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act

ve manufacturing (AM) techniques have been rapidly expanding due to their ability to pr
omplex geometries with an efficient material use. However one of the main drawback of A
logies is the poor surface quality especially for what concerns powder based techniques.
to design reliable AM parts, the material mechanical properties resulting from the man
ng process need to be properly characterized. The present study investigates the fatigue
urized Ti-6Al-4V specimens manufactured using laser powder bed fusion (L-PBF) alon
ifferent building orientations. In order to improve the surface quality, two post-treatmen
pplied to the test coupons, i.e. electro-plasma polishing and machining. Fatigue test resu
ht how the post-treatments improve the fatigue properties of L-PBF Ti-6Al-4V sampl
achined samples outperforming all the others conditions. Data gathered from the expe

l campaign have been used to generate a predictive tool to account for surface quality, th
used to foresee fatigue properties of Ti-6Al-4V samples subjected to different surface trea

.

rds: laser powder bed fusion - Ti-6Al-4V - fatigue - surface treatments

uction

er the last few decades, additive manufacturing (AM) methods have grown in populari
ducing near-net-shape metallic components for a wide range of medical, aerospace, an

otive applications. One of the main advantages of AM processes over conventional man
ng techniques is the capability to fabricate parts with efficient material use, even for cu
d and complex geometries [1, 2]. Moreover, the geometrical freedom guaranteed by t
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y-layer AM production is sometimes impossible to reach for conventional subtractive ma
ring techniques. Among the AM processes, laser powder bed fusion (L-PBF) can guarant
tolerances with better surface finish [3] when compared with electron beam powder b
(EB-PBF) and direct energy deposition (DED) techniques [4].

ven their excellent properties of weldability, corrosion resistance, high strength to weig
and biocompatibility, titanium alloys are very attractive for L-PBF component productio
ticular, Ti-6Al-4V, when processed by L-PBF, possesses a unique microstructure and co
tly unique mechanical properties that result from the peculiar L-PBF process conditio
s high localization of the energy input and the high thermal gradients [5]. However, a
actured parts are affected by high residual stress [6] and high surface roughness, undesir
vitable drawbacks of the layer-by-layer production [7]. These imperfections greatly affe
rts mechanical properties, particularly when it comes to the relationship between surfa

and fatigue behaviour.
the one hand, various researchers have emphasized the benefit of applying volumetric hea

ents to Ti-6Al-4V parts to reduce the residual stresses [8, 9, 10] and to consequently e
the fatigue performance [11, 12, 13]. On the other hand, significant effort has been ma
rove the surface quality by reducing the surface roughness so to enhance the fatigue resi
[14, 15, 16, 17]. However, to benefit from the manufacturing capability of the L-PBF pr
t is of utmost importance to understand the mechanical response of parts with as-produc
e conditions [11, 18]. In fact, surface post-treatments on complex and intricate geometri
allenging and indeed sometimes impossible to perform, and hence the as-built surface co
remains a very important condition to investigate.
several studies, researchers have tried to define a relation between the fatigue performan
coupons and surface roughness, as it has been extensively shown that as-manufactured A

ns showed crack initiation at surface roughness valleys. Thus, surface valleys can be treat
ro-notches. In this context, the focus has been concentrated either to the lowest profile va
as a surface parameter for fatigue analysis [19], or to a combination of surface roughne

eters [18, 20, 21], such as Ra, Rv Rp. On the one hand, the use of the sole Rv value only c
leading since the stress concentration factors of notches do not depend solely on the not
but rather on the notch morphology. On the other hand, the combination of several surfa
ess parameters might be utilized for textured surfaces [22, 23] on which the surface mo
y results mostly homogeneously all over the component. For as produced AM componen
face morphology is highly influenced by several factors [24] such as volumetric energy de
owder particle size, building orientation etc. Each combination of these parameters cou
in different as-produced surface topologies, that could degrade the mechanical propertie
example, a recent study by du Plessis and Beretta [25] investigated the surface morpholog
i10Mg of as-manufactured coupons using X-ray computed tomography, revealing a lar
vity of the process-induced micro-notches from the samples building orientation. Cons
y, du Plessis and Beretta demonstrated the tremendous influence that these surface defec
n fatigue properties.
the present study, the fatigue performance of L-PBF Ti-6Al-4V coupons has been exte
investigated to understand the relation between the surface condition and dynamic b
r. The samples have been produced along different building directions and two different su

