known that, when UTS increases, theoretical fatigue 
limits increase too. Nevertheless, sensitivity to notches 
and micro-notches increases as well. As a result, the prac-
tical fatigue limit undergoes a huge decrease. Moreover, 

Table 1   Chemical composition 
(wt. %) of the powder adopted 
in this work

Ni (%) Cr (%) Mo (%) Nb (%) Fe (%) Mn (%) Si (%)

Inconel 625 61.5 21.2 9.55 4.05 2.80 0.05 0.02

Fig. 1   Drawing of HCF and QS specimens adopted in this research 
work
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even though it is generally true that fine microstructures 
improve fatigue resistance, the great improvement of static 
properties, especially yield strength, is not observed also 
for the fatigue properties when the characteristic micro-
structural dimension decreases below a certain limit. This 
was also observed in case of equiaxial grains obtained by 
severe plastic deformation [37]. Nor LCF, neither HCF 
properties result in improvements similar to those of the 
static ones, because the lower material deformability pro-
motes early crack initiation.

In the present work, Inconel 625 was characterized by 
metallographic, hardness, micro-hardness and tensile tests. 
Then, also low-cycle-fatigue (LCF) and high-cycle-fatigue 
(HCF) tests were performed. The fatigue micro-mecha-
nisms were studied by fracture surface SEM analysis. The 
high-cycle fatigue limit is generally determined by the 
stair-case method, as suggested by international stand-
ards [38]. As in this case, when the number of available 
specimens is limited, other methods have been studied and 
developed, such as the short stair-case approach [39–41]. 
Another method is the step loading technique [42]. In this 
case, given the initial stress level, the stress increment and 
the run-out cycles number, tests are performed at increas-
ing stress levels until fracture [42]. The fatigue limit is 
determined by linear interpolation between the stress lev-
els of the last not failed and the failed blocks, respectively. 
At the end, one or more confirmation tests are carried out 
at the calculated fatigue limit [42].

2 � Materials and methods

The metal powder was supplied by SLM Solutions GmbH 
(Product 172015000568). Its chemical composition is 
reported in Table 1. The particle size of the powder was 

included between 10 and 45 μm and it was characterized by 
a spherical shape. The specimens adopted in this experimen-
tal work were printed using a EOS M 290 Metal 3D Printer 
and were tested in the as-built condition. Samples were man-
ufactured in argon atmosphere using the following param-
eters: layer thickness of 40 μm, scan speed 900−1000 mm/s 
and power 300−400 W. The build direction corresponds to 
the longitudinal axis of each specimen, while the scanning 
direction lies on the transversal plane.

2.1 � Surface roughness tests

In the as-built condition, because of its strong influence on 
fatigue crack nucleation, surface roughness was measured 
using a Taylor Hobson contact profilometer. According to 
EN ISO 21920‑2:2022 standard [43], a selection of rough-
ness parameters ( Ra,Rt,Rz,Rv,Rc ) was measured to charac-
terize the surface completely.

2.2 � Metallographic analysis

For all the tested materials, specimens in both the trans-
versal and longitudinal directions were prepared by con-
ventional metallographic procedure and analysed by light 
optical (LOM) and scanning electron (SEM) microscopy. In 
this case, a Leica (mod. DMR) light optical microscope and 
a Zeiss (mod. SIGMA 500) scanning electron microscope 
were adopted. The EDS detector (OXFORD Altee Energy—
Advanced) available in the SEM was utilized to perform 
micro-chemical analyses. Specimens were mounted in cold-
setting resin and mirror-polished. Etching was performed 
with a specific solution to reveal microstructural features. 
Using an image analysis tool, the porosity fraction and the 
area, roundness and distribution of defects were determined. 
The roundness parameter was defined considering Eq. 1.

where A and P are the defect area and perimeter, respectively.

