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In additive manufacturing, despite its several indisputable advantages, detrimental variables to fatigue strength
still remain poor surface finishing and porosities. However, because the majority of defects locate close to the
surface, their mechanical removal is expected to appreciably improve fatigue strength. Considering SLMed 316L,
fully-reversed rotating-bending fatigue tests in both as-built and machined conditions are performed. Fatigue
failures are discussed using the Kitagawa-Takahashi diagram. In each condition, the fatigue stress is related to the

equivalent micro-notch length of the killer defect. Then, this work analyses the possibility of predicting fatigue
limits at 50 % probability considering the equivalent micro-notch length.

1. Introduction

In the last decades, additive manufacturing has been exponentially
adopted in several industrial fields, such as biomedical, space, auto-
motive and aircraft industries. Service applications can involve a wide
variety of complex dynamic loading conditions and a reliable structural
integrity becomes really important [1]. This innovative technology
provides several benefits in comparison to conventional manufacturing
methods because of design flexibility and efficient use of resources.
Nevertheless, the forming principles are really different with respect to
those of conventional subtractive techniques [1-14].

According to literature, in the as-built condition, SLMed 316L
stainless steel is characterized by a very fine microstructure and grains
elongated in the build direction [14]. This distinctive feature is associ-
ated to the presence of really high cooling rates ranging from 10° K/s to
10% K/s which determine formation of non-equilibrium phases and
refined microstructures [15]. For this reason, mechanical properties of
SLMed parts are typically improved in comparison to those of
conventionally-manufactured castings. This unique property in SLMed
materials allows superior tensile properties [3-8,10,13,15,16]. Howev-
er, presence of internal porosities can dramatically reduce mechanical
and fatigue performances which should have been excellent in the
absence of such detrimental defects [13,17,18]. Defects formation
strongly depends on process parameters whose definition definitely
impacts on fatigue performance of additively-manufactured components
worsening reliability in high-demanding applications [3,5,13]. For this
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reason, fatigue properties of additively-manufactured parts are typically
poorer in comparison to wrought counterparts [7,13,14,19-23].The
main key aspects affecting fatigue properties are surface roughness,
intrinsic defects, microstructure and residual stresses [1].

As reported in literature, SLM technique involves a large variety of
defects associated to lack of fusion, un-melted particles and gas poros-
ities [1]. Formation of cracks can be also promoted by residual stresses
accumulated during the manufacturing process [1,24]. Such defects act
as stress concentrators promoting fatigue cracks nucleation with detri-
mental consequences on fatigue life. Moreover, such defects can
enhance localized corrosion attack deteriorating components quality
and further stimulating fatigue failure [1]. A summary of the main
defect types observed in additively-manufactured components is re-
ported in Table 1. Gas porosities, mainly originated by the trapped gas in
the powder and the gas atmosphere, almost always show spherical or
ellipsoidal shapes [1]. Formation of gas bubbles in the melt pool can be
also determined by excessive energy which induces intense convection
currents and vaporization responsible for ejected spatter and instability
[1]. On the other hand, when the energy supplied to the melt pool is
insufficient, lack of bonding between layers can be obtained with for-
mation of Lack-of-Fusion (LoF) defects almost always characterized by
sharp edges [1]. Normally, they contain un-melted or partially melted
powder particles. Because of the detrimental influence on fatigue
strength, surface and inner defects require a complete characterization
in terms of size, morphology, position and distribution [1,25]. More-
over, they are generally not uniformly distributed throughout the
printed volume. In fact, defects concentration is higher close to the
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Nomenclature of fatigue limit
a crack length

Symbols Aa crack extension
R fatigue load ratio fo theoretical fatigue limit
) defect perimeter Ny number of cycles at failure
A defect area I/w length-to-width ratio
HV Vickers Hardness WR wrought
Ao stress increment by surface coefficient
K Stress Intensity Factor Oa stress amplitude
c applied stress Y constant
Varea  defect size parameter (equivalent micro-notch length) R, surface roughness parameter
t defect depth R, surface roughness parameter
d defect size R, surface roughness parameter
e surface distance of the defect R, surface roughness parameter
AKp threshold stress-intensity range R, surface roughness parameter
Aoy threshold fatigue stress range
Aoy fatigue limit Acronyms
ap El-Haddad intrinsic crack AM Additive Manufacturing
AKgc  threshold AK for long cracks LPBF Laser Powder Bed I‘Jusion
AKp e intrinsic (effective) AK threshold FCC Fac.e-Centered. Cubic
E elastic modulus UTsS U'ltlmate Tensile Strength
b Burgers vector YS Yield Strength -
h Burgers vector component HIP H_Ot ISOSta_UC Pre':ssmg
k Burgers vector component LOM Light thlcal Mlcrosc.ope
1 Burgers vector component SEM S?annmg Electron Mlcroscope
o constant K-T Kltagawa-Tz'ikahashl
a edge length of the unit cell Lok Lack—(?f—Fusmn .

. . SLM Selective Laser Melting
a, modified ap parameter
a’ additional parameter

melted particles attached to the surface [1,7,22,23]. These features
Table 1 typically interact with sub-surface and surface-connected defects. Sur-

Summary of the main defect types observed in additively-manufactured com-
ponents according to [1].

Type Features Cause

Lack of Fusion Non-sintered area or delamination;
(LoF) Improper fusion between successive
tracks or layers

Insufficient energy

Un-melted Incomplete powder melting Insufficient energy
powder

Gas porosity Entrapped gas Excessive energy

Keyholing Improper closure of a keyhole Excessive energy

Small cracks Residual stresses

Balling Discontinuity in material Lack of wetting of solid
phenomenon particles

Surface Partially-melted powder particles Layer by layer deposition
roughness and powder feed stock;

supports

surface and it reduces towards the core because of scanning strategy and
thermal gradients [1]. For this reason, reduced amount of residual de-
fects and more uniform distributions can be achieved removing the near
surface layer by machining operations. Regarding fatigue performance,
surface defects are generally more detrimental than internal ones
because local stresses are usually higher in such positions. So, post-
processing strategies should be aimed at minimizing defects close to
the surface. Moreover, the presence of a large fraction of porosity in sub-
surface regions can promote interaction between pores and formation of
clusters, even if defects are small.