2
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eatments have been considered to enhance the surface quality of as-produced parts, name
-plasma polishing and machining. For all the investigated conditions, the surface roughne
e specimens has been comprehensively characterized through profilometry measuremen
these measurements, the valleys’ local stress concentration values have been extracted t
with the valleys’ morphological features. The fatigue test campaign highlighted that t

ning operations enhance the fatigue performance of the samples, with the coupons produc
ntally outperforming the other conditions. A limited benefit to the fatigue behaviour h
een observed for electro-plasma polished parts. However, this treatment introduced som
red surface defects that inhibited the potential fatigue enhancement of the post-treatment.
ally, the coupons fatigue performance has been related to critical stress concentration fa
d the associated critical morphological features to generate a predictive tool to assess t
properties of Ti-6Al-4V specimens.

ials and methods

ction and testing
e specimen geometry considered for the present investigation is shown in Figure 1. T
try presents a continuous radius between the two gripping cylinders with the smallest cros

with a diameter of 2.5mm. This geometry has been specifically designed to assess t
properties of additively manufactured metals. [11, 21, 26, 27].

Figure 1: Fatigue test specimen geometry - dimensions in mm.

e test coupons were produced via the L-PBF ProX320 system (3D Systems) equipped wi
fiber-laser and a vacuum chamber to reduce the oxygen levels during production to belo

. The samples were produced using LaserForm Ti Gr23 powder (3D Systems) for T
specimens. The powder chemical composition is presented in Table 1. The parts we

with standard LaserForm® Ti grade23 for 60µm layer thickness parameters with energ
y 40J/mm3. LaserForm® Ti grade23 possesses a particle size distribution of 10 − 45µm
sentative picture of the powder particles used for manufacturing is presented in Figure
ing strategy stripe was used. Special attention was given to avoid any oxygen pickup durin
acturing of the titanium samples by flushing the build chamber with argon and by keepin
n levels in the build chamber below 50ppm.
e specimens were manufactured along three different building orientations, i.e. the samp
in Figure 1) was oriented with an angle of 0°, 50°, and 90° with respect to the basepla

L-PBF machine. To avoid severe distortions and to preserve specimen geometry, suppo

3
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2: Scanning electron microscope picture of the LaserForm® Ti grade23 powder used for specime
cturing.

Table 1: LaserForm Ti Gr23 powder (3D Systems) chemical composition [28]

ement Ti Al V Fe O C H N Y
gth [%] Bal. 5.5 − 6.5 3.5 − 4.5 < 0.25 < 0.13 < 0.08 < 0.012 < 0.03 < 0.005

res were used to produce 0° and 50° oriented samples. The 50° orientation was select
stigate the effect of the staircase effect on up-facing and down-facing surfaces and, cons
y, which of the two regions has the greater impact on fatigue performance of L-PBF Ti-6A
upons. The 0° orientation was selected to investigate the effect of down-facing un-support
es. For this specific orientation, the supports were only adopted along the gripping surfac
rt of the continuous radius of the geometry. The region around the smallest cross-sectio
t supported as can be observed in Figure 3.

Figure 3: Support strategy for 0° oriented samples L-PBF production

ter the production, a stress-relieving (SR) operation was performed. The SR consisted

4
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g the specimens to a temperature of 850°C for 2 hours followed by air cooling. The use
st-treatment was intended to eliminate any residual stress developed during the manufa
process and to generate a fine Widmanstätten α + β microstructure [9]. Figure 4 shows
l microscopy picture of the L-PBF Ti-6Al-4V obtained after the stress relieving operatio
manstatten microstructure is depicted in this image. With a Yield strength of 914 MPa an
n at maximum stress of 10.15% percent, this microstructure ensures an excellent compr
etween strength and ductility. The static characteristics of machined coupons were assess
the ASTM E8 standard.

Figure 4: Ti-6Al-4V microstructure resulting from stress relieving operation.