(1)Roundness =
P2

4�A

Fig. 2   Drawing of LCF specimens adopted in this work

Table 2   Roughness parameters measured on the investigated material

Min [μm] Max [μm] Average [μm]

Ra 5.7 6.4 6.1
Rt 44.3 65.1 52.8
Rz 39.1 55.5 45.4
Rc 19.6 24.0 22.3
Rv 15.8 28.5 20.6
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2.3 � Hardness, micro‑hardness and tensile tests

Since additive manufacturing is completely different from 
conventional techniques, such as standard casting and plas-
tic deformation, the resulting microstructures and mechani-
cal properties cannot be easily foreseen. For this reason, 
mechanical tests are necessary to determine the elastic 
modulus, YS, UTS and the anisotropy in the building and 
the transversal directions. Hardness tests (HV2) were car-
ried out on both the transversal and longitudinal sections. 
Moreover, micro-hardness profiles were performed starting 
from the outer surfaces to study possible hardness varia-
tions able to influence the fatigue limit. Vickers hardness 
tests (HV2 and HV0.1) were carried out using a Future Tech 
(mod. FM 700) hardness tester in accordance to the stand-
ard ISO 6507-1:2018 [44]. Then, room temperature tensile 
properties were determined by Quasi-Static (QS) tensile 
tests (crosshead speed equal to 0.1 mm/min). The tensile 
specimen geometry is equal to that adopted for HCF tests, 
as shown in Fig. 1. Tensile tests were performed using a 
STEPLab-UD04 machine (maximum load 5 kN).

2.4 � High‑cycle‑fatigue (HCF) tests

As shown in Fig. 1, HCF tests with load ratio R = 0 were 
performed on cylindrical specimens using a STEPLab-UD04 
machine (maximum load 5 kN and maximum frequency 
35 Hz), according to ASTM E466 standard [45–47]. Con-
sidering the limited number of samples, the short stair-case 
statistical approach was adopted to determine the fatigue 
limits [39–41]. Tests were conducted considering differ-
ent load levels. As in the standard stair-case approach, a 
force increment equal to 50 N was defined. Considering the 

Fig. 3   Microstructure observed in the transversal a, b and longitudinal directions c. SEM image in the transversal plane d 

Fig. 4   EDS analysis of the precipitates shown in Fig. 3
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specimen geometry, such force range corresponds to a stress 
interval equal to 10 MPa.

A first test is conducted at the starting force level, F1 . This 
value, which should be as close as possible to the fatigue 
limit, is estimated from literature. If the specimen withstands 
the run-out condition, 5 × 106 cycles, a subsequent test is 
performed at a force level increased by the force increment, 
i. e. Fi+1 = Fi + ΔF . Conversely, if the test ends with a fail-
ure, the following one is conducted at a force decreased by 
the force increment, i. e. Fi+1 = Fi − ΔF . Five tests were 
performed. In addition to the number of failures (X) and 
run-outs (O), their order is considered to determine the 
fatigue limit. The short stair-case method [48] determines 
the fatigue limit through a coefficient k, called Dixon factor, 
which is tabulated in [48]. Its value depends on the sequence 
of failures and run-outs. Equation 2 describes the calcula-
tion of the fatigue limit. xF is the stress level of the last test.

2.5 � Low‑cycle‑fatigue (LCF) tests

Low-cycle-fatigue (LCF) tests were performed on cylin-
drical specimens (Fig. 2) according to the standard ASTM 
E606 [49]. Because of the limited number of specimens, five 
samples were tested.

Tests were performed in strain control with strain ratio, 
R , equal to − 1. The test frequency was set equal to the mini-
mum value prescribed by the standard, i.e. 0.1 Hz [50]. This 
value was selected to prevent possible samples overheating 
that could affect the results.

2.6 � Fracture surface observations

Selected broken fatigue specimens of both HCF and LCF 
tests were observed by SEM to determine the micro-mech-
anisms related to fatigue failure.

(2)�f = xF + kΔ�.

3 � Experimental results

3.1 � Surface roughness investigation

Five parameters were measured as summarized in Table 2. 
Data reported in Table 2 confirm the low surface quality.

3.2 � Metallographic investigation

Metallographic observations revealed a feature common 
to most of the AM parts, i.e. a large amount of micro- and 
macro-porosities mainly concentrated in a region close to 
the outer surface. Its radial width is about 180 μm. The 
percentage porosity was evaluated by image analysis in 
the transversal section on 25X magnification pictures. It 
resulted equal to about 0.2%. Porosity formation generally 
has two origins, one is metallurgical, i.e. the absorption 
of surrounding gases and/or the evaporation of alloying 
elements, and one is related to the un-melted zones, which 
depend on the building strategy [3, 51]. Melt pools are 
clearly visible in both transversal (Fig. 3a and b) and lon-
gitudinal directions (Fig. 3c). In the transversal direction, 
the elongated tracks of melt pools have different orienta-
tions, while in the longitudinal building direction, they 
show an almost uniform shape and orientation. The pres-
ence of a contour layer can be observed in both transversal 
and longitudinal planes [52]. In the outer layer, a large 
number of pores was observed too, mainly concentrated in 