Despite surface roughness is useful to promote bone growth in
medical implants, its influence on fatigue performance is really detri-
mental [1]. Poor surface finishing of as-built components is determined
by the repetitive layer-by-layer nature of the process and partially-

face roughness is affected by process parameters, powder size and
component geometry [7,23]. Furthermore, the presence of building
supports and their subsequent mechanical removal can dramatically
deteriorate the surface quality. Almost all the available literature agrees
that surface roughness represents the most important parameter
affecting fatigue performance of as-built specimens [1,7,22,23]. In
accordance with this observation, appreciable improvements in this
property were observed after surface machining operations.

According to the previous observations, fatigue performance of
additively-manufactured components can be improved by post pro-
cessing strategies. Post heat treatments can be properly adopted to
obtain a uniform microstructure, remove residual stresses and control
phases formation that can further improve strength [1,26]. Adoption of
shot peening, sand blasting, machining and polishing operations can
improve fatigue performance by reducing surface roughness, near-
surface defects and, in the case of shot peening and sand blasting, also
creating residual compressive stresses [1,7,9,22,24,27]. In addition,
defects content can be further reduced using high quality powder and
optimizing process parameters [1]. This observation is also well known
in Powder Metallurgy technical literature [28-35]. Hot Isostatic Press-
ing (HIP) is another post-processing technique. However, in this case,
thermal exposure can significantly alter microstructure with coarsening
and phases formation. In addition, with HIP, surface and surface-
connected defects cannot be removed [1,23]. Moreover, conventional
machining and polishing operations cannot be applied to complex lattice
parts or thin internal features [1,6]. For this reason, other post-
processing techniques should be considered, such as electrochemical
and vibratory polishing [1,6]. The cost of post processing operations
should be carefully quantified because it can exceed even 50 % of the
additive manufacturing cost [12].
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Table 2
Literature data about mechanical properties of additively-manufactured (AM) and wrought (WR) 316L stainless steels (f represents the maximum fatigue stress).
Type Condition Ra YS [MPa] UTS [MPa] E or[MPa] Run-out R Reference
[pm] [GPa] [cycles] [-]

AM As-built 5-6 485 699 187 110 10° -1 [10]

AM As-built 7.2 453 573 — 145 2*10° -1 [9]

AM As-built — 430-449 509-528 — — — — [8]

AM As-built — 441-517 529-633 — — — — [38]

AM As-built — 485-495 587-594 163-165 — — — [71

AM As-built — 220-640 520-760 — — — — [6]

AM As-built — 508-577 555-608 — — — — [5]

AM As-built — 588 622 — — — — [4]

AM As-built 10.1 — — — 163 2*10° 0.1 [22]

AM As-built — — 581 — — — — [15]

AM As-built — 462 565 — 108 2#10° -1 [14]

AM As-built 12,5 — — — 120 107 -1 [40]

AM As-built 13.3 — — — 90 107 -1 [41]

AM As-built — — — — 250 5%10° -1 [42,43]

AM As-built — — — — 250 2*10° -1 [42,43]

AM As-built + 0.5 453 573 — 300 2*10° -1 [9]
Machined

AM As-built + — 475 550 — 295 3*10° -1 [3]
Machined

AM As-built + — — — — 300-400 10° 0.1 [12]
Machined

AM As-built + Polished — — — — 145-180 (amplitude) 10° 0.1 [2]

AM As-built + — — — — 165 107 -1 [19]
Machined

AM As-built + — 640 760 — 255 107 0.1 [19]
Machined

AM As-built + Polished — 640 760 — 269 107 0.1 [19]

AM As-built + Polished <1 511 621 — 101 107 -1 [44]

AM As-built+ 0.6 — — — 120-190 107 -1 [40]
Polished

AM As-built-+ 1.2 — — — 140-220 107 -1 [40]
Machined

AM As-built+ 1.7 — — — 135 107 -1 [41]
Polished

AM As-built+ 1.1 — — — 165 107 -1 [411
Machined

AM As-built+ — — — — 250 7.5%10° -1 [42,43]
Polished

AM As-built+ — — — — 338 2*10° -1 [42,43]
Polished

AM As-built + — 550-640 650-750 250-400 10° 0.1 [13]
Grinded

AM As-built + Polished 0.8 (Rz) — — — 320 106 -1 [11]

AM As-built + Turned —_ 462 565 — 267 2*10° -1 [14]

WR Smooth — 590 699 — 380 5%10° -1 [45]

WR Smooth — 345 563 187 350 10° -1 [10]

WR Smooth — 255-310 535-623 — — — — [71

WR Smooth — 220-270 520-680 — — — — [51

WR Smooth — 332 673 165 333 107 0.1 [20]

WR Smooth — 259 588 195 240 107 -1 [21]

WR Smooth — 262 586 — 269 107 -1 [46]

WR Smooth — — — — 275-330 107 -1 [40]

WR Smooth — — — — 350 2*10° -1 [42,43]

Laser remelting represents an alternative procedure to improve
density of produced parts and reduce surface roughness [1,6,36,37].
This technique involves re-scanning of each powder layer twice before
going to the next one. Nevertheless, laser remelting can dramatically
reduce productivity [1,6]. Yasa and Kruth investigated the influence of
laser remelting on components density [36]. This procedure improved
surface quality reducing the average roughness, R,, from 12 pm to 1.5
pm and the defects content was appreciably decreased from 0.77 % to
0.04 % [36]. In conclusion, such technique represents a possible alter-
native to conventional post treatments and it still preserves composition
uniformity and refined microstructures [37].