order to improve the surface quality of the as-produced coupons, two surface post-treatmen
onducted for the three different orientations, i.e. an electro-plasma polishing (EPP) and
ning treatment (MC). EPP was performed by Plasmatec B.V. by submerging the samples in
a cloud, using their default parameters for titanium. After this operation, a 130µm reductio

eter was observed. The choice of this post-treatment was based on its potential to enhan
rface quality of geometries with intricate features that would be impossible to reach wi
onal turning operations. The MC samples were obtained from turning oversized hexago
geometry, aiming at a surface roughness smaller than Ra < 0.2µm.
total of nine different combinations of surface and building orientation was investigated.
d summary of the sample conditions is presented in Table 2.
rface roughness was measured with Mitutoyo Formtracer CS-3200S4 equipment. Thr
es per condition were analysed, and three profiles per sample were measured. The measur
were performed on the external sample surface along the z direction with a resolution
. For 50° and 0° samples, the roughness measurements were performed on up-facing an
facing surfaces. Special attention was adopted for 0° down-facing surface roughness.
lar, for this case, the measurement was performed along the un-supported region only,
ted in Figure 5.
tigue testing was performed according to ASTM E466 on an Instron E1000 machine equipp
10kN load cell. The tests were force-controlled and conducted with a constant amplitu

eversed sinusoidal load (stress ratio R = −1). For each batch, at least three different stre
5
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Table 2: Summary of the different investigated conditions

Orientation Surface condition Batch ID
0° As-Produced ASB - 0°
50° As-Produced ASB - 50°
90° As-Produced ASB - 90°
0° Electro-plasma polished EPP - 0°
50° Electro-plasma polished EPP - 50°
90° Electro-plasma polished EPP - 90°
0° Machined MC - 0°
50° Machined MC - 50°
90° Machined MC - 90°

igure 5: Representative roughness measurement operation on 0° sample down-facing surface

were investigated and, for each stress level, at least two samples were tested. Fatigue tes
erformed until the failure of the coupons or stopped if no failure occurred after 2·106 cycle

Philips XL 30 FEG scanning electron microscope (SEM) was used for crack initiation poin
cation on fractured samples.

e stress concentration evaluation
correlate the surface condition with the fatigue behaviour of the tested samples, the stre
tration factors were extracted from the measured profiles using the approach described b

t al. [29, 30] and Cheng et al. [31].
cording to this approach, the profiles can be treated as one side of an infinite plate subject
tensile stress T as indicated in Figure 6. The profiles can then be treated as a superimpositio
ries of cosine components, extracted by means of spectrum analysis as in eq. 1.

Figure 6: Infinite plate with one of one side presenting a wavy surface topography

6
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a(x) = −
n∑

i=1

Aicos
(
2πx
λi
+ ϕi

)
(

which a(x) is the measured profile, Ai is the i − th cosine amplitude, λi is the i − th cosi
ngth and ϕi is the i − th cosine phase. Considering a point at depth r from the surface,

state is perturbed by each cosine wave and can be determined as:

σxx = T


1 +

n∑

i=1

4πAi

λi

(
1 − πr
λi

)
e
−

2πx
λi cos

(
2πx
λi
+ ϕi

)

σyy =

n∑

i=1

4π2rAiT
λ2

i

e
−

2πx
λi cos

(
2πx
λi
+ ϕi

)

σxy =

n∑

i=1

2πAiT
λ2

i

(
1 − 2πr

λi

)
e
−

2πx
λi sin

(
2πx
λi
+ ϕi

)

(

om these equations, the stress concentration factor can be calculated for each point of t
by considering r = 0 in the first of the eq. 2:

kt(x) =
σxx

T
= 1 +

n∑

i=1

4πAi

λi

(
1 − πr
λi

)
cos

(
2πx
λi
+ ϕi

)
(

is approach was adopted for calculating the stress concentration factors (SCF) of ASB an
amples for all three different building orientations. In the cases of 50° and 0°, this analys
mited to the profiles extracted from down-facing surfaces as these regions present the wor
e roughness. For each profile, the SCF at the each valley’s deepest location (defined
local minimum) were extracted. A generalized extreme value fitting was used to descri
F probability distribution for each profile. The critical notches were defined as the ones th
ted a probability higher than 95%.
e critical notches were used to compute the notch sensitivity of the test specimens for d
surface post-treatments and building orientations.

ts and discussion

e roughness
e results of the surface roughness measurements performed on ASB, EPP, and MC sampl
orted in Table 3.
ese measurements provide several insights. First of all, the results show how the buil
ientation affects the coupons surface quality on both up-facing and down-facing surfac
compared with samples produced vertically (90°). Furthermore, 50° and 0° coupons prese
nt surface topology for the up-facing and the down-facing areas. In the case of up-facin

7
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Table 3: Surface roughness measurements for all the investigated conditions

ASB EPP MC
Orientation Location Ra [µm] Rv [µm] Ra [µm] Rv [µm] Ra [µm] Rv [µm]