Fig. 5   Definition of the convex 
effective area of single defects 
a and cluster of defects b with 
and without presence of defect-
surface interaction c. Classifica-
tion and analysis according to 
the Murakami’s method [31]

Table 3   Surface roughness, inner and surface defects observed in 
Inconel 625 specimens

 (c) = (a) + (b)

Roughness 
Max Rv 
[μm]

Roughness 
micro-notch 
length [μm] 
(a)

Surface 
single and 
cluster 
defects 
(max) [μm] 
(b)

Micro-
notch length 
(max) [μm] 
(c)

Inner single 
and cluster 
defects (max) 
[μm]

28.5 90 144 234 95
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a sub-surface region, as shown in Fig. 3a. The melt pools 
are composed by a fine inner zone surrounded by coarser 
traces among adjacent pools. The geometry of the melt 
pools was measured on optical micrographs to analyse the 
dimensions of the hatch spacing, the melt pool depth and 
width. In particular, the average melt pool depth ( D ) is 
equal to 115 μm, the melt pool width ( W  ) is 220 μm and 
the hatch spacing ( h ) is 110 μm. Considering the build rate 
(BR) recommended by the powder supplier (4.1 mm3/s), it 
is possible to estimate the scan speed ( v ) having measured 
the layer thickness ( t  ) and the hatch spacing ( h ). Being 
BR = vht , the estimated scan speed is equal to 932 mm/s 
and it lies within the scan speed range reported in the 
section Materials and methods. Approximating the melt 
pool area as half ellipse, its value is given by Amp =

�DW

4
 

and it is equal to 0.02 mm2. Letenneur et al. [30] investi-
gated the influence of power, scan speed and hatch spac-
ing on density and melt pool depth and width for Inconel 
625. Considering the literature data reported by Leten-
neur et al. [30], the relation between the power-to-scan 
speed ratio ( P∕v ) and the melt pool area ( Amp ) is given 
by: P∕v[J∕mm] = 20.13Amp[mm2

] − 0.0074 . Therefore, 

the estimated P∕v ratio for this work is equal to 0.393 J/
mm. Considering the calculated scan speed of 932 mm/s, 
the estimated power results equal to 366 W which lies 
within the power range reported in the section Materials 
and methods. The volumetric laser energy density is given 
by E =

P

vht
 and, according to the calculated process param-

eters, it is equal to 89 J/mm3. According to the literature 
data of Letenneur et al. [30], the minimum porosity con-
tent (< 0.7%) is obtained with volumetric laser energy den-
sities ranging from 53 to 116 J/mm3. The energy density 
calculated for this work lies in the optimal range identified 
by Letenneur et al. [30] and it is also compatible with 
respect to the observed porosity content (0.2%).

SEM analysis revealed that the fine microstructure is 
characterized by presence of both cellular-shaped struc-
tures and elongated dendrites, whose growth is obtained in 
different orientations as function of the principal heat flux 
direction [52–57].

The microstructure observed by SEM is characterized 
by presence of high amount of Cr-Nb-Mo carbides, as con-
firmed by EDS analysis in Fig. 4. Their formation is induced 
by the high temperatures of the process, which promote seg-
regation of low-melting elements in inter-dendritic spaces 
raising local concentrations of Nb, Mo and C. This condition 
can lead to the formation of precipitates composed of such 
alloying elements [52, 56].

Surface roughness and sub-surface defects are critical 
parameters to fatigue resistance. Assuming such defects as 
a single equivalent flaw, fracture mechanics principles are 
adopted to study fatigue life more deeply. Given the applied 
nominal stress � , the Murakami’s approach [31] suggests 

Fig. 6   Analysis of the observed defects – a Relation between roundness and equivalent micro-notch length, b distribution of inner and surface 
porosity

Fig. 7   Micro-hardness profile of the investigated alloy

Table 4   Tensile properties of the investigated material

YS [MPa] UTS [MPa] E [GPa]

630 827 210



Progress in Additive Manufacturing	

1 3

Eq. 3 to relate each defect to the applied stress-intensity 
factor K.

Y is equal to 0.65 and 0.50 for surface and internal defects, 
respectively. 