AISI 316L is an austenitic chromium-nickel stainless steel widely
adopted in various engineering fields, such as automotive, oil and gas,
chemical and petrochemical industries, because of its good ductility,
mechanical strength and corrosion resistance
[2-5,7-9,11-16,20-22,36,38,39]. As reported in literature, SLMed 316L

stainless steel can provide higher tensile strength in comparison to
conventionally-produced wrought parts thanks to the presence of
refined  microstructures and  higher dislocation densities
[1,3-5,7-9,13-15,20,22]. However, the ductility of SLMed materials is
generally lower than in wrought counterparts. Stern et al. investigated
the fatigue behavior of SLMed 316L stainless steel observing that uni-
axially tested specimens almost always had crack initiation sites close to
the surface [11]. In addition, they stated that porosity is not necessarily
detrimental to fatigue performance, but large and sharp defects close to
the surface represents strong stress concentrators [11]. According to
Riemer et al., defects in SLMed 316L stainless steel are not so detri-
mental to the high cycle fatigue behavior because this material shows
high ductility [14]. For this reason, 316L stainless steel is considered
highly defect- and residual stress- tolerant [4,11,14]. Considering such
high defect tolerance induced by the excellent ductility of austenite,
expensive post treatments may be omitted and components could be also
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Table 3

Summary of data reported in Table 2 with average values and ranges of tensile
properties, fatigue limits and fatigue ratii referred to R =—1 (AM: additive
manufacturing; WR: wrought).

Type YS UTS oy[MPa] o5

[MPa] [MPa] UTS

AM (as-built) Average 486 595 112 0.19
Range 220-640  509-760  90-145 0.15-0.25

AM (as-built + post Average 525 624 218 0.39
proc.) Range 453-640  550-760 101-320  0.20-0.54

WR (smooth) Average 342 617 285 0.44
Range 220-590  520-699  236-380  0.35-0.54

directly put in service in the as-built condition [4,11,14]. In fact, the
authors did not observe any appreciable improvement in fatigue limits
with post processing techniques aimed at increasing the overall
component quality. Similarly, HIP and stress relieving did not provide
any substantial increase of fatigue strength [13]. So, it is expected that
defects are not so detrimental to fatigue performance and this charac-
teristic could allow exploiting higher processing speeds with enhanced
industrial productivity [12]. In fact, despite the internal defects content
should impact fatigue properties also in the machined condition,
Andreau et al. identified no clear influence on fatigue limits of different
defects fractions and distributions [12].

In comparison to wrought components, the as-built SLMed condition
is associated to reduced fatigue limits because of internal and surface
defects. Considering data available in literature, Table 2 reports a
detailed summary of the mechanical properties of additively-
manufactured and wrought 316L stainless steels. Table 3 provides a
comparison between additive and conventional wrought materials
reporting average values about tensile properties and fatigue limits with
different load ratii. According to literature data, post processing tech-
niques aimed at improving surface roughness and removing near surface
defects provide a slight increase in fatigue limits and fatigue ratii.
Regarding conventional wrought materials, there is a slight increment of
the average fatigue limit, while the average fatigue ratio is very similar
to that observed in additively-manufactured materials with improve-
ments in surface quality. So, to be comparable with conventional
wrought parts in terms of fatigue performance, SLMed components
necessarily require post-processing operations to remove the defects-
rich surface layer and roughness.

This research work investigates the influence on the fatigue behavior
of post-processing surface improvements. In fact, the fatigue limit in the
as-built condition is compared to that obtained removing by grinding
the defects-rich surface layer and improving the surface roughness.
Then, fatigue limits and failures were investigated from the perspective
of fracture mechanics principles. Each broken fatigue specimen was
analysed by SEM and the killer defects were characterized in terms of
equivalent micro-notch length according to the Murakami’s approach
[47]. Each fatigue failure observed in this experimental work was
investigated using the Kitagawa-Takahashi diagram to relate the applied
fatigue stress and the equivalent total micro-notch length. In this case,
the limit curve for non-propagating cracks was defined according to
different models available in literature. In particular, a comparison
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Table 4

Surface roughness (average and standard deviation) of SLMed fatigue specimens
in both the as-built and contour-free conditions (Ra: average value of all the
fatigue specimens; Rt, Rz, Rv, Rc: average of maximum values in each fatigue
specimen).

Condition Ra Rt Rz Rv Re
[pm] [pm] [pm] [pm] [um]
As-built (average) 7.1 55.2 42.3 24.1 22.4
Contour-free 0.05 0.8 0.4 0.2 0.1
(average)
As-built (dev.st) 0.8 2.2 3.6 2.2 2.0
Contour-free (dev. 0.02 0.4 0.2 0.1 0.1

st)

between the El-Haddad and Chapetti models was performed to confirm
the non-conservativeness of the first approach. Then, considering the
equivalent micro-notch at 50 % probability in fatigue specimens, the
experimental Wohler fatigue limits were better analysed using the K-T
diagram.

2. Materials and method

316L stainless steel specimens for fatigue and tensile tests were
fabricated by LPBF technique with process parameters already opti-
mized by the manufacturer. Cylindrical specimens for rotating-bending
fatigue testing were manufactured vertically according to standard ISO
1143:2021 with a diameter of 6 mm [48]. The drawing of the fatigue
specimens is reported in Fig. 1.

Rotating-bending fatigue behavior was investigated in both the as-
built and contour-free conditions. Fatigue limits were determined with
the stair-case method, according to standard ISO 12107:2012 [49].
Contour-free specimens were obtained removing the outer layer of
approximately 260 pm thickness. This operation was performed by
grinding with subsequent polishing. Both the operations were carried
out manually with grinding papers (from 80-grit to 1200-grit) and 3 pm
diamond cloth. They were performed along the specimen axis to prevent
detrimental circumferential scratches. Moreover, polishing was carried
out carefully to avoid localized plasticization. In each specimen, the
surface roughness was measured by a Taylor-Hobson contact profil-
ometer, according to standard ISO 21920-2:2022 [50]. The data re-
ported in Table 4 are obtained from nine measurements performed along
the axis of each fatigue specimen in the straight zone.