90° 9.11 24.54 2.77 9.31

0.11 0.40
50°

Up-face 19.38 57.96 2.49 7.45
Down-face 23.51 52.03 7.09 27.40

0°
Up-face 38.05 97.94 8.51 25.55

Down-face 97.91 172.10 32.37 82.53

es, the surface morphology has been generated by the pronounced stair-case effect, typic
er-by-layer manufacturing processes of inclined surfaces. In the case of the down-facin
es, the morphology is altered by the dross accumulation caused by reduced heat conductio
he powder compared to solid support structures, leading to larger melt pools and hence si
of loose powder particles to the down-facing surface. Figure 7 provides a representation
ir-case effect for up-facing surfaces and the dross accumulation across un-supported are
layer-by-layer production of a dog-bone specimen along three different building direction

7: Schematic representation of the production of a dog-bone sample (a) by layer-by-layer powd
rocess. Dog bone sample produced (b) vertically, (c) with an inclination respect to the build platfor
horizontally. Smallest cross-section for (e) vertical, (f) inclined, and (g) horizontal samples.

e representative as-produced sample per building orientation was cut perpendicularly to
etry axis (z axis of Figure 1) across the smallest cross-section and inspected under an optic
cope to highlight the distortion induced by the dross formation. The results are present

ures 8-a, b, and c in which ASB-90°, ASB-50°, and ASB-0° cross-sections are respective
. As the BD inclination angle decreases from 90° to 50° and then towards 0°, the perimet

8
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cross-sections presents two different types of waviness, one for the up-facing and one f
wn-facing region. In the case of 50° specimens, the down-facing perimeter of Figure 8
ts a rougher profile compared to the up-facing perimeter. This phenomena is exasperat
B-0° cross-section of Figure 8-c. The down-facing perimeter presents a severe wavines

ongated dross are clearly visible. On the other hand, the up-facing perimeter also presen
h profile resulting from the staircase effect. Although for 90° and 50° the circularity

sectional shape is preserved, for 0° the severe dross morphology distorts the cross-sectio
rity.

8: Cross-sections of as-produced samples for: a) 90 deg orientation; b) 50 deg orientation; c)
ientation. BD indicates the building direction and in the case of 50° samples p-BD represents t
ion of the building direction on the plane of the cross section

ese differences in surface roughness measured on the up-facing and down-facing surfac
ted in Table 3 for as-produced specimens are direct consequence of the surface morphol
resented in Figure 8.

of surface post-treatments
e results presented in Table 3 show how the two different post-treatments enhance the su
uality of the L-PBF test coupons.

the one hand, the machining operations generated the best surface quality by complete
ing the high waviness generated by the L-PBF process, leading to a smooth surface for t
ifferent building orientations with a value of Ra = 0.11µm.
the other hand, although also EPP provided a surface quality enhancement, some characte
f the layer-by-layer production remain visible (Figure 9), especially for 50° and 0° coupon

case of EPP-50°, the up-facing surface is smoothed by the EPP process (Figure 9-b), where
ively high waviness remains still visible on the down-facing surface (Figure 9-e). Neverth
e overall surface roughness was reduced for the up-facing surface from Ra = 19.38µm
B coupons to 2.49µm and for the down-facing surface from 23.51µm of the ASB coupons
. In the case of EPP-0° samples, the surface post-treatment extensively reduced the surfa
ess of the up-facing surface from Ra = 38.05µm of the as-produced coupons to 8.51µm an
down-facing region from Ra = 97.91µm to 32.37µm.

9
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9: Surface morphology after EPP operation. a) and d) EPP 90°; b) side view of EPP 50° sample
cing region for EPP 50°; c) sideview of EPP 0° sample d) downfacing region for EPP 0°

netheless, the EPP process generated some additional defects that are clearly visible
9-d, e, and f. These defects look like craters or micro-notches randomly distributed acro

ternal surface. This phenomenon affects the down-facing region of both EPP-50° and EP
ples as indicated in Figure 9-e and f. For EPP-90°, crater-like defects are also generat

e 9-d). However, the density of these defects along the external surface result lower
red with the down-facing regions of EPP-50° and EPP-0° coupons. The phenomena li
e investigated by Zangh et al. [32]. Zangh et al. showed that the EPP treatment can r
lomerates of partially molten particles from the surface, leading to the generation of the
-like defects.

10: Representative surface profiles for: a) ASB-90°, c) ASB-50°, e), ASB-0°, b) EPP-90°, d) EP
d f) EPP-0°.

