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ARTICLE INFO ABSTRACT
Keywords: Ti6A14V has emerged as one of the most promising materials for Additive Manufacturing (AM). In
Titanium Alloy this work, three series of AM Ti6Al4V samples were employed to assess the material fatigue
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behavior and its dependency on surface finish. One series was left in as-built conditions, one was
machined, and one was finely polished. No samples underwent heat treatment, and their di-
mensions were chosen to be representative of the characteristic strut size of AM reticular struc-
tures. The as-built and machined series were characterized in terms of roughness, monotonic,
Low-Cycle Fatigue (LCF) and High-Cycle Fatigue (HCF) behaviors. The polished series was
intended to determine the fatigue limit under ideal surface finish conditions, undergoing
roughness and HCF tests only. This allowed the determination of the fatigue limit reduction
factors due to surface finish, providing designers with a practical tool for evaluating the effect of
surface roughness on the fatigue performance of AM Ti6Al4V. Besides, scanning electron mi-
croscopy and fracture mechanics analysis through Kitagawa-Takahashi diagrams, based on
Murakami’s theory, were performed. Different laws correlating defect size and fatigue limit of
defective components were compared. By transforming roughness into an equivalent defect,
further insight into the effect of surface finish on fatigue performance was gained.

1. Introduction

In recent years, Additive Manufacturing (AM) has gained an important role in the production of mechanical components. Indeed,
this technology has very few constraints in terms of geometries that can be manufactured, enabling the manufacturing of products with
very complex shapes [1]. In addition, AM enables the production of such complex geometries without the waste of material that is
typical of traditional manufacturing techniques. These capabilities make AM not only interesting from a technical point of view, but
also cost-effective in a large variety of circumstances [2]. Components are built layer upon layer, enabling new possibilities in terms of
optimization and weight reduction through the employment of lattice and reticular structures [3,4]. These distinctive advantages have
promoted interest in AM technologies. Increasing research efforts focus on assessing their applicability in sectors where non-AM
materials have traditionally been employed [5,6] and in developing an increasing number of AM materials, ranging from metals to
ceramics, including polymers and Multi-Materials [7-10]. Steels, aluminum alloys and titanium alloys are among the materials that are
most studied for AM production through fusion of powders [11-13]. However, while the chemical composition of most of the alloys on
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the market is similar to that of wrought materials, the different solidification process typical of AM leads to different mechanical
properties [14,15]. For this reason, a comprehensive characterization of their mechanical behavior is essential for an effective utili-
zation as a viable alternative to conventional manufacturing methods. Among others, the quasi-static (QS), the Low-Cycle-Fatigue
(LCF) and the High-Cycle-Fatigue (HCF) behaviors are the fundamental parameters that should be known for a reliable design of
new components.

Ti6Al4V is among the titanium alloys that are most employed in industry. Ti6Al4V is an a + f phase alloy characterized by a high
strength, relatively low density, good fracture toughness, and excellent corrosion resistance [16]. It is widely employed in aeronautical
applications, thanks to its lightweight characteristics [17-19]. More recently, with new advancements in the field of orthopedic
implants, this alloy is becoming the standard choice for artificial prostheses thanks to its excellent bio-compatibility [20-24]. The
traditional manufacturing process of Ti6Al4V involves forging, casting, and rolling of bulk feedstock materials before undergoing
machining operations [25]. However, in recent years it has become one of the most widespread alloys in AM, thanks to its printability
which makes it compatible with AM techniques, ranging from Direct-Energy-Deposition (DED) to Selective-Laser-Melting (SLM),
including Electron-Beam-Melting (EBM) [26-28]. These processes are characterized by using a laser or electron beam source to melt
the material, reaching very high melting and solidification speeds [29-31]. Such manufacturing parameters strongly influence the
microstructure of printed products, leading to residual stresses, which affect the macroscopic response of the structure [32,33]. In
addition, another typical and dangerous aspect of AM parts is the presence of defects such as internal pores and high surface roughness,
which have a pejorative impact on the mechanical and fatigue properties [34,35]. This is especially true for the surface defects (such as
surface roughness) that are in most case the sites of nucleation of cracks, representing a detrimental feature for fatigue resistance
[36,37].

The effect surface finish on fatigue properties is investigated in the present work. Three series of Ti6Al4V samples manufactured via
SLM and having different surface finishes were characterized in terms of QS, LCF, HCF and behaviors. Comparison of the behavior of
the different series of specimens allowed to quantify the effect of the surface roughness on the mechanical performances of AM
Ti6Al4V.