Room-temperature tensile properties were investigated by tensile
tests according to standard ISO 6892 [51] considering specimens man-
ufactured vertically with dimensions of 6 mm diameter, 25 mm cylin-
drical length and 12.5 mm extensometer gauge length. HV2 hardness
tests were performed according to standard ISO 6507 [52]. Then, both
the as-built and contour-free conditions were analysed by light-optical
and scanning-electron (LOM and SEM) microstructural observation.
Size, morphology, position and distribution of defects were character-
ized by image analysis on optical micrographs considering the classifi-
cation procedure described by the Murakami’s theory [23,47]. Surface
and internal defects were characterized determining the +/area size
parameter. According to the Murakami’s method [23,47], the \/area size

Fig. 1. Drawing of the fatigue specimens adopted in this work.
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Fig. 2. Procedure to determine the convex effective area of single defects (a)
and cluster of defects (b) with and without presence of defect-surface interac-
tion (c).

parameter represents the effective length of the equivalent flaw calcu-
lated from the convex defect area which was determined manually. In
the presence of a single defect, the convex defect area is calculated
considering the enveloping contour shape, as shown in Fig. 2.a. When
multiple defects are present, interaction among them should be carefully
investigated. A cluster is obtained when distances between adjacent
defects are lower than the equivalent diameter of the smallest defect in
the cluster, as shown in Fig. 2.b. In the case of a cluster, it is charac-
terized considering the convex area which envelopes all the cluster-
contained defects. Successively, the Murakami’s approach analyses the
interaction of sub-surface defects with the surface [47]. When the
defect-to-surface distance exceeds the defect size, no defect-surface
interaction is present, as shown in Fig. 2.c.

In the presence of surface shallow defects, such as surface roughness
and surface defects with length-to-width ratio I/w > 10, the equivalent

International Journal of Fatigue 172 (2023) 107664

flaw effective length is determined considering the defect depth, t, as
described by the Murakami’s approach [47]. In this case, the \/area size
parameter is determined using Equation (1).

Varea = /10t @

For the surface roughness, the conversion into an equivalent micro-
notch is performed considering the Murakami’s approach [47]. Since
this defect type is continuously distributed along the entire surface, it
can be considered as a shallow defect and its depth is approximately
equal to the R, roughness parameter [53-55].

Specimens were obtained in both transversal and longitudinal di-
rections from the heads of fatigue samples. Metallographic preparation
was performed according to conventional techniques characterized by
mounting in thermosetting phenolic resin followed by grinding and
polishing. Chemical etching was done using a solution recommend by
standard ASTM E407 [56]. Fracture surfaces of fatigue specimens were
investigated using SEM to determine micro-mechanisms of fatigue fail-
ures. Then, also the size parameter \/area of killer defects was measured
in each observed condition to analyse the relation with the applied
stress.

Successively, fatigue limits and failures were better analysed from
the perspective of fracture mechanics principles. In each condition, the
applied stress-intensity factor K was determined considering the applied
nominal stress ¢ and the total equivalent micro-notch length of defects.
Specifically, El-Haddad et al. [57] studied the correlation between the
AK threshold (AKy) and the fatigue limit (Acy). They defined an
intrinsic crack, ap, which summarizes the effects of all the existing de-
fects. The Kitagawa-Takahashi diagram shown in Fig. 3.a describes the
relationship among fatigue stress, AK threshold and crack length [58].
The parameter ay reported in Equation (2) is the intrinsic crack repre-
sentative of all the microscopic defects, such as non-metallic inclusions,
lattice defects, micro-cracks and process-related damages.

1 (AKuic\®
— _ [ Z2hEC 2
a, ”( YAa, ) (2)

where AKy, ¢ is the AK threshold for long cracks and Aoy is the fa-
tigue limit.

However, when cracks are not associated to a complete crack closure
build-up, especially in the case of short cracks, the AK threshold is
reduced compared to that of long cracks [59,60]. In this condition, the
El-Haddad approximation is non-conservative and the Chapetti’s model
[61] can be adopted to account for this behavior, as shown in Fig. 3.b.
The non-propagating Chapetti region shown in Fig. 3.b is defined by the
limit curve associated to the intrinsic (effective) AKy ¢ threshold. In the
literature, the crack closure build-up is described using different
methods based on exponential or other types of functions. All these

Fig. 3. a) Kitagawa-Takahashi diagram showing the relationship among fatigue stress range, AK threshold and crack length; b) Comparison between the regions of

non-propagating cracks according to different approaches.
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Fig. 4. Crack growth resistance curve (R-curve) as a function of crack extension.

approaches are defined to reach the long crack AKj, threshold asymp-
totically [61-63]. Additionally, Tanaka and Akiniwa demonstrated that
the region of non-propagating cracks is reduced with increasing initial
defect length [60]. As a result, the crack growth resistance curve, also
called R-curve, was defined to evaluate the relationship between AK
threshold and crack length, as shown in Fig. 4.b.

The intrinsic (effective) AK threshold, AKy, f, is exclusively a func-
tion of the material physical properties and it does not depend neither on
the microstructure nor the load ratio. Its value can be determined using
different expressions available in the literature. Equation (3) shows the
model reported by Li et al. [64] to determine the intrinsic (effective) AK
threshold. It depends on the elastic modulus, E, the Burgers vector, b,
and a, which is equal to 1 according to Hertzberg [65] or 0.75 according
to Pippan et al. [66]. The Burgers vector is defined by Equation (4) and it
is a function of the lattice parameters.