10
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ure 10 shows representative surface profiles for as-produced and electro-plasma polish
es for the three different building orientations. Figure 10-c, d, e, and f show representati
s of the down-facing surfaces both for 50° and 0° samples. The impact of the electro-plasm
ing on the surface of the L-PBF coupons can be clearly appreciated from the graphs
10 as the EPP process generates smoother external surfaces for all the building orientation

e behaviour
tigue test results for all the investigated conditions are presented in Figure 8-a.

11: Fatigue test results: a) all the experimental tests; b) SN curves fitted using Basquin’s equatio
mental data and SN curves of: c) ASB specimens; d) EPP specimens; f) MC specimens in all t
nt building orientations. Comparison of the fatigue behaviour for different surface conditions for:
imens; g) 50° specimens and h) 90° specimens.

e results show that the machined coupons exhibit the best fatigue performance followed b
nd ASB samples. For EPP and ASB conditions, the 90° coupons present higher fatigue li

11
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espect to 50° and 0° samples, with 0° showing the lowest fatigue performance in both cas
11-c and Figure 11-d. Considering machined coupons, the 0° samples show higher fatig

mance with respect to the other two building orientations, with 50° samples showing t
fatigue resistance (Figure 11-e).
r each combination of post-treatment and building orientation, the fatigue experimental da
ed using the Basquin’s:

σa = Ab(2N f )b (

e fitting coefficients Ab and b are listed together with the stress amplitude of non-fail
ns in Table 4. The SN curves generated using eq. 4 are presented in Figure 11-b.

Table 4: Surface roughness measurements for all the investigated conditions

Condition Ab b σa2·106 [MPa]

ASB
90° 4055 -0.2172 225.5
50° 4402 -0.228 203
0° 5165 -0.2564 166.5

EPP
90° 2295 -0.141 330
50° 3424 -0.2564 236.8
0° 4777 -0.2413 200

MC
90° 1136 -0.0488 530
50° 3251 -0.1474 450
0° 874.3 -0.0295 575

e values of the run-outs obtained in the experimental were used to define the horizont
nts of the SN curves of Figure 11.
e influence of surface post-treatments may be properly appreciated by comparing the fatig
mance of coupons manufactured with the same building orientation, as shown in Figure 1
d h. Regarding the samples built with 0°, the EPP treatment had a minor effect on their fin

life. Even though EPP improved the surface quality globally (Table 3), the high roughne
down-facing region continue to have a negative influence on the final fatigue resistanc
g the EPP-0° coupons to performing slightly better than their as-produced counterparts, wi
improvement in fatigue strength at 2 · 106 cycles. The complete removal of the tortuo

facing surface of 0° samples performed by the machining operation substantially improv
tigue properties of horizontally built coupons (i.e. 0°). In this case, the fatigue streng
cement with respect to the ASB condition is 247%.
r the 50° coupons, the EPP treatment generated an improvement of the surface quality f
n-facing and down-facing surfaces. As a result, the fatigue resistance (Figure 11-g) in t
nge of 104 − 106 cycles is considerably improved. When comparing EPP-50° and ASB
nditions, the fatigue strength at 2 · 106 cycles increased of 20%. A significant fatigue li

cement for 50° samples has been generated by the machining operation. This post-treatme
a variation of the fatigue strength at 2 · 106 equal to 120% with respect to the ASB-50°.

e EPP process generated the highest impact on the fatigue resistance of L-PBF Ti-6Al-4
° specimens (Figure 11-h), with a significant improvement of the fatigue strength of 46%
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12: Fractured surfaces of ASB samples produced along a) 0°, b) 50° and c) 90° building orientatio
initiation location: d) and e) corresponds to downfacing surfaces for ASB-0° and ASB-50° respe

case of MC-90° specimens the fatigue strength enhancement is equal to 135%.

red surface
lt samples
presentative fractured surfaces of as-produced samples are presented in Figure 12-a to f. A
served coupons show similar fracture surface morphology: the fatigue failure initiate at t
al surface of the coupons and propagated towards the core of the specimen until the fin
e. For ASB-0° the cracks were initiated at multiple locations at the down-facing surfa
e 12-d). The initiation may be attributed to the rough morphology of the un-support
e generated by the dross formation. The crack initiation sites correspond to valleys along t
al surface that act as micro notches. The stress concentration generated at these valleys le
k initiation and propagation. The crack propagated from the down-facing region towar