√

area is the effective length of the equivalent 
micro-notch calculated from the convex area of the defect 
determined according to the Murakami’s method [31], as 
shown in Fig. 5a. This parameter is particularly important, 
since it is related to the shape, dimension and position of 
each defect. Since such defects are detrimental to fatigue 
resistance, they were deeply investigated considering clas-
sification into different classes, i. e. surface single, surface 
clusters, inner single and inner cluster defects. It is hence 
possible to define three possible crack nucleation promoters: 
surface roughness (case 1), near-surface single and cluster 
pores (considered surface defects) (case 2) and inner single 
and cluster pores (case 3). About case 2, the Murakami’s 
theory [31] points out the difference among shallow or 

(3)K = �Y

�

�

√

area.

deep defects (case 2.a) and all the others (case 2.b). About 
the conversion of the surface roughness into an equivalent 
micro-notch, the Murakami’s approach was considered [31]. 
Being the roughness continuously distributed on the whole 
surface circumference, it was considered as a shallow defect 
with depth equal to the Rv parameter [58].

If only a single defect is present, the area is calculated as 
the convex contour which envelopes the original irregular 
shape, as shown in Fig. 5a. When multiple adjacent defects 
are present, interaction among them should be considered. A 
cluster is obtained when distances between adjacent defects 
are lower than the equivalent diameter of the smallest defect 
within the cluster, as shown in Fig. 5b. The cluster is char-
acterized considering the convex area which circumscribes 
all the cluster-belonging defects. Then, the Murakami’s 
approach considers the interaction of sub-surface defects 
with the surface [31]. When the distance from the surface 
( e ) is higher than the defect size ( d ), the defect-surface 
interaction is negligible, as shown in Fig. 5c. Other authors 
[59] suggested to consider the 

√

area parameter instead 
of the defect size to assess the presence of defect–surface 
interaction.

Fig. 8   Testing sequences a and Wöhler curve b of the investigated alloy

Fig. 9   Kitagawa–Takahashi diagram

Fig. 10   Comparison between the approaches of El-Haddad and Cha-
petti
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Regarding surface shallow defects, such as the surface 
roughness and surface defects with length-to-width ratio 
higher than 10, the effective length of the equivalent flaw is 
no longer calculated through the 

√

area size parameter, but 
considering the defect depth, t, as described by the Muraka-
mi’s method [31]. Therefore, in this case, calculation of the 
stress-intensity factor is performed considering Eqs. 4 and 5.

Therefore, inner and surface defects were classified 
according to the Murakami’s theory [31]. They are reported 
in Table 3 together with the surface roughness conversion 
into the equivalent micro-notch. Since crack nucleation 
is generally driven by the worst defect, the maximum Rv 
parameter was selected to represent the notch effect of sur-
face roughness [58]. The total length of each surface defect 
was obtained adding the length of the equivalent micro-
notch to the roughness equivalent micro-notch. The defects 
detected by metallographic analysis were converted into 
equivalent micro-notches and classified according to their 
roundness and distribution, as shown in Fig. 6.

4 � Hardness, micro‑hardness and tensile 
tests

The hardness values in the transversal and the longitudinal 
sections are 273 HV2 and 303 HV2, respectively, remark-
ing a slight hardness anisotropy. The micro-hardness pro-
files reported in Fig. 7 did not show substantial difference 
between outer and inner zones.

(4)K = �Y

�

�
√

areashallow

(5)
√

areashallow =

√

10t.

Regarding Inconel 625, Rivolta et al. [60–62] studied 
centrifugally cast rings for production of metallic gaskets 
and other forged components. They found average hard-
ness values ranging from 80 to 90 HRB for the cast mate-
rial and between 170 and 275 HV for the forged products 
characterized by grain size ranging from 230 to 18 μm. The 
previous data can be compared with those reported previ-
ously. The average hardness of the considered alloy is equal 
to 288 HV. This value is not only much higher than that 
of the centrifugal cast sample (according to ASTM E140-
12b standard [63], 80 HRB–90 HRB can be converted to 
151 HV–188 HV), but also higher than those of the fine-
grained forged samples. The tensile properties are finally 
summarized in Table 4. Regarding the centrifugally cast 
alloy, Rivolta et al. [61] observed an yield strength ranging 
from 290 to 310 MPa and an ultimate tensile strength from 
580 to 595 MPa. Regarding the forged products, Rivolta 
et al. [60, 62] found an yield strength from 315 to 460 MPa 
and an ultimate tensile strength from 750 to 910 MPa. The 
yield strength reported in Table 4 is significantly higher than 
that observed in both the centrifugally cast and fine-grained 
forged materials. Regarding the ultimate tensile strength, 
the additively manufactured alloy lies in the range of forged 
products, but it performs better than the centrifugally cast 
ring.