AKp oy = av/|B|E 3

b=V TR E “)

where a is the unit cell edge length, while h, k and [ are the Burgers
vector components. In the FCC lattice, the (1,1,0) family of directions
includes the most common sliding directions, hence [b| = £v/2.

As previously described, the El-Haddad limit curve reported in
Equation (5) is non-conservative. For this reason, other authors slightly
modified the El-Haddad model to account for the AKy, variation with the
crack length in the crack growth resistance R-curve [61,67]. This model
for the limit curve is shown in Equation (6).

Ao'zh _ AK:/;.LC (5)
Yv/z(a+a,)

Acy = _ AKyla) 6)
Yy/n(a+a,)

A different expression for the limit curve is reported in Equation (7).
In this case, the El-Haddad parameter a, is substituted by a,, whose
expression is shown in Equation (8).

AK,;,(LI)
Aoy =——F7F— 7
o =Yt a) @
;= L(AKu))’ ©
°" z\ YAo;

In this analysis, the crack growth resistance R-curve is estimated
considering the model defined by Zerbst et al. [63] and reported in
Equation (9).

Aa+a"
AKy, = AKm.LCHm (C)]

AKp ¢ is the AK threshold in the case of long cracks and a, is the El-
Haddad intrinsic crack length. The additional parameter a” is adopted to
obtain AKy = AKye.s when Aa = 0. This parameter is defined by
Equation (10).

(AKrlz,eﬂ/AKrh,LC)z

a =a, (10)
1 - (Ath.e/f/Ath.Lc)z

3. Results and discussion
3.1. Metallographic analysis of microstructures and defects

Fig. 5 shows the micrographs of transversal and longitudinal sections
in both the as-polished and etched conditions with different magnifi-
cations at LOM and SEM. In addition, details of the typical process-
induced defects, such as lack-of-fusion pores and gas porosities, are
shown in Fig. 5. In the transversal plane, microstructural observation
revealed presence of elongated tracks of the melt pools with almost
perpendicular directions due to the laser-scanning rotation in the layer-
stacking process. The outer contour layer is characterized by a different
microstructural morphology because of the presence of distinct scanning
parameters. This difference is responsible for the increased density of
defects in comparison to inner regions. Lack-of-fusion pores are preva-
lently positioned close to the surface and they show irregular shapes. On
the contrary, inner zones are mainly characterized by gas porosities with
almost spherical morphology, as shown in Fig. 5. In the longitudinal
plane, melt pools are stacked in the build direction with almost uniform
orientation and shape, as shown in Fig. 5.e. The solidification micro-
structure reported in Fig. 5.f is clearly evident at SEM and it is charac-
terized by presence of both a cellular-shaped structure and elongated
dendrites with different orientations. The average size of the intra-
granular cells shown in Fig. 5.f is approximately equal to 1 pm diameter.
The average percentage fraction of defects in the as-built condition is
equal to 1.45 %. As shown in Fig. 5.e, the scanning technique produces
periodic melt pools deposited layer by layer. They are very similar to
several aligned welding beads whose boundaries are clearly highlighted
by etching. The dimensions of such melt pools were measured on optical
micrographs at 100X resulting in an average depth of 80 pm and width
of 150 pm.

Contour-free fatigue specimens were obtained removing by grinding
a radial thickness of 260 pm. This procedure allowed to eliminate the
external defects-rich region which contained lack-of-fusion pores,
especially. Fig. 6 shows the transversal section of contour-free fatigue
specimens in both the as-polished and etched conditions. Some internal
porosities were still present and they mainly consisted of spherical pores
induced by entrapped gas. In this case, the average percentage fraction
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Fig. 5. As-built specimens: microstructures observed in transversal (a, b, ¢, d, e, f, g, h, i, 1) and longitudinal (m, n, o) planes in both the as-polished and etched
conditions. SEM micrograph in the transversal plane (p).
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Fig. 6. Transversal section of contour-free fatigue specimens in both the as-polished and etched conditions.

of defects is equal to 0.20 %.

Metallographic analysis of defects in the as-built condition was
performed considering transversal sections from different fatigue spec-
imens. A significant amount of defects was mainly observed in the near
surface layer. The thickness of the external defects-rich layer ranges
from 100 um to 200 um. Such defects, mainly associated to lack of fusion
and presence of entrapped gas, were characterized by image analysis in
terms of size, position, morphology and distribution. Fig. 7.a and Fig. 7.b
describe the distribution of defects in the as-built condition considering
size and roundness as a function of the radial distance from the surface.
The defect size was evaluated considering the classification procedure of
the Murakami’s theory which is based on the parameter \/area [23,47].
The morphology of such defects was deeply investigated also calculating
the roundness parameter, shown in Equation (11), where A is the area
and p is the perimeter of the defect. When this parameter has a value
equal to 1, it indicates a perfect circle. As the value increases, it indicates
an increasingly irregular shape. Generally, gas porosities are charac-
terized by roundness close to 1 because of pressure uniformity, while
lack-of-fusion defects typically show irregular shapes with roundness
values even significantly higher than 1.