-facing surface (Figure 12-a).
ilar behaviour was exhibited in ASB-50° coupons. The fatigue crack initiation was o

at the un-supported down-facing surface as illustrated by Figure 12-b and e. As for ASB-0
raisers across the down-facing surfaces were considered as responsible for crack initiation
the case of ASB-90° specimens, the crack could initiate everywhere along the specimen
al surface. The initiation sites are observed in correspondence of valleys generated by t
y layer production.
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13: Fractured surfaces of EPP samples produced along a) 0°, b) 50° and c) 90° building orientatio
initiation location in d) and e) corresponds to down-facing surfaces.

o-plasma polished samples
ustrative fractured surfaces of EPP samples are presented by the SEM pictures of Figure 1

Both for EPP-0° and EPP-50° specimens crack initiation occurred at the down-facin
es. In both cases, the EPP treatment smoothed this region, retarding the initiation and failu
coupons. However, the down-facing region is affected by defect generated during the EP
s, that acted as local stress raisers that facilitate the crack initiation.
r EPP-90° samples similar notch-like defects initiated the damage. Even with the presen
se surface defects, the fatigue performance of 0°, 50°, and 90° samples was substantial
ved by the surface treatment if compared with as-produced counterparts.

ned samples
actured surfaces of machined coupons present similar crack initiation sites for all three d
building orientations. The damage initiated in proximity of spherical pores, than the cra
ated towards the center of the coupons. In the case of MC-50° and MC-90° specimens, t

initiated at pores that were exposed to the external surface by the machining operations
ted in Figure 14-e and f. For MC-0° samples the initiation mostly occurred from intern
s (Figure 14-d).

e behaviour of machined coupons
e machined coupons exhibit failure initiation either at the surface, where sub-surface por
xposed to the external surface by the machining operation, or at internal pores that initiat
cks. To account for such type of defects, fracture mechanics based theory has been adopte

14
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14: Fractured surfaces of MC samples produced along a) 0°, b) 50° and c) 90° building orientatio

Table 5: Defect size and fatigue strength predictions of machined coupons

Condition Pore area [µm2] F σw [MPa]
MC-90° 48.97 ± 18.74 1.43 521 ± 21
MC-50° 56.79 ± 25.78 1.43 515 ± 26
MC-0° 39.37 ± 15.33 1.56 578 ± 24

ticular, the Murakami and Endos formula for fatigue strength evaluation in presence of su
e and internal pores has been used [33]. This method is based on a geometrical paramet
to account for the presence of defects or small cracks.

√
area is the square root of the ar

defect projection on a plane perpendicular to the loading direction. The fatigue strength
ce of surface or internal defects is given by equation 5:

σw =
F(HV + 120)
(
√

area)1/6
(

ch F is a correction factor that accounts for the defect position (1.43 for surface defects, 1.5
ernal pores), and HV is the Vickers hardness. A Vickers hardness of 383 HV was measur
PBF Ti-6Al-4V subjected to stress relieving operation.
e defect dimensions that initiated the cracks were evaluated on the SEM images of fractur
es via ImageJ software. The pore size (in terms of area) and the results of eq. 5 are report
le 5.
e fracture mechanics approach is able to capture the fatigue strength of the machined sam
r 90° and 0° oriented samples, whereas the predictions were not as good as for 50° i

15
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coupons, if compared with the other two batches. In order to clarify the differences
performance showed in Figure 11 for machined coupons, a follow-up investigation

ed to correlate the defect population for samples produced along different building o
ns and the fatigue resistance. In fact, the sensitivity to pores of additively manufactur

ns has been extensively reported in the literature for L-PBF Ti-6Al-4V coupons produc
lly [34, 35, 36, 37, 38].

is of the surface profiles of as produced and electro-plasma polished coupons
e data collected by surface roughness measurements have been used to calculate the critic
concentration factors for the different surface conditions analysed. The methodology
bed in Figure 15 for one profile of an ASB-90° coupon, and it has been applied to all t

easured profiles of all the other conditions.