5 � High‑cycle‑fatigue (HCF) tests

For the Inconel 625 alloy, the fatigue tests sequence was 
O-X-X-O-X, as reported in Fig. 8a. In this case, the Dixon 
factor is equal to − 0.305 leading to a fatigue limit of 
272 MPa (with a 50% failure probability). In addition to 

Fig. 11   Definition of the crack 
length, the initial crack and 
the crack extension a; R-curve 
between the stress intensity 
range and the crack extension b 
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the fatigue limit zone, tests were conducted in the finite life 
region. The resulting Wöhler curve is shown in Fig. 8b.

Poulin et al. [22] studied the porosity influence on the 
fatigue limit of AM Inconel 625. Fatigue tests were per-
formed with load ratio R = 0.1 and run-out condition equal 
to 107 cycles. When the porosity is equal to 0.3%, the 
obtained fatigue limit is similar (15% higher) to that found 
in this work.

5.1 � Kitagawa–Takahashi (K‑T) diagram and limit 
curves

The stress-intensity factor K defined in Eq. 4 can be adopted 
to study the fatigue behavior too. Particularly, El-Haddad 
et al. [64] suggested a relation between the threshold ΔK 
( ΔKth ) and the fatigue limit ( Δ�f  ) by defining an intrinsic 
crack, a0 , that considers the overall effect of existing defects. 
The relation among fatigue stress, threshold ΔK and crack 
length is summarized by the Kitagawa–Takahashi diagram 
[34] shown in Fig. 9.

The parameter a0 defined by Eq. 6 represents the intrin-
sic crack related to the material microscopic features: 
microstructure, non-metallic inclusions, lattice defects, 
small cracks or damages induced by severe manufacturing 

conditions, like large plastic deformation, or embrittlement 
phenomena, such as hydrogen embrittlement.

ΔKth,LC is the threshold ΔK  for long cracks and Δ�f  
represents the fatigue limit.

However, in the case of cracks not associated to com-
plete crack closure build-up, such as short cracks, the 
threshold ΔK can be reduced with respect to that of long 
cracks [65, 66]. Consequently, compared to the Chapetti’s 
approach [67], the El-Haddad approximation is non-con-
servative, as shown in Fig. 10. Different methods were 
proposed to describe the crack closure build-up through 
exponential functions or other models which approach the 
long cracks ΔKth threshold asymptotically [67–69]. Fur-
thermore, investigating the effects of pre-existing flaws 
considered as sharp notches, Tanaka and Akiniwa [66] 

(6)ao =
1

�

(

ΔKth,LC

YΔ�f

)2

.

Table 5   Calculated ΔKth,eff  and ΔKth,LC values for the investigated 
materials

ΔKth,eff [MPa
√

m] ΔKth,LC[MPa
√

m]

3.32 7.1

Fig. 12   Influence of crack length on the threshold ΔK

Table 6   Calculated theoretical 
fatigue limits ( R = 0 ) and 
El-Haddad intrinsic cracks

�f0[MPa] a0[μm]

430 205

Fig. 13   Comparison among the limit curves for non-propagating 
cracks in the K-T diagram

Fig. 14   Comparison among the limit curves varying the initial micro-
notch length
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demonstrated the reduction of the region of non-propa-
gating cracks when the initial defect length increases. The 
R-curve was defined to relate the threshold stress intensity 
range to the crack length, as shown in Fig. 11.

The intrinsic (effective) threshold, ΔKth,eff  , does not 
depend neither on the microstructure nor the load ratio, but 

only on material physical properties. The technical literature 
suggests different relations to determine its value. Li et al. 
[70] reported some prediction models mainly based on the 
elastic modulus, as shown in Eq. 7.

where E is the elastic modulus, b is the Burgers vector and � 
is equal to 1 according to Hertzberg [71] or 0.75 according 

(7)ΔKth,eff = �

√

�b�E,

Fig. 15   Determination of the equivalent micro-notch length for surface and inner defects. a surface defect, b inner defect

Table 7   Summary of nucleation sites, total micro-notch lengths and fatigue stresses related to broken fatigue specimens