2

)4
Round, =— 11
oundness 4A an

The majority of defects is located at the surface and in the near
surface layer, while inner zones show a reduced amount. Moreover,
internal defects are smaller and their size parameter does not exceed
100 pm. Instead, surface defects are present with size parameter up to
250 pm. These results confirm that the contour layer is the most critical
in terms of defects amount and severity. In fact, the largest defects are
positioned close to the surface where local stresses are generally higher.
In addition, as shown in Fig. 7.b, the highest roundness values occur
near the surface indicating that such region contains defects that are not
only the largest, but also the most irregular ones. As shown in Fig. 7.a, in
contour-free fatigue specimens, an external layer of 260 pm thickness
was removed by grinding operations. However, after this procedure,
internal defects can become surface porosities, but their size parameters
are reduced compared to those observed in the original surface layer.
Fig. 7.e shows the percentage probability of defect presence in each
radial interval as a function of the distance from the surface. Considering
the average thickness (260 pm) removed by grinding in contour-free
fatigue specimens, the probability of defect presence in the radial in-
terval, 200 pm to 400 pm, from the surface still remains high and equal
to 97 %. Moreover, an increase in the grinding depth does not provide
any appreciable improvement since subsequent distance ranges still
show really high probability values. According to these results, even
after deep grinding operations, it is very difficult to obtain completely
defect-free surfaces. In fact, despite the probability of defect presence

reduces increasing the distance from the surface, its values still remain
significant. The overall surface-to-core radial range is populated at 56 %
in average by defects. Fig. 7.c compares the relationship between
roundness and size parameter for both surface and inner defects. Fig. 7.
d investigates the size parameter distributions for both inner and surface
defects. In both cases, the experimental data were fitted by log-normal
distributions leading to the fitting parameters reported in Fig. 7.d.
Fig. 7.f shows the cumulative percentage of fatigue specimens with
respect to the maximum defect size (y/area) observed in each of them. It
describes the percentage of fatigue specimens with maximum defect size
lower than a certain value. For instance, 10 % of the fatigue specimens
have a maximum defect size lower than 138 pm, 50 % lower than 188
pm and 90 % lower than 238 pm. Considering that the technical liter-
ature states that the maximum defect size determines the fatigue resis-
tance, the value observed in 50 % of the fatigue specimens, 188 pm, can
be adopted to estimate the Wohler fatigue limit at 50 % survival prob-
ability. Similarly, the fatigue limits with different survival probability
can be obtained considering the cumulative percentages reported in
Fig. 7.f. For instance, 90 % of the fatigue specimens have defects smaller
than 238 pm. To be sure that all these specimens survive the fatigue
tests, it is necessary that the applied stress is lower than that associated
to a maximum defect size of 238 pm.

3.2. Mechanical properties

The mechanical properties in the SLMed material are reported in
Table 5. The presence of excellent properties in the as-built condition is
primarily associated to the marked microstructural refinement induced
by the high cooling rates of the SLM process. Furthermore, the me-
chanical properties in the as-built condition are very similar to those
reported in literature for SLMed components and summarized in
Table 3.

Regarding hardness, Bartolomeu et al. compared 316L stainless steel
produced with different techniques: conventional casting, hot pressing
and SLM process [39]. The authors identified average hardness values
equal to 160 HV, 175 HV and 225 HV, respectively. Tolosa et al.
observed an average hardness of 235 HV in SLMed material [5].
Shamsujjoha et al. identified a slightly lower value equal to 200 HV [4].
So, hardness in as-built specimens lies within the range defined by
literature data. Moreover, thanks to the presence of a refined micro-
structure, it is significantly higher than that observed in conventionally-
cast components.

3.3. Fatigue tests: Fatigue limit and S-N Wohler diagram

Then, rotating-bending fatigue tests were performed at room tem-
perature with load ratio R = —1 on cylindrical specimens in both the as-
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Fig. 7. Defects size, morphology, position and distribution in the as-built condition. The red area indicates the radial thickness removed by grinding from as-built
fatigue specimens to obtain the contour-free ones. a) Size parameter \/area of surface and inner defects as a function of the distance from the surface; b) Roundness of
surface and inner defects as a function of the distance from the surface; c) Relation between size parameter and roundness compared for surface and inner defects; d)
Distribution of size parameter for surface and inner defects and log-normal distribution fitting; e) Percentage probability of defect presence in each radial interval and
average value; f) Percentage of fatigue specimens with maximum defect size lower than a certain value. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

Table 5
Room-temperature mechanical properties of SLMed as-built specimens. Hard-
ness tests were performed on both transversal and longitudinal sections
considering three measurements on each sample adopted for the metallographic
analysis.

HV2 (L) HV2 (T) YS [MPa] UTS [MPa] YS/UTS [-]

242 229 442 591 0.75

built and contour-free conditions, according to standard ISO 1143:2021
[48]. Experimental tests were done considering a test frequency of 50 Hz
and run-out condition equal to 107 cycles. The fatigue limit was deter-
mined with the stair-case method, according to standard ISO

Table 6
Comparison between the rotating-bending fatigue limits (R = —1) in the as-
built and grinded (contour-free) conditions.

Condition or[MPa] o /UTS

SLM - As-built 120 0.20
SLM - As-built (contour-free) 150 0.25
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Fig. 8. S-N Wohler diagram in both the as-built (Ra 7.14 pm) and grinded
contour-free (Ra 0.05 pm) conditions.

12107:2012 [49]. Stair-case tests were performed considering a stress
increment, Ao, equal to 20 MPa. According to the experimental results,
the fatigue limit in the as-built condition is equal to 120 MPa, while it
increases at 150 MPa in the contour-free specimens.

A summary of the fatigue limits is given in Table 6. According to the
results, the surface coefficient, by, adopted to calculate effective fatigue

International Journal of Fatigue 172 (2023) 107664

limits from theoretical ones, is determined equal to 0.80 according to the
expression reported in Equation (12). Considering the yield strength-to-
UTS ratio and the surface roughness,R;, of as-built SLMed specimens,
this value is in good agreement with literature data [68]. This obser-
vation confirms that presence of a poor surface quality in as-built SLMed
components does not provide severe reduction of fatigue limits thanks to
the high ductility of this material which allows good defect tolerance.
Moreover, as also observed by metallographic analysis, the probability
of defects presence in the surface layer of grinded fatigue specimens still
remains very high despite the removal of the original contour region. So,
the presence of a marginal increment in fatigue limit after such grinding
procedure is also determined by the almost unavoidable presence of
surface defects. In fact, as shown by the SEM analysis of fracture sur-
faces, fatigue nucleations in stair-case specimens were always obtained
from surface lack-of-fusion defects. Improvements obtained by grinding
and polishing are associated to the removal of the largest defects and
better surface finishing.