2. Materials and methods

To characterize the HCF and LCF behaviors as well as the influence of surface finish in AM Ti6Al4V, three series of cylindrical
samples were manufactured via SLM. The first series was left in the as-built condition, and was produced with two geometries, one for
HCF tests and the other for LCF tests. The geometry for HCF specimens is represented in Fig. 1a and was designed according to the
ASTM E466 standard [38]. The geometry for LCF specimens is represented in Fig. 1b and was designed according to ASTM E606
standard [39]. All proportions prescribed by the standard were respected, but the recommended minimum dimensions of the speci-
mens were reduced. This choice was made to reproduce more closely the typical operating conditions of AM materials, which are
frequently used to manufacture reticular structures having struts with small diameters. Because size plays a fundamental role in the
fatigue behavior of materials, to obtain a similar fatigue response small-diameter specimens were produced. This choice had already
been tested in previous experiments leading to good results [40-42]. The second series of specimens was produced with the same HCF
and LCF geometries and was machined to achieve better surface conditions. Eventually, the third series of specimens was produced
only with HCF geometry and was finely polished, to obtain optimal surface conditions (i.e., R, < 0.2 according to ASTM E606 stan-
dard). This series was intended to determine the fatigue limit of the material in ideal surface conditions, which was used to evaluate

Fig. 1. Samples geometries: for HCF and QS tests (a), for LCF tests (b).
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fatigue limit reduction factors due to surface finish and to perform fracture mechanics analysis.

All specimens were produced via SLM using an EOS M290 machine. The process parameters were optimized by the supplier, with
the aim of minimizing the quantity of internal porosities and defects, as proved by the mirror-polished transversal sections observable
in Section 3.4, showing almost no residual porosity. This aspect was fundamental in determining the ideal fatigue limit. The build
direction corresponded to the longitudinal axis of each specimen, while the scanning plane lied on the transversal plane. Ti6A14V
powder particles had a spherical morphology with size from 15 pm to 45 pm, and their chemical composition is reported in Table 1.
None of the specimens underwent heat treatment.

2.1. Tensile and surface roughness tests

The tensile tests were carried out on samples with geometry reported in Fig. 1a. The tests were conducted at 25 °C and the crosshead
speed was set to 0.1 mm-min~!. The Ramberg-Osgood parameters of the quasi-static curve were calculated in order to satisfy the
Ramberg-Osgood [43] law:

1

o 64 \ 0
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where ¢, is the total strain amplitude, &, and &4, are the elastic and the plastic strain components, ¢, is the stress amplitude, E is the
Young’s modulus, Kro and ngo are the Ramberg-Osgood parameters, i.e., the strength coefficient and the strain hardening coefficient,
respectively. Additionally, because surface conditions are one of the most important factors affecting the fatigue resistance of mate-
rials, multiple surface roughness measurements were carried out, in order to assess the difference in the surface finish conditions
between as-built and machined specimens.

2.2. HCF tests

HCF tests with a stress ratio R = 0 were performed on a STEPLab UD04 testing machine, capable of applying a maximum load of 5
kN at a maximum frequency of 35 Hz, used in previous studies for similar material characterizations [40-42]. The stair-case approach
in combination with statistical elaboration of data according to Dixon [44] was used to determine the fatigue limit. Such method, in
addition to averaging measured values, takes also into consideration the order of failures/run-outs providing a correction coefficient
based on the statistical elaboration of numerous results. This short stair-case approach was previously used by the authors [45-48]. As
in the traditional stair-case, the coupons were tested at different load levels. The value of the load to be applied at the i —th test depends
on the load of the previous one. The stress increment, Ao, was assumed equal to 10 MPa. The first test is performed at the starting force
level, F; which is determined according to literature data. If a coupon does not fail within 5 x 10° cycles (the so-called run-out
condition), the subsequent test (i + 1) is performed at a force level increased by the force increment, i.e. F;.; = Fi + AF. Conversely, if
the test does not achieve the run-out condition (i.e. ends with a failure), the subsequent test is conducted at a force decreased by the
force interval, i.e. F;;; = F; —AF. In the present work, five tests for each condition (as-built and machined) have been conducted. After
the last test, the sequence order failures/run-outs is defined. The Dixon method [44] estimates the fatigue limit (Aoy) through a co-
efficient, k (which can be extracted from tables and depends on the sequence order) as showed in Equation (2).

Aoy =xp+keAc 2)

where xr is the stress level of the last test in the sequence. Moreover, Wohler diagrams [49] were computed after performing some
tests in the finite-life region.