(a) Conversion of the roughness parameter Rv into the equivalent micro-notch length; (b) conversion of the observed defect into an equivalent 
micro-notch; (c) = (a) + (b)

Nucleation site Surface Roughness
Rv [μm]

Micro-notch (roughness)
[μm] (a)

√

area 
(defect)
[μm] (b)

Micro-notch total 
length [μm] (c)

Fatigue stress
[MPa]

Surface porosity 28.5 90 34 124 367
Inner porosity 136 136 326
Surface porosity 79 169 285

Fig. 16   K-T diagrams for the broken fatigue specimens summarized in Table 7. a Surface defects, b Inner defect
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to Pippan et al. [72]. The Burgers vector, defined by Eq. 8, 
is a function of the lattice parameters.

where a is the edge length of the unit cell, while h , k and l 
are the Burgers vector components. Since, in the FCC lattice, 
the family of directions ⟨1, 1, 0⟩ includes the most common 
sliding directions, �b� = a

2

√

2.
As said previously, the El-Haddad limit curve described 

by Eq. 9 is non-conservative. As shown in Eq. 10, other 
authors suggested a slightly different expression considering 
the ΔKth variation described by the R-curve [33, 67].

(8)�b� =
a

2

√

h2 + k2 + l2,

(9)Δ�th =

ΔKth,LC

Y
√

�(a + ao)

The limit curve based on the intrinsic (effective) ΔKth,eff  
threshold results in the non-propagating Chapetti region 
shown in Fig. 10. Replacing the El-Haddad parameter a0 
with a modified one, a′

0
 , as reported in Eq. 11, a different 

form for the limit stress curve is obtained in Eq. 12.

Therefore, as discussed, the R-curves of the investigated 
alloys can be estimated considering different models at given 
ΔKth,eff  and ΔKth,LC values. In this analysis, the authors 
adopted the model defined by Zerbst et al. [69] and reported 
in Eq. 13.

ΔKth,LC is the threshold ΔK for long cracks, a0 is the El-
Haddad intrinsic crack and a∗ is an additional parameter 
adopted to satisfy that ΔKth = ΔKth,eff  when Δa = 0 . The a∗ 
parameter is defined by Eq. 14.

The intrinsic (effective) ΔKth,eff  threshold was deter-
mined averaging the values obtained with Eq. 7 consider-
ing the parameter α equal to 0.75 and 1 as suggested by 
Pippan and Hertzberg, respectively. The ΔKth,LC thresh-
old is strongly related to the microstructure and process 
parameters. For such reason, it was determined after a 
wide literature review. For Inconel 625, an average value 
of 7.1 MPa

√

m was found [4, 25]. ΔKth,eff  and ΔKth,LC val-
ues are summarized in Table 5. Then, the influence of 
crack length on the threshold ΔK is reported in Fig. 12.

(10)Δ�th =
ΔKth(a)

Y
√

�(a + ao)
.

(11)a�
o
=

1

�

(

ΔKth(a)

YΔ�f

)2

(12)Δ�th =
ΔKth(a)

Y
√

�(a + a�
o
)

.

(13)ΔKth = ΔKth,LC

√

Δa + a∗

Δa + a∗ + ao
.

(14)a∗ = ao

(ΔKth,eff∕ΔKth,LC)
2

1 − (ΔKth,eff∕ΔKth,LC)
2
.

Fig. 17   K-T diagrams for the fatigue loads tested in the short stair-
case tests

Fig. 18   Ramberg–Osgood cyclic curves compared to the quasi-static 
(QS) ones

Table 8   Ramberg–Osgood 
parameters

K [MPa] n [-] E [MPa]

1141 0.1139 210,000

Table 9   Basquin-Coffin-Manson parameters

�
′

f
[MPa] b[-] �

′

f
[-] c[-]

500 −0.050 0.077 −0.178
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The theoretical fatigue limit, �f0 , is required to determine 
the K-T diagram. Its value can be estimated as a fraction 
of UTS. The technical literature suggests that the average 
ratio between the axial alternate fatigue limit ( R = −1 ) and 
UTS ranges from 0.40 to 0.45 for conventional materials. 
In the case of R = 0 , using the Goodman relation, it can 
be converted in the range from 0.57 to 0.62. Nevertheless, 
AM microstructures are significantly different from those 

obtained by conventional production processes. For this rea-
son, a wide literature review of SLMed specimens was car-
ried out [22, 23, 55, 57, 58, 73–77]. This analysis revealed a 
ratio included in the range from 0.40 to 0.65 for R = 0 . Com-
pared to data about conventionally manufactured alloys, the 
presence of a wider range for AM specimens is justified by 
the higher number of defects that can influence the fatigue 
life. In this analysis, an average ratio of 0.52 was considered. 
The theoretical fatigue limit is reported in Table 6 together 
with the El-Haddad intrinsic crack.