Figure 15: Extraction of the critical SCF from profile measurements.

om the profile measurements (Figure 15-a), the values of the SCF in function of the profi
, kt(x) (Figure 15-b), are evaluated using eq. 3 and the SCF at every valleys’ location a
ted from kt(x). The SCF probability distributions were obtained using a generalized extrem
fitting. From these distributions, the critical notches were extracted, i.e. kt with a probabili
than 95% (Figure 15-c), and, for every critical notch, the values of notch depth and radi
tored. This process have been applied to three profiles per sample. For each condition
f three samples have been investigated.
e average values of the ktcrit , of the critical valley depths and radius are reported in Figure 1
lues of the ktcrit of Figure 16-a suggest how the different surface micro-notches generat
erent building orientation and/or surface post-treatment can lead to different fatigue perfo
. The highest values of ktcrit for ASB-0° specimens of Figure 16-a could be considered as
ndicator for the poor fatigue performance of these coupons.
mparing the values of the valley depths associated with critical notches of Figure 16-b wi
ghness parameter Rv presented in Table 3, it emerges that they are systematically lower th
asured Rv for all the surface conditions investigated, indicating that the fatigue performan
be related to the morphology of the micro-notches rather than the sole roughness paramet
also indicated by other researchers [16, 20, 39].
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16: Profiles critical features: a) critical SCF, b) critical valley depth, c) critical radius and d) critic
depth – radius ratio. Values expressed in terms of averages and standard deviations.

ta shown in Figure 16 also reveal the impact of the EPP process on the critical featur
ology. On the one hand, the critical valley depths exhibit a limited reduction for EPP-9
P-50° if compared with their as-produced counterparts. In the case of EPP-0° specimen

ocess intensively reduced the critical valley depths (Figure 16-b). On the other hand t
l notch radii become larger. These measurements indicate that the defect introduced by t
ost-process are smooth micro-notches with blunt valley profiles (Figure 16-c).
wever, the parameter that seems to better capture the trend of the stress concentration
n of the critical morphological surface features appears to be the ratio between the t

l valley depth and radius (Figure 16-d). The relation between the profile morphology an
al stress concentration factors can be obtained using the relation proposed by Neuber [40

kt = 1 + n

√
λ

V
ρ

(
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17: Stress concentration factors in function of the valley to radius ratio for one profile extracted fro
-90° coupon.

ch n is a factor related to the type of load condition (1 for shear, 2 for tension) and λ depen
type of surface finishing. For the additively manufactured coupons used in this investigatio
roperly captures the dependency of the SCF from the micro-notches characteristics. The
ient has been found to be equal to 0.66 by curve fitting.

sensitivity
e values of the critical SCF have been adopted to evaluate the notch sensitivity factor f
ondition via the following expression:

q =
k f − 1

ktcrit − 1
(

ich k f is the fatigue notch factor defined as the ratio of the run-out stress amplitude f
oupons and the run-out stress amplitude for notched ones. For the present investigatio
-out stress amplitude of plain specimens has been considered the run-out stress for MC-
ens expressed in Table 4.
general, the notch sensitivity factor q varies between 0 and 1. Low q values indicate
aterial notch sensitivity, namely the fatigue properties of notched samples are similar
ched coupons. High q values indicate high material notch sensitivity with large differenc
en the fatigue properties of the un-notched and notched coupons.
sults of eq. 7 reported in Table 6 denote different sensitivities for different conditions.
es that a larger the notch factor correspond to a lower notch sensitivity. This behavio
be explained by the relation between the notch sensitivity, stress gradient, and microstru
eatures expressed by Peterson [41] and re-adapted to L-PBF Ti-6Al-4V by the authors
esent investigation in an article under revision on the Fatigue & Fracture of Engineerin
ials & Structures journal (FFEMS) - preprint available [42]. Specimens that exhibited larg
drop across one single grain are less notch sensitive. Larger stress drop across one gra
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Table 6: Notch sensitivity factors q calculated for ASB and EPP coupons

Condition Orientation q

ASB
90° 0.71
50° 0.68
0° 0.49

EPP
90° 0.79
50° 0.71
0° 0.48

obtained either by higher SCF or by larger grain size. In the case of the present study, a
ecimens possess the same microstructure, as they all underwent the same stress-relievin
ion. Therefore, the drop in the notch sensitivity factor for horizontally produced coupo
attributed to the high notch SCF of their down-facing surfaces, both for as-produced an
-plasma polished coupons.

on between SN curves and critical morphological features
e coefficients of the Basquin’s equation Ab and b are usually material constants that can be
ed by curve fitting, indicating the y-intercept and the negative slope of an SN curve. In t
t study, these coefficients are strongly related to the surface roughness of the tested coupon
one hand, Ab increases with the increasing surface roughness, whereas, on the other han

lues of the surface roughness led to small negative slope b of the SN curve.

igure 18: Basquin’s equation coefficients in function of the critical valley depth to radius ratio.