2.3. LCF tests

LCF tests were conducted in strain control. The strain ratio was set to R = — 1. The test frequency was set equal to the minimum
value prescribed by the standard, in order to prevent overheating that could affect the results of the tests. Specifically, a frequency of
0.1 Hz [50], the minimum allowed by the standard, was selected. Both series of samples (as-built and machined) show marked
hysteresis. The fitting of the corners of the stabilized cycles was performed applying the Ramberg-Osgood [44] law to cyclic loading:
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where Ky, and n, are the Ramberg-Osgood cyclic parameters, analogous to static constants K and n. After reaching the stabilized
loop, all the tests were continued until the final failure. The number of cycles at rupture, Ny, is indeed needed for the calibration of the

Table 1

Chemical composition of the metal powder employed for AM specimens production.
Material Ti [%] Al [%] Fe [%] V [%] C [%]
Ti6Al4v Bal 6 <0.3 4 <0.08
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Basquin-Coffin-Manson (BCM) parameters:

Ag,
&g = 3

(y, / c
=7 (2N)" + ¢ (2)) )

where o} is the fatigue strength coefficient, b is the fatigue strength exponent, ¢'; is the fatigue ductility coefficient and c is the
fatigue ductility exponent [51-53].
The calibration procedure foresees the estimation of the Basquin coefficients (0} and b) first starting from the yield strength (ob-

tained from the QS tests) and the HCF limit. The Basquin model, represented in Equation (4), is fundamental to unbundle the elastic
deformation from the total one.

Eqp = €q — Eqe = 8}(2Nf)c 5)

The ASTM 739 standard [54], could be exploited to have the best estimation (maximum likelihood) of the coefficients of Equation
(5).

log(Ny) = A+ Blog(eqp) (6)
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where X and Y are the average values of the variables x; = log(e,,) and y; = log(N). Equation (6) can be rearranged as:
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In this way the maximum likelihood estimators result in:
1
(46
2
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2.4. Fracture mechanics analysis and Kitagawa-Takahashi diagrams

Because surface roughness and subsurface defects critically influence the fatigue behavior and performance of components,
fracture mechanics analyses were carried out on the tested specimens. Assuming such defects as a single equivalent flaw, fracture
mechanics principles allow a deeper understanding of the fatigue life. In particular, the approach suggested by Murakami [55] assigns
to each defect a corresponding stress-intensity factor K, as showed in Equation (11):

K = oYy/n/area an

where ¢ is the applied stress and Y is a constant equal to 0.65 for surface defects and 0.5 for internal defects (meaning that surface
defects have a more detrimental effect than inner ones). \/area is a parameter related to the defect shape, size and position. Specifically,
it represents the effective length of the equivalent micro-notch calculated as the square root of the convex area of the defect (Aqy)
determined according to Murakami’s approach [55], as shown in Fig. 2.

As can be observed, convex areas (i.e., the surface included by the convex contour that envelopes the irregular shape of the defects)

Fig. 2. Definition of the convex effective area of single defects (a) and cluster of defects (b) with and without presence of defect-surface interaction
(c), according to the Murakami’s method [48].
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are calculated differently for single defects (Fig. 2a), clusters of defects (Fig. 2b) and considering the presence of defect-surface
interaction (Fig. 2c). With regard to clusters of defects, they are obtained when distances between adjacent defects are lower than
the equivalent diameter of the smallest defect within the cluster. As far as surface shallow defects (such as the surface roughness and
surface defects with length-to-width ratio higher than 10) are concerned, Murakami [55] prescribes to calculate a stress intensity factor
induced by such defects by using the defect depth, t, as described by Equations (12) and (13):

K = oY/ n\/areasnaiiow (12)

V AréQshaliow = V 10t (13)

Since crack nucleation is generally driven by the worst defect, the maximum R, parameter was selected to represent the notch effect
of surface roughness [56]. The total length of each surface defect was obtained adding the length of the equivalent micro-notch to the
roughness equivalent micro-notch. Areas and lengths of defects were measured by Scanning- Electron-Microscopy (SEM).

The stress-intensity factor K is very useful to study the fatigue behavior. Particularly, by using the threshold AK (AKy,), it is possible
to define a relation between the threshold fatigue stress range (Acy) and the corresponding crack length (a) through the Kitagawa-
Takahashi (K-T) diagram shown in Fig. 3a [57]. El-Haddad et al. [58] suggested a relation between fatigue stress and crack length
on the Kitagawa-Takahashi diagram through Equation (14):

Aoy = —2Kmie (14)
Y/zn(a+ ao)

where AKy ¢ is the AKy, for long cracks (Fig. 3b). ao is an intrinsic crack, which considers the overall effect of existing defects,

microstructure, non-metallic inclusions and micro-damages induced by the manufacturing process:

1 (AKpic\’
_1 1
=7 <YAO‘f0> (15)

where Aoy, is the theoretical fatigue limit (i.e., the fatigue limit determined in ideal surface conditions).