The limit curves for non-propagating cracks calculated 
according to Eqs. 9, 10 and 12 are compared in Fig. 13.

In the following analysis, Eq. 12 is selected as the refer-
ence model for the limit curve of non-propagating cracks. As 
discussed previously, surface roughness and surface/inner 
defects can be converted into equivalent micro-notches con-
sidering the Murakami’s approach [31]. Their length influ-
ences the limit curves as reported in Fig. 14.

Some of the broken fatigue specimens were analysed 
by SEM, as shown in Sect. 7. Most of the crack nuclea-
tions occurred at the surface because of the roughness notch 
effect or the combined effect of roughness and near-surface 
pores. Only in one case, the crack nucleated from one inner 

Fig. 19   Basquin-Coffin-Manson curve

Fig. 20   Fracture surface analysis of specimen LCF1—a fracture surface, b nucleation zone, c propagation zone. No deeper investigation of the 
final fracture was possible because of damages occurred during specimen breakage
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porosity. According to the Murakami’s approach [31], all 
the defects were converted into equivalent micro-notches. 
Considering the surface roughness as a shallow defect, its 
conversion into an equivalent micro-notch length can be cal-
culated as 

√

10Rv . For surface and inner defects, the same 
conversion is done considering the 

√

area parameter, as 
shown in Fig. 15. The equivalent micro-notch lengths are 
summarized in Table 7.

The broken fatigue specimens summarized in Table 7 
were analysed using the K-T diagram referred to the cor-
responding material, as shown in Fig. 16.

All the broken fatigue specimens lie in the propagating 
crack region if compared to the corresponding limit curves. 
The El-Haddad limit curve is confirmed non-conservative 
since some of the broken fatigue samples fall into the safe 
zone. The stresses adopted for the fatigue tests, shown in 
Fig. 8, were reported on the related K-T diagram consider-
ing the minimum and maximum defect size. The minimum 
defect is represented by the surface roughness, whereas the 
maximum one is the largest observed by metallographic 
analysis. Since some samples survived and others failed, 
it is expected that only some conditions will fall in the K-T 
diagram safe zone. Such analysis is shown in Fig. 17.

6 � Low‑cycle‑fatigue (LCF)

The tested material showed hysteresis curve. Interpolation of 
the stabilized cycles by the Ramberg–Osgood (RO) model 
reported in Eq. 15 is shown in Fig. 18.

where �a is the total strain amplitude, �ae and �ap are the elas-
tic and plastic portions of the total strain amplitude, �a is the 
stress amplitude, E is the elastic modulus, K and n are mate-
rial constants. The RO parameters are reported in Table 8.

The stabilized curve shows a softening behavior. In gen-
eral, when subjected to cyclic deformation over the elas-
tic limit, materials undergo cyclic hardening or softening. 
Hardening occurs when the mechanical resistance is low, 
whereas softening is observed in high-strength materials. In 
order to better define the meaning of low and high mechani-
cal properties, the technical literature [78] states that, when 
the monotonic strain-hardening exponent n , is higher than 
0.15, cyclic strain hardening is expected, otherwise cyclic 
softening should occur. Cyclic hardening is related to the 
multiplication of dislocations induced by the applied strain 

(15)�a = �ae + �ap =
�a

E
+

(

�a

K

)
1

n

,

Fig. 21   Fracture surface analysis of specimen HCF1—a fracture surface, b nucleation zone, c propagation zone, d final fracture
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and to the high material deformability. The interaction of 
dislocations with themselves, with point defects and with 
grain boundaries cause the hardening effect. In AM compo-
nents, the mechanical resistance is typically already high and 
the extremely fast solidification rates generate high disloca-
tions and lattice defects densities [79, 80]. Therefore, in this 
case, cyclic softening is expected as a result of weakening 
and annihilation of obstacles to dislocations movements.