— Of(as—builr)

by = (12)

Of (grinded)

In the as-built SLMed condition, the ratio between the fatigue limit
and UTS is compatible with the literature database reported in Table 3.
However, grinded SLMed specimens showed a reduced improvement in
fatigue strength compared to the literature data which show a higher
average value. Despite such slight increment, the observed fatigue ratio
still lies within the literature range for mechanically post-processed

Fig. 9. SEM micrographs of the fracture surfaces of some fatigue specimens. Images are reported in this order for each sample: overview, nucleation zone, prop-

agation zone and final fracture. Sample D (a, b, ¢, d); Sample I (e, f, g, h).
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Table 7

International Journal of Fatigue 172 (2023) 107664

Size parameter ,/aredyy of killer defects, micro-notch associated to the roughness and roundness of killer defects for the broken fatigue specimens. Results obtained by
image analysis on SEM micrographs. The depth is reported only in the case of shallow surface defects. This analysis was performed according to the Murakami’s theory

[23,47].

D Condition ¢, [MPa] Cycles to failure Nucleation Roundness Shallow Depth /areag [pm] Micro-notch Micro-notch
(YES/ [pm] (roughness) total length
NO) [pm] [pm]

A As-built 110 1.300.000 Surface (LoF) 2.17 NO — 271 76 347

B As-built 130 1.300.000 Surface (LoF) 1.74 NO — 174 76 250

C As-built 130 1.400.000 Surface (LoF) 1.35 NO — 178 76 254

D As-built 130 1.384.000 Surface (LoF) 1.85 NO — 189 76 265

E As-built 150 433.000 Surface (LoF) 2.54 NO — 285 76 361

F As-built 180 380.000 Surface (LoF) 4.08 YES 62 196 76 272

G As-built 200 264.393 Surface (LoF) 2.24 NO — 358 76 434

H Grinded 160 928.200 Surface (LoF) 1.96 NO — 114 76 190

I Grinded 160 526.540 Surface (LoF) 4.16 NO — 153 76 229

L Grinded 160 1.980.789 Surface (LoF) 4.81 YES 82 259 76 335

M Grinded 180 770.600 Surface (LoF) 1.24 NO — 70 76 146

N Grinded 205 411.111 Surface (LoF)  2.56 NO — 67 76 143

o Grinded 300 116.600 Surface — — — — 76 76

specimens reported in Table 3. The improvement in fatigue limit ob-
tained by grinding of AM fatigue specimens is equal to 25 %. Even
though such increment is limited by the unavoidable presence of surface
defects even after grinding, the percentage increase in fatigue strength is
satisfying. In fact, the removal of the surface layer allowed elimination
of the worst defects in terms of size and morphology. However, as shown
in Fig. 7.e, even after deep grinding operations, it is really unlikely to
obtain completely defect-free surfaces. This condition limits further
increment of fatigue strength since rotating bending exposes uniformly
each surface point to cyclic tensile/compression stresses. Moreover,
referring to Fig. 7.c, pores that can become surface defects in the
contour-free condition are really sharp because of roundness values up
to 4. According to this observation, SEM analysis demonstrated that
broken grinded fatigue specimens still have crack nucleation from sur-
face lack-of-fusion defects.

Then, after the analysis of fatigue limits, experimental tests in the
finite-life region were also performed to determine the S-N Wohler di-
agrams, as shown in Fig. 8.

As reported in the literature [40-43,70], the 3D-printing machine,
the process parameters, such as atmosphere, platform temperature,
scanning speed and hatch spacing, the powder characteristics have great
influence on fatigue life. For instance, in both the as-built and grinded
conditions, the fatigue limits and S-N curves found in this paper are
generally lower than those found in [42,43]. Nevertheless, in the as-built
condition, such difference decreases if compared to the results obtained
with the specimens fabricated by the 3D-printing machine B [42,43]. In
addition, considering literature data reported in [40,41,70], the fatigue
limits and S-N curves obtained in this research work and presented in
Table 6 and Fig. 8 are in good agreement.

3.4. SEM analysis of fatigue fracture surfaces and killer defects

Then, the fracture surfaces were investigated by SEM to determine
the micro-mechanisms associated with the fatigue failure. Crack nucle-
ation, propagation region and final fracture are detected and highlighted
in the SEM micrographs shown in Fig. 9. Table 7 reports a detailed
characterization of killer defects at the nucleation site for each broken
specimen. In both the as-built and grinded fatigue specimens, crack
nucleation occurred at the outer surface because of lack-of-fusion pores
except for a single grinded specimen where fatigue nucleation was ob-
tained from surface roughness. In some conditions, also multiple
nucleation was observed. Since the combined presence of near-surface
porosity and roughness is more critical compared to the presence of a
single flaw only, it is necessary to define an equivalent micro-notch
length which combines the effects of near-surface defects and rough-
ness, represented by the parameter Rv, as suggested in the literature
[55]. In this research work, to consider the overall effect of the two flaw
kinds, the authors proposed to add the equivalent micro-notches, as
done in the last column of Table 7. The final fracture zone is charac-
terized by presence of small dimples related to a micro-ductile mecha-
nism. Fig. 10 reports some examples of the calculation of the size
parameter on fatigue fracture surfaces obtained by SEM analysis.

3.5. Analysis of fatigue limits and failures based on R-curve and K-T
diagrams

As described, such defects directly affect the fatigue limit of the
material. In this work, considering them as equivalent flaws, fracture
mechanics principles are adopted to better investigate fatigue behavior.
In the presence of a defect, according to the Murakami’s approach [47],
the applied stress-intensity factor K with nominal stress ¢ is given by
Equation (13).