However, when cracks are not associated to complete crack closure build-up (e.g., short cracks), AKy, is reduced with respect to that
of long cracks (AKu 1c) [59,60], i.e., the value of the threshold AK depends on the crack length. To fill this gap, multiple approaches
were proposed to describe the crack closure build-up [61-63], like the curve shown in Fig. 4 (called R-curve). The R-curve relates the
threshold stress intensity range to the crack extension. As cracks get longer, their threshold AK tends to AKy ¢, while as they get
shorter, they tend to AKy, o, which is the intrinsic (effective) threshold. AKy, . does not depend neither on the microstructure nor the
load ratio, but only on material physical properties. The scientific literature proposes different relations to determine its value. Li et al.
[64] reported some models mainly based on the elastic modulus, as shown in Equation (16).

AKLh,eff = ay/ |b|E (16)
where b is the Burgers vector and « is equal to 0.75 according to Pippan et al. [65]. The Burgers vector, defined by Equation (17), is
a function of the lattice parameters:

Ib| :g B2+ k> 4 2 17)

where y is the edge length of the unit cell, while h, k and [ are the Burgers vector components. In the HCP lattice (typical of Ti-

tanium), dislocation glide most frequently occurs on the prism planes (1010), with Burgers vector of the type AB [66].
As a result, for short cracks, models that do not consider the dependency of the threshold AK on the crack length (such as El-
Haddad’s one) overestimate it and result non-conservative with respect to models that do consider it (such as those based on Chapetti’s

Fig. 3. Kitagawa-Takahashi diagram with El-Haddad curve (left) and Kitagawa-Takahashi diagram with El-Haddad vs Chapetti curves (right) [48].
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Fig. 4. 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) [48].

approach [61]), as shown in Fig. 3b. El-Haddad curve can be modified to take into account the variation of AKj, described by the R-
curve [67]:

AKth(a)

(18)
Y\/n(a+ ao)

AD'[}, =

The limit curve based on the intrinsic (effective) AKy, o results in the non-propagating Chapetti region shown in Fig. 3b. Replacing

the El-Haddad parameter a, with the modified value a;, a new limit stress curve is obtained as shown in Equation (19) and Equation
(20).

.1 /AKx(a)\?
Go=3 ( Yo ) (19
Aoy = DKn(@ (20)
Y/r(a+do)

In this work, the R-curve for Ti-6Al-4 V was generated using the model defined by Zerbst et al. [63]:

Aa+a
AKy = AK, _— 21
th hic | Adtd ta (21)

where Aa is the crack extension and a* is an additional parameter adopted to make AKy, = AKy o when Aa = 0:

(MK /AKinsc)”

Pl 22)
1 — (MK /AKanic)
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The K-T diagrams for some of the broken fatigue specimens shown in Section 4 were generated. In particular, the fractures of three
different specimens were analyzed, two belonging to the as-built series (specimen ID HCF-AB and HCF-AB2) and one to the machined
one (specimen ID HCF-M) as shown in Table 2. Pictures of specimen HCF-AB, HCF-AB2 and HCF-M can be found in Section 3.5. The
value of AKy, ¢ was calculated through Equation (15) using the lattice parameters reported in [66,68], obtaining a value of 1.28 MPa
/m. For AKy;c the value of 3.48 MPa /m was considered, as found by Wycisk et al. [69]. The values are reported in Table 2. With
regard to the theoretical fatigue limit Aoy (which is required to for the K-T diagram), it should be determined considering fatigue
specimens with the same microstructural features of the investigated materials, but without surface and inner defects. This condition
was achieved through the third series of specimens, which, besides having almost no residual porosities as discussed in Section 2, were

Table 2
Kitagawa — Takahashi diagram analysis input parameters.
Specimen ID Material AK o [MPa \/m] AKy 1c[MPa /m] Acgo[MPa]
HCF-AB as-built 1.28 3.48 Determined via polished specimens
HCF-AB2 as-built
HCF-M machined
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finely polished to achieve near-to-ideal surface conditions (Rq < 0.2).