LCF tests were carried out until rupture and the number 
of cycles at failure, Nf  , was recorded in each test. Then, the 
Basquin-Coffin-Manson (BCM) parameters ( �′

f
 , b , �′

f
 , c ) 

shown in Eq. 16 were determined.

�
′

f
 is the fatigue ductility coefficient defined by the strain 

intercept at 2Nf = 1 . �′

f
 is the fatigue strength coefficient 

defined by the stress intercept at 2Nf = 1 . 2Nf  is the number 
of reversals to failure ( Nf  is the number of cycles to failure). 
b is the fatigue strength exponent and c is the fatigue ductil-
ity exponent. Their values are summarized in Table 9.

Then, Fig. 19 reports the obtained BCM curve.

7 � Fracture surfaces

The analysis of the LCF fracture surfaces was really com-
plicated because high loads reduce propagation areas. The 
investigated  specimens are summarized in Table 10.  In 
the LCF fatigue specimens, the typical fatigue marks are 
not as clear as those observed in the HCF ones. Moreover, 
some damages were observed on the fracture surfaces, which 
were probably generated when the final fracture occurred. 
Nevertheless, crack propagation evidences were detected 

(16)�a =
Δ�a

2
=

�
�

f

E
(2Nf )

b
+ �

�

f
(2Nf )

c
.

Fig. 22   Fracture surface analysis of specimen HCF2—a fracture surface, b nucleation zone (sub-surface nucleation), c propagation zone, d final 
fracture

Table 10   Specimens selected for SEM analysis of fracture surfaces 
and fatigue micro-mechanisms

Series Code ID Number of 
cycles to 
failure

Low cycle fatigue LCF1 87
High cycle fatigue HCF1 318,045
High cycle fatigue HCF2 492,835
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and highlighted in the SEM micrographs shown in Fig. 20. 
Instead, in the HCF series, nucleation, propagation and final 
fracture zones were clearer. In these specimens, most of the 
cracks originated on the outer surface and no multiple nucle-
ation was observed. Only one specimen showed sub-surface 
crack nucleation, generated by an un-melted zone. For both 
LCF and HCF specimens, the final fracture is characterized 
by really small dimples associated with a micro-ductile 
mechanism as shown in Figs. 21 and 22. Inconel 625 is a 
FCC austenitic alloy with high deformability. This is con-
firmed by the micro-dimples observed on the fracture sur-
faces. Such high deformability allows to efficiently absorb 
the energy supplied during fatigue loading and this retards 
crack nucleation and propagation.

8 � Conclusions

In this experimental study, Inconel 625 was produced, tested 
and characterized in terms of quasi-static, high-cycle-fatigue 
and low-cycle-fatigue. The mechanical resistance was deter-
mined by tensile and hardness tests resulting in better per-
formance compared to conventional casting methods and 
sometimes even superior to wrought components. The SLM 
technique is very useful to generate complex geometries 
which are difficult to be obtained or cannot be generated 
with conventional manufacturing methods. This is especially 
important with reference to lattice structures and geometries 
improved by topological optimization softwares. However, 
critical aspects of this technique are the high costs and the 
low build rates which must be considered at the design stage. 
Moreover, as described throughout the paper, formation of 
defects still remains one of the major issues with a dramatic 
influence on the fatigue properties, especially. For this rea-
son, as underlined in the paper, it is extremely important 
to embed quality control tests in the production system to 
monitor the amount, morphology, size and distribution of 
defects and ensure consistent, reliable and uniform compo-
nents properties. Once the applied fatigue load is defined, 
this research work suggests a procedure to evaluate the posi-
tion of a certain defect size with respect to the limit curve 
for non-propagating cracks. This tool can be embedded with 
quality control tests, such as X-ray tomography or metallo-
graphic analysis, to assess the compatibility of the maximum 
observed defect size with respect to the applied fatigue load. 
Despite the commonly poor fatigue properties of AM com-
ponents, the static mechanical properties are generally higher 
than those obtained with conventional manufacturing tech-
niques. This excellent feature of AM parts can be exploited 
to reduce component thicknesses, mass and so consumption 
of resources and carbon footprint. When fatigue resistance 
becomes important for a certain application, it is possible 
to adopt post-processing methods to improve the surface 

quality and reduce the content of defects in the near-surface 
layer. However, since some residual defects still remain, it is 
necessary to carefully control their amount and geometrical 
features to obtain a reliable prediction of the fatigue behavior 
based on the approach suggested in this paper.
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