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Abstract

The metal additive manufacturing technology produces physical components of any geometrical
complexity directly from a computer model. Full exploitation of metal AM technology may result in parts
that can be lighter in weight, cheaper to produce, and have complex geometries that are difficult or
impossible to produce with conventional methods. Two aspects significantly affecting the fatigue behaviour
of DMLS Ti6Al4V are investigated: i) the as-built surface condition, which is known to introduce a
significant knock-down factor in fatigue with respect to the machined condition, and ii) the presence of a
geometrical notch, which affect conventional materials but has not yet been studied in metal AM parts. After
the preliminary determination of the reference unnotched fatigue response, the notch fatigue behavior of as-
built DMLS Ti6Al4V specimens is determined. Four different notch fatigue factors are estimated including
the influence of notch direction with respect to build direction and the up-skin and down-skin notch

fabrication condition.

Key-words: fatigue, selective laser melting, Ti6Al4V, build direction, notch effect, surface roughness
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1. Introduction

The metal additive manufacturing (AM) technology produces physical components of any geometrical
complexity directly from a computer model. Full exploitation of metal AM technology may result in parts
that can be lighter in weight, cheaper to produce, and have complex geometries that are difficult or
impossible to produce with conventional methods, [1]. Aerospace, biomedical, energy production,
motorsports are some of the industries that have been impacted by the rapid evolution of metal AM
technology. Here in addition to metal AM, the following acronyms are used: SLM for Selective Laser
Melting stressing the use of a laser as energy source and DMLS for Direct Metal Laser Sintering in relation
to the commercial AM system used here in practice.

The current qualification or certification procedures of aerospace industry rely on a ‘‘building block”
concept and a statistical approach based on extensive mechanical test data to quantify uncertainty with
respect to material and process variations, [2]. The expensive and time consuming building block design
process involves many stages based on physical testing at each stage, starting from material property
evaluation testing and ending with full-scale verification testing. While the material behavior of conventional
manufactured metal parts is well known, this is not the case for AM-produced components. Therefore, many
studies have been published on the link of the meal AM technology and the static mechanical properties, but
still limited is the information of the fatigue behavior of AM metals.

Titanium alloys have a key role in aerospace. Structural parts are developed using forging and casting
processes because of the excellent strength to weight ratio, high corrosion and temperature resistance etc.,
[3]. The most widely used and studied Ti-alloy, Ti6Al4V, is playing a key role in the metal AM technology
development because all commercial powder-bed-fusion systems can process this alloy for part production.
Intensive effort is concentrated in demonstrating the viability of the production and certification of AM
Ti6AIl4V structural parts.

However, an effective qualification and certification approach requires a good understanding of the large
number of machine-to-machine and process parameter variabilities, and their impact on fatigue performance.
There are currently more than 100 process parameters reported in the literature, [1], which affect selective
laser melt (SLM) material performance, only a few of which are considered and discussed in the literature
data. SLM parameters include: layer thickness, laser power, build direction, hatch spacing, scan speed, etc.,
[4]. The scan strategy used to produce SLM specimens can have a significant influence on attributes, such as
the produced residual stresses, [5], or subsurface defect creation, [6,7], which in turn significantly affect
fatigue performance for the data presented in the literature is typically not reported. Post fabrication heat
treatments of SLM Ti6AI4V have been also investigated and found to be critical for improving the
mechanical properties, [8].

The potential for AM to be used for the structural parts of an aircraft is closely related to the possibilities
to manufacture complex geometries. While current technology is capable of producing near theoretical

density parts without internal defects, a part with a complex geometry will have some areas with rough as-
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built surfaces, since all surfaces will neither be accessible for machining nor polishing, nor will it be cost
efficient to machine all surfaces. Therefore, the combined effect of a rough as-built surface and a geometrical
notch needs to be established to enable relevant fatigue predictions for structural parts, [9].

The as-built fatigue behaviour of SLM Ti6Al4V has been studied in the last few years. Starting from 2014
to present several studies investigated the influence of a number factors. Recently ref. [2] provided a critical
review of these papers aimed at providing an organized overview of factors and measured influences on
fatigue behavior. One of the major challenges is the poor fatigue behaviour of the rough as-built surfaces of
AM parts since the fatigue behaviour of AM parts is dominated by the rough surface rather than by internal
defects [9]. Surface roughness acts as stress concentrations thus raising the local stress and causing a fatigue
crack initiation.

This contribution is focused on the presentation of original evidence on the notch fatigue behavior of as-
built DMLS Ti6Al4V. A special experimental methodology based on the use of miniature specimens is
presented and validated against standard specimens produced under the same conditions. The combined
effect of a rough as-built surface and a geometrical notch is then presented and discussed in the light of a
notch fatigue factor definition. The notch fatigue behavior of SLM metals is not documented in the literature,
except for [8]. These notch fatigue results on as-built DMLS Ti6Al4V are therefore used to assess the main

findings of this paper.

2. Approach and experimental details

In this section the material and process parameters are initially provided, then the original experimental

approach based on the use of mini specimens is introduced and the test program described.

2.1. Material and DMLS process

The DMLS process was used on Ti6Al4V ELI alloy powder supplied by EOS GmbH with spherical
powder particles and a predominant diameter range from 25 to 45 pum. The fatigue specimens were fabricated
using an EOS M 290 system. This system uses an Yb fiber laser unit with a wavelength of 1075 nm with a
max laser power of 400 W and layer thickness of 60 um. The selective laser melting process took place under
protective argon atmosphere with a process chamber temperature of 80 °C.