3. Results

3.1. Tensile and surface roughness tests

The elastic modulus (E), the yield strength (6y), the Ultimate Tensile Strength (UTS) and the Ramberg-Osgood obtained through
tensile, quasi-static tests are shown in Table 3. The obtained values of 6y and UTS are aligned with those found in literature [70].
Machined samples displayed a slightly better performance, although the effect of surface conditions on static properties is very limited.
Yet, the coarse surface of as-built samples could feature defects large enough to act as stress raisers significant enough to affect static
properties.

The results of surface roughness measurements are reported in Table 4. The surface roughness, especially in the as-built condition,
is very high as remarked also by the micrographs in Section 3.4. The roughness of polished samples is also reported, since they were
fabricated to find the fatigue limit in near-to-ideal conditions, which require very fine surface finish conditions.

3.2. HCF tests

With regard to HCF tests performed using the short stair-case approach, for as-built specimens the sequence of failures and run-outs
is O-X-0-0-0O (Fig. 5). The Dixon’s factor results equal to — 0.157 leading to a fatigue limit, according to Equation (2), of 161 MPa
(expressed as maximum applied stress). The value falls within the range of those that can be found in literature for SLM as-built
samples tested at R = 0.1 (a load ratio that leads to fatigue results very similar to those obtained with R = 0, which was employed
in this work) [71-73]. Indeed, Bagehorn et al. [71] obtained a fatigue limit of 175 MPa, Wycisk et al. [72] obtained a fatigue limit of
210 MPa, while Gong et al. [73] obtained a fatigue limit as low as 100 MPa. The high variability in literature values of fatigue limits of
SLM Ti6Al4V as-built specimens is due to differences in the type of powder, printing process parameters and surface conditions. Still,
the obtained fatigue limit fits well in such range.

Regarding the machined series, the test order is O-X-X-0-O (Fig. 5). The Dixon factor results equal to 0.305 leading to a fatigue limit
of 319 MPa, almost double the limit for as-built specimens. The comparison with literature data is a delicate process, since available
literature data referring to machined specimens, is also associated to heat treated specimens. As a result, the values that are found in
literature are higher, but due to the enhancement in fatigue properties that heat treatments grant. For instance, Greitemeier et al. [74]
measured a limit of 550 MPa (R = 0.1) for SLM specimens that were milled, but which also received an annealing heat treatment at
710 °C for 2 h in vacuum. Wycisk et al. [72] found a fatigue limit of 510 MPa (R = 0.1) for SLM specimens that were polished, but
which also were annealed at 650 °C for 3 h in vacuum. However, it is to be noted that, in both the just mentioned works the fatigue limit
for machined specimens was about twice the fatigue limit of the as-built specimens that received the same heat treatment, the same
proportion that was found in this work.

Eventually, the stair-case procedure was applied also to six finely polished samples, to find the fatigue limit in ideal surface
conditions, Acso. With the series OXXOOX (Fig. 5) a Dixon’s coefficient of —0.831, leading, according to Equation (2), to a fatigue limit
of 697 MPa. Analogously to as-built specimens, literature values of fatigue limits for SLM Ti6Al4V polished specimens (tested at R =
0.1), vary significantly, due to differences in the type of powder, printing process parameters and surface conditions that were adopted.
However, again, the obtained value falls well within the range found in literature, which varies between 600 MPa and 800 MPa
[75-77]. Indeed, Syed et al. [75], found a fatigue limit of 600 MPa for SLM specimens withR, = 0.2 pm, Wycisk et al. [76] obtained 680

+ 35 MPa for manually polished specimens, while Heimbrook and Gall [77] measured a fatigue limit of 800 MPa forR, = 0.070 pm.

The higher performance is probably ascribable to the fact that the specimens underwent a hot isostatic press treatment. The fatigue
limits of all series of specimens are reported in Table 5.

Thanks to the identification of the ideal fatigue limit of polished specimens, it was possible to calculate the surface finish modi-
fication factor (Cy), to account for the influence of surface finish on materials fatigue strength [78]. Cs is defined as the ratio between
the fatigue limit obtained with a given surface finish and the theoretical fatigue limit, obtained under ideal surface finish conditions, i.
e., the fatigue limit obtained with the third series of specimen (Table 5 and Fig. 6). Such factors represent a practical tool for engineers
designing components made from SLM Ti6Al4V. In addition to stair-case tests, in the case of as-built and machined samples tests were
also conducted in the finite life region. The resulting stress-life (S-N) diagrams according to Wohler [49] are shown in Figs. 7 and 8,
respectively.