general, if Ab and b are known, the fatigue resistance of a material can be predicted. To eva
e Baisquin’s equation coefficients for L-PBF Ti-6Al-4V in function of the surface conditio
pirical functions relating Ab and b with the ratio between the critical valley depth and radi
and eq. 8b) were extracted form Figure 18-a and b. By substituting these relations in eq.

squin’s relation can been reformulated as presented by eq. 8c.
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Ab(kt) = Ab

(
Vcrit

ρcrit

)
= 1791atan

1 + 2

√
0.66

Vcrit

ρcrit
− 2.5

 + 2742, (8

b(kt) = b
(

Vcrit

ρcrit

)
= −0.1083

atan

1 + 2

√
0.66

Vcrit

ρcrit
− 1.9

 − 1

 , (8

σa

(
N f ,

Vcrit

ρcrit

)
= Ab

(
Vcrit

ρcrit

)
(2N f )

b


Vcrit

ρcrit


, (8

e relation expressed by eq. 8c depicts an S N − Vcrit

ρcrit
surface that provides for the fatig

nce of L-PBF Ti-6Al-4V in function of the critical morphological features of the surfac

19 shows the comparison between the S N − Vcrit

ρcrit
surface and the fitted SN curves of AS

PP coupons for all the different building orientations (Figure 11b). From this compariso

rges that the S N − Vcrit

ρcrit
surface captures the fatigue properties of the material for a wi

of surface roughness very well and thus it could be used as a predictive tool to estimate t
Ti-6Al-4V fatigue resistance subjected to different surface treatments leading to a sensib

ion of the number of specimens to be experimentally tested.

Figure 19: S N − Vcrit

ρcrit
surface compared to the EPP and ASB SN curves

methodology to evaluate the stress concentration across as-produced surfaces of Ti-6Al-4
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ns and consequently the fatigue resistance of the material, has been recently proposed by L
43]. In that study the fatigue resistance of the coupons has been related to global surfa
ess parameters. Lee et al. also pointed out that using Rv as the main parameter to predi
lives of as-produced coupons could lead to wrong evaluations. Therefore Lee et al. pr

that the surface parameters representing the height data distribution such as mode, skewne
rtosis need to be considered together with the maximum valley depth value. Considerin
brid surface roughness parameter together with material properties, Lee et al. were ab

elop a fatigue life prediction tool. Even though this tool has great prediction capabilitie
relies on global surface roughness and in some conditions could lead to overestimations
igue performance. As a matter of fact considering EPP-90° the hybrid surface roughne
eter might not account for the micro-notches generated by the electro-plasma polishing o
s. Results of the SCF evaluation using Lee et al. approach yield to a kt = 1.31 which inde
stimates the fatigue properties of the EPP-90° coupons. This further indicates the streng
plicability of the method developed in this paper.

usions

e main results and insights of the investigation conducted on L-PBF Ti-6Al-4V coupo
ed with different orientations and processed with electro-plasma polishing and machinin
summarized as follows:

Fatigue performance of as-produced L-PBF Ti-6Al-4V test coupons are mostly influenc
by the surface condition which in turn is influenced by the sample’s building orientatio
with vertically built samples overperforming the 50° and 0° ones.

Electro-plasma polishing operations can enhance the coupons fatigue properties for the thr
building orientations. For EPP samples, 90° oriented samples exhibit better performan
followed by 50° and 0°. Unfortunately, this post-process introduced some additional d
fects that reduced the fatigue enhancement capabilities of the EPP. A fine-tuning of the EP
parameters could lead to superior fatigue life than the one shown in this investigation.

Machining post-process yield the highest fatigue performance by completely removing t
typical L-PBF induced surface waviness. In this case, 0° specimens outperformed 90° an
50° ones. For MC coupons the failure mechanism is driven by surface and sub-surface pore

A methodology for evaluating the surface stress concentration factors based on surfa
roughness profile measurements was proposed. Results indicated that the most influenti
surface parameter is the valley depth to radius ratio indicating that the geometry of surfa
defects plays the most important role on fatigue performance rather than considering t
deepest valley depth alone. Critical valley depth to radius has been related to the SCF b
using a formulation proposed by Neuber and adapted to additively manufactured surfaces

A S N − Vcrit

ρcrit
surface has been evaluated that correlates fatigue performance with the surfa

critical morphological features. This surface can be used as a fatigue predictive tool f
Ti-6Al-4V coupons treated with different surface finishing techniques.
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