After fabrication and removal from build plate, all specimens were heat treated in a vacuum furnace as
follows: 740 °C for 2 h then slow cooling in vacuum to 530 °C and final cooling to room temperature in
Argon atmosphere. This heat treatment reduces residual stresses of the fabrication process to negligible
levels.

The microstructure was observed using a light optical microscope Zeiss Axio Observer Z1M on polished
and etched (10% HF for 10 s) samples directly cut from the test specimens. The microstructure consists of
fine needles of a-phase in B matrix and it was discussed elsewhere, [8, 10]. The material density was

measured and is equal 99.7% of the theoretical density.
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Standard tensile specimens produced in the same job of the fatigue specimens were machined and tested
and provided the following reference characteristics: ultimate tensile strength UTS = 1176 MPa, yield stress
oy = 1104 MPa and elongation to rupture E% = 12.9 %. They are all better than the minimum ASTM
requirements for AM Ti6AI4V, namely UTS= 895 MPa and E%= 10%, [11].

2.2. Fatigue specimen geometry

A characteristic feature of this study is the use of a specially developed specimen geometry (i.e. prismatic,
23 mm in length, 5 x 5 mm?® minimum cross section, 5x7 mm? gross section and lateral semi-circular notch 2
mm in radius) to be subjected to plane cyclic bending loading, [12]. Previous studies demonstrated that this
specimen geometry and loading condition result in coherent (i.e. not equal) fatigue data as those obtained
using standard rotating bending specimens, [13].

There are several distinct advantages in the use of this test methodology, at least for exploratory study of
the fatigue behavior of SLM materials. They are briefly mentioned here as they are exploited in this study.

First, the miniature size involves a drastic reduction of material and production costs, which are a sensitive
issue for the fatigue qualification of SLM technology. The estimated reduction in volume is 1/7 with respect

to an equivalent rotating bending geometry, Fig. 1, and up to 1/70 of a standard push-pull geometry.

Standard
rotating
bending

Miniature
specimen

=

Figure 1 Alternative types of fatigue specimens

Second, these as-built mini specimens can be manufactured with their long axis oriented perpendicular and
parallel to the build direction and no support removal required. Fig. 2 schematically shows the positioning on
the build plate of individual specimens with three different orientations with respect to the build direction and
the respective denomination. The principal longitudinal stress orientation when subjected to bending loading
is different for the three specimens of Fig. 2: namely the stress in Type A and Type B specimens is parallel to
the layers while it is perpendicular to the layers in Type C specimen. The directionality of the fatigue
behavior can be readily investigated using these differently oriented specimens under the same loading

condition as previously demonstrated in the investigation of DMLS Ti6Al4V, [13].
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Build direction

Figure 2 Definition of specimen type depending on specimen orientations with respect to build direction
Type A (left) Type B (center) Type C (right)

A third feature is especially relevant for this work: this specimen geometry allows the evaluation of either the
unnotched or a specific notched fatigue behavior, with a reduction of time and costs in generating data about
the notch fatigue behavior. The results of an elastic finite element study of the stress distribution in the
reference minimum cross section of the proposed mini specimens due to the bending loading are given in Fig.
3a. The applied bending load, schematically shown in the inset of Fig. 3b, produces a linear nominal stress
distribution with peak tensile stress at the notch root. The elastic stress distribution of Fig. 3 b is non linear
and is characterized by a stress concentration factor K= c11/ 6, = 1.63, where o, is the maximum principal
stress and o, is the nominal stress due to bending or o, = M/W where M is applied bending moment and W is
the section modulus of the minimum cross-section given by W = (bxh?)/6 with b and h the section thickness
and height, respectively. It is worth noting that flat specimen surface, opposite to the notch, is subjected
basically to the nominal bending stress, (i.e. o1/ 6, = -0.92). Therefore, if the orientation of the bending
loading shown in Fig. 3 is reversed, the max tensile stress occurs at the flat side and the specimen is

substantially subjected a nominal bending stress.

=
>
g Nominal stress
8
©
£
S
-
20 15 1,0 05 0,0 05 1,0 1,5 20
Normalized stress in net section
a) b)

Figure 3 —a) Elastic stress distribution in the mini specimen under bending b) Normalized principal stress
o11/ 6, due to bending load in the net section of the mini specimen.
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Therefore, selective application of the cyclic load ratio R = Myir/Mmax = 0 to the specimen results in a
fatigue failure originating either on the notch side or on the flat side, as shown in Fig. 4. This feature will be
exploited to investigate simultaneously the influence of direction and notch on the fatigue behavior of the as-
built SLM material.

Specimen loading Test condition

Unnotched

Notched

Figure 4 — Different cyclic bending loading under R=0 applicable to the mini specimen and corresponding
test conditions investigated with the same specimen geometry

2.3. Surface roughness characterization

An important issue of the fatigue behavior of as-built DMLS Ti6Al4V is the relatively high roughness, see
[13, 14, 15]. The roughness depends on a combination of raw material quality (powder particle size), additive
manufacturing system and processing parameters as reported in [16]. Although machining may result in a
smooth surface it is not always a viable approach from the economical and functional