Table 3

Quasi-static material parameters.
Material oy[MPa] UTS [MPa] K[MPa] n[-] E[GPa]
as-built 957 1071 1310 0.05 102
machined 1028 1162 1410 0.05 105
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Table 4
Surface roughness of the as-built and the machined specimens — average of three measurement per specimen.
Roughness [pm] As-built Machined Polished
R, 48.6 0.69 0.12
R; 279.0 7.12 1.12
R, 254.9 5.90 0.79
R, 111.1 3.86 0.51

Fig. 5. Stair-case testing sequence of as-built, machined and polished samples.

Table 5

Fatigue limits and reduction factors due to surface finish.
Material as-built machined polished
Aog[MPa] 161 319 694
Crl-1 0.23 0.46 1

3.3. LCF tests

The cyclic Ramberg-Osgood parameters that were obtained are reported in Table 6, while the corresponding curves can be observed
in Fig. 9 and Fig. 10. Both the stabilized curves (as-built and machined) show softening behavior, which is typical of Ti6Al4V [79-81].
With regard to the Basquin-Coffin-Manson curves, they are displayed in Fig. 11, while the corresponding parameters (obtained with
the tuning procedure discussed in Section 2.3) are listed in Table 6.

3.4. Metallographic analysis

Metallographic observations revealed almost no porosity in the specimens. Besides, in all analyzed specimens no contour layer was
observed. After chemical etching, in both the transversal and the longitudinal planes only slight evidence of the melt pools were visible
(Fig. 12). At higher magnifications, a needle-like microstructure was observed, compatible with the o’ martensite. SEM observations
confirmed this morphology.
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Fig. 6. Fatigue limit reduction factors due to surface roughness.

Fig. 7. S-N curve of as-built specimens.
3.5. Fracture surface investigation

The observation of HCF and especially LCF fracture surfaces was quite complicated, as high loads reduced the propagation zones.
Moreover, some defects were observed on the fracture surfaces of both HCF and LCF specimens, probably occurred when the final
fracture happened. Nevertheless, an extensive SEM investigation was performed to identify the nucleation, propagation and fracture
zones. In observed LCF and HCF specimens, the crack nucleation, sometime single and sometime multiple, originated from surface
roughness and defects. In the machined specimens, fatigue failure started from the surface as well, because of the residual roughness
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Fig. 8. S-N curve of machined specimens.

Table 6

Cyclic Ramberg-Osgood and Basquin-Coffin-Manson parameters.
Material Kpo[MPa] o[- o;[MPa] gl-1 b[-1 cl-]
as-built 1310 0.058 985 0.0130 —0.128 —0.290
machined 1505 0.084 1090 0.0221 —0.095 —0.136

Fig. 9. Ramberg-Osgood cyclic curve (RO), quasi static curve (QS), and experimental stabilized loads (RO exp), for as-built samples.

10
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Fig. 10. Ramberg-Osgood cyclic curve (RO), quasi static curve (QS), and experimental stabilized loads (RO exp), for machined samples.

Fig. 11. BCM diagram of both machined and as-built samples.

related to machining process. For all the analyzed samples, the final fracture is characterized by very small dimples associated with a
micro-ductile mechanism. The observed samples are summarized in Table 7.

Regarding the surface presented in Fig. 13 (specimen HCF-AB), the final fracture morphology suggests that the nucleation zone is
located on the opposite side of the specimen as highlighted by the green and yellow lines. Moreover, the ratchet mark reveals the
presence of two propagation areas. The larger one refers to the crack that nucleated first. Observing the nucleation zone in the upper-
right side of Fig. 13a, a large defect (Defect 1) was identified. This is the probable origin of the fatigue failure, thus it was used as
nucleation-triggering defect for the fracture mechanics analysis of specimen HCF-AB (Section 3.6). The observation of the other
nucleation zone revealed the presence of a smaller, but sharp defect (Defect 2) highlighted in Fig. 13c. In the fatigue failure shown in
Fig. 14 (specimen HCF-AB2), the morphology of the final fracture is similar to the one reported in Fig. 13. The main nucleation zone is
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Fig. 12. As-built condition. Mirror-polished transversal section showing almost no residual porosity (a, b). Microstructure observed in transversal

(c, d) and longitudinal directions (e). SEM image in the transversal plane (f).

Table 7

Samples used for SEM analysis of fracture surfaces and fatigue micro-mechanisms.

Type Series D Number of cycles to failure
As-built High-cycle fatigue HCF-AB 24,652

As-built High-cycle fatigue HCF-AB2 605,715

As-built Low-cycle fatigue LCF-AB 36

Machined High-cycle fatigue HCF-M 588,499

Machined Low-cycle fatigue LCF-M 109
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a) b)

c) d)

Fig. 13. Fracture surface analysis of specimen HCF-AB — (a) fracture surface, (b) nucleation zone of Defect 1, (c) nucleation zone of Defect 2, (d)
propagation zone.

Fig. 14. Fracture surface analysis of specimen HCF-AB2 — (a) fracture surface, (b) magnification of Defect 1 — some radial marks are visible too, (c)
propagation zone, (d) fracture zone.
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located on the opposite side of the specimen (marked by a yellow line). A careful observation in that area revealed the presence of a
sharp defect, probably a lack of fusion, that is compatible with the origin of the fatigue failure. Hence, this defect was used as
nucleation-triggering defect for the fracture mechanics analysis of specimen HCF-AB (Section 3.6). In the upper-left side of Fig. 14a,
secondary cracks nucleation can be seen.

Regarding HCF machined samples, the fracture surfaces were very complicated and often damaged. One example is shown in
Fig. 15 (specimen HCF-M). In order to identify possible surface defects related to the building process, the whole perimeter of the
fracture surface was observed. No defects were detected. This is compatible with the very low residual porosity characterizing the
investigated material. After the removal of the outer surface, in fact, the only defects that can appear on the machined surface are inner
pores located close to the as-built original skin. This suggests that the fatigue failure was probably originated from the surface
roughness due to the machining operation. Thus, for specimen HCF-M, in the fracture mechanics analysis performed in Section 3.6,
roughness was chosen as failure-triggering defect.

With regard to the LCF fracture surfaces, one as-built specimen is shown in Fig. 16 (specimen LCF-AB) and one machined specimen
is showed in Fig. 17 (specimen LCF-M). The final fractures in the two specimens are highlighted in Fig. 16a and 17a, respectively. Their
shape suggests that crack nucleation occurred on the opposite surfaces as remarked by the yellow lines. In case of specimen LCF-AB it
was very complicated to identify the very first onset of the fatigue failure, but a deep investigation of the nucleation zone revealed the
presence of three sharp defects highlighted in Fig. 16a, 16b and 16c. For specimen LCF-M, the fracture surface perimeter was observed
as described by Fig. 17, finding no clear defect different from the surface roughness.

Fig. 15. Fracture surface analysis of specimen HCF-M — (a) fracture surface, (b) magnification of Zone 1, (c) magnification of Zone 2, (d)
magnification of Zone 3, (e) fracture zone.
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Fig. 16. Fracture surface analysis of specimen LCF-AB — (a) fracture surface, (b) nucleation zone n.1, (c) nucleation zone n.2 (d) nucleation zone
n.3, (e) propagation zone.

3.6. Fracture mechanics analysis and Kitagawa-Takahashi diagrams

For all the specimens analysed with Murakami’s approach [55] (HCF-AB, HCF-AB2 and HCF-M) surface roughness, surface defects
and inner defects were converted into equivalent micro-notches. With regard to specimens HCF-AB and HCF-AB2, the crack nucleation
occurred because of the combined influence of roughness notch effect and near-surface defects (as identified in Section 3.5). In the case
of specimen HCF-AB2, the nucleation defect has a length-to-width ratio higher than 10, making it a shallow defect (Equation (13). As
far as specimen HCF-M is concerned, the crack nucleated due to the roughness notch effect only. Treating the surface roughness as a
shallow defect, it was converted into an equivalent micro-notch length as v/I0R,. Surface and inner defects were converted using the
\/area parameter, measured form the defect area as shown in Fig. 18 for sample HCF-AB and HCF-AB2. The equivalent micro-notch
parameters for all three samples are displayed in Table 8. The limit curves describing non-propagating cracks regions were
computed according to Equation (14), Equation (18) and Equation (20) (Fig. 19a for specimen HCF-AB, Fig. 20a for specimen HCF-
AB2, Fig. 2la for specimen HCF-M). Using Equation (20), the limit curves of samples HCF-AB and HCF-AB2 were computed
(Fig. 19b and Fig. 20b, respectively) considering the notch, the roughness and the combination of notch and roughness effects. In
specimen HCF-M, the fracture was caused only due to the roughness, so only the roughness effect was considered. In all cases the ideal
fatigue limit (Acyy) was set as the fatigue limit obtained using the finely-polished specimens.