Fig. 10. Calculation of the size parameter of killer defects according to the Murakami’s theory [23,47]. a) Sample F; b) Sample G; c¢) Sample I
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Table 8
Calculated AKy e and AKy 1 values for 316L stainless steel.
AKgy orr [MPay/m] AKgy 1c[MPay/m] AKy, 1.c(Murakami) [MPay/m]
2.5 11.3 11.6

Fig. 11. Influence of the crack extension on the AK threshold.

K = oY/ n\/area

The constant Y is equal to 0.65 and 0.50 for surface and internal
defects, respectively. The /area size parameter is determined for each
defect according to the Murakami’s approach [47]. The stress-intensity
factor K is really important because it is a function of the shape,
dimension and position of each defect.

The intrinsic (effective) AKy s threshold was calculated using
Equation (3). Its average value, reported in Table 8, is in good agreement
with literature data [71]. The AKgyc threshold was determined
considering literature data at negative load ratii. In particular, as
demonstrated in the literature, the AKy, ¢ threshold at load ratio R =
—1 can be obtained by linear extrapolation of experimental data at
positive load ratii [54,72-77]. The reference values for 316L stainless
steel were collected and averaged from several authors [47,73,75]. The
calculated AKy ¢ threshold is in good agreement with the value ob-
tained evaluating the Murakami’s formula, reported in Equation (14), at
Jarea equal to 1000 um, which represents the threshold between the
short and long crack regions according to the author [47].

(13)

AK, = 0.0033(HV + 120) (v/area )"? "

International Journal of Fatigue 172 (2023) 107664

HV is the Vickers hardness reported in Table 5. The value of AKy,;c
threshold considered in this analysis is reported in Table 8. Then, the
influence of the crack extension on the AK threshold is reported in
Fig. 11.

To define the K-T diagram, it is necessary to determine the theoret-
ical fatigue limit (ofo) in the absence of the SLM intrinsic defects. For this
reason, in this work, as reported in the Introduction, a wide literature
review was performed to collect a database of fatigue limits for con-
ventional 316L stainless steel determined on smooth fatigue specimens.
In particular, according to the literature, fatigue limits can also be
estimated as a fraction of UTS. For conventional ductile steels, the ratio
between the fully-reversed rotating-bending fatigue limit (R = —1) and
UTS ranges from 0.4 to 0.6. According to the literature database sum-
marized in Table 3, this ratio varies between 0.35 and 0.54 and the
average value, equal to 0.44, is adopted to determine the theoretical
fatigue limit (oy) for the SLMed material which is equal to 260 MPa
(stress amplitude). Adopting this value in Equation (2), the El-Haddad
intrinsic crack becomes equal to 355 pm.

The limit curves in the K-T diagram determined according to Equa-
tions (5), 6 and 7 are shown and compared in Fig. 12.a. In the following
analysis, the limit curve defined by Equation (7) is selected as the
reference model. The limit curve for non-propagating cracks depends on
the crack length of the equivalent micro-notch determined according to
the Murakami’s approach [47]. Fig. 12.b compare the limit curves

Fig. 13. Limit curves and experimental data points in the K-T diagram for a
selection of the broken fatigue specimens summarized in Table 7.

Fig. 12. a) Comparison among the limit curves according to the proposed models in the K-T diagram; b) Comparison among the limit curves varying the length of the

equivalent micro-notch.
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Fig. 14. Estimation of the Wohler fatigue limits at 50 % survival probability in
the as-built and grinded SLMed conditions.

Table 9
Comparison between the experimental and the predicted Wohler fatigue limits
at 50 % survival probability.

Total micro- oy(experimental) or(predicted) %
notch length [MPa] [MPa] Error
[pm]
As-built 188 + 76 120 131 9.2
Grinded 188 150 157 4.7

obtained with Equation (7) varying the initial micro-notch length. In
particular, the ideal curve without initial micro-notch is compared to
that associated with the equivalent micro-notch of the surface roughness
and that related to the equivalent micro-notch of the maximum surface
defect observed in the metallographic analysis.

As reported before, the fracture surfaces of some broken fatigue
specimens were analysed by SEM. Crack nucleations occurred at the
surface because of the surface roughness or the combined effect of
roughness and near-surface defects. Failure was investigated and
confirmed in each condition using the K-T diagram. A selection of the
broken fatigue specimens summarized in Table 7 is reported on the K-T
diagram shown in Fig. 13. As previously described, the limit curve for
non-propagating cracks varies in each condition depending on the initial
total equivalent micro-notch length. Considering the El-Haddad
expression for the limit curve defined by Equation (5), only the failure
of sample G would have been supported by this model since all the
others fall in the safe zone. This observation confirms the non-
conservativeness of the El-Haddad model.

According to the results shown in Fig. 7.f, the maximum defect size
present in 50 % of the fatigue specimens is equal to 188 pm. This value is
adopted to estimate the Wohler fatigue limit at 50 % survival probability
in both the grinded and as-built conditions. Particularly, regarding the
as-built condition, the total defect size was obtained adding the equiv-
alent micro-notch associated to the surface roughness, i. e. 76 pm. In
Fig. 14, the fatigue limits were determined as the stresses associated to
the defect sizes of 188 pm and 264 pm (188 pm + 76 pm), respectively.
The comparison between the experimental and the predicted values is
reported in Table 9.

4. Conclusions

This research work underlines the importance of surface roughness
and defects in determining fatigue limits. However, thanks to the high
ductility of 316L stainless steel, good defect tolerance is present. For this
reason, reduction of the fatigue limit in the as-built condition compared
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to the contour-free one is not severe and the surface coefficient, b,, is
equal to 0.8. The analysis of fatigue limits and failures from the
threshold perspective based on fracture mechanics principles confirmed
the experimental results and the non-conservativeness of the El-Haddad
model. Then, this work outlines the possibility of predicting Wohler
fatigue limits considering in the Kitagawa-Takahashi diagram the
equivalent total micro-notch length at 50 % probability determined by
metallographic analysis.
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