The non-propagating regions were hence defined for every specimen with three different laws, and for all possible combination of
defect-roughness notch effects (except for specimen HCF-M, where only roughness caused failure). For both specimen HCF-AB and
specimen HCF-AB2, Equation (18) and Equation (20) produced very similar curves, almost overlapping. In the case of specimen HCF-
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19) d)

Fig. 17. Fracture surface analysis of specimen LCF-M — (a) fracture surface, (b) magnification of Zone 1, (¢) magnification of Zone 2, (d)
final fracture.

a) b)

Fig. 18. Determination of nominal area (yellow area) and convex effective area (red line) for defect HCF-AB2 (a) and HCF-AB (b), as showed in
Fig. 2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

AB2 (Fig. 20) the failure lies well outside all non-propagating regions, while for specimen HCF-AB (Fig. 19) the failure lies near the El-
Haddad’s curve (Equation (14), which is the least conservative curve. Its lower conservativity is confirmed with specimen HCF-M,
whose failure lies exactly at the border between propagating and non-propagating regions according to EL-Haddad’s curve
(Fig. 21). It should be added that the value of R, which was used to calculate the equivalent defect area, was very similar for all the
machined specimens, and therefore an average value was considered and associated to all machined samples. For this reason, the K-T
diagram for specimen HCF-M can be used to plot also the failures of other HCF specimens (observable in Fig. 8), in the case they were
also caused by the micro-notch effect of roughness. Such failures and are compared in a detail-view of HCF-M K-T diagram (Fig. 21b).
Even when higher loads are involved, the failure lies outside the non-propagating regions defined by Equation (18) and Equation (20),
but within the region defined by El-Haddad’s law (Equation (14).

4. Conclusions
In this experimental testing campaign, cylindrical specimens produced via SLM were tested to determine the fatigue behavior of AM
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Table 8
Micro-notch data of analysed specimens.

ID Nucleation site Surface roughness R, [pm] Micro-notch (roughness) [pm] Varea(defect) [pm] Micro-notch total length [um] Failure stress [MPa]
HCF-AB Defect 111.1 351.3 213.3 564.6 203.7
HCF-AB2 Defect 111.1 351.3 205.5 556.8 366.7
HCF-M Surface roughness 3.86 12.2 - 12.2 315.8
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Fig. 19. Specimen HCF-AB. Comparison of the limit curves for non-propagating cracks in the K-T diagram (a) and comparison of the curve
described by Equation (20) for different equivalent micro-notch lengths (b).

Fig. 20. Specimen HCF-AB2. Comparison of the limit curves for non-propagating cracks in the K-T diagram (a) and comparison of the curve
described by Equation (20) for different equivalent micro-notch lengths (b).

Fig. 21. Specimen HCF-M. Comparison of the limit curves for non-propagating cracks in the K-T diagram (a) and comparison of HCF failures of
other machined samples (b).

Ti6Al4V and the influence of surface roughness. Three series of samples, each having different surface finish conditions (as-built,
machined and polished) were employed. No samples underwent heat treatment, and their dimensions were chosen to be representative
of the characteristic strut size of AM reticular structures. The as-built and machined series were characterized in terms of roughness,
monotonic, LCF and HCF behaviors. The polished series was intended to determine the fatigue limit under ideal surface finish con-
ditions only, undergoing roughness and HCF tests only. The fatigue limit was estimated using the short staircase approach. From the
LCF results, the Ramberg-Osgood equation was tuned and the BCM parameters calibrated to fit the actual data. Both series show a
marked softening behavior. The HCF limits significantly differ between the as-built (Ac; = 161 MPa), the machined condition (Acy =
319 MPa) and the polished series (Acy = 694 MPa), quantifying the effect of surface roughness, which promotes the nucleation of
cracks that lead to a premature failure. This allowed the determination of the fatigue limit reduction factors due to surface finish,
providing designers with a practical tool for evaluating the effect of surface roughness on the fatigue performance of additively
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manufactured Ti6Al4V. Selected specimens belonging to the as-built and the machined series were observed by SEM after the LCF and
HCF tests. In all cases, surface single or multiple nucleation was detected: for the as-built condition, this is related to the very bad
surface condition, whereas in the machined ones, it is related to the residual roughness left by the machining operation. Fractures were
analyzed according to Murakami’s theory, and Kitagawa-Takahashi diagrams were plotted for the selected specimens, obtaining the
limit curves for non-propagating cracks considering the total equivalent micro-notch of both the surface roughness and surface/inner
defects. El-Haddad’s approach demonstrated to be the least conservative approach, as already observed in the literature. When the
limit curve associated to the total equivalent micro-notch of both the surface roughness and killer defect is considered, the specimen
failure was always justified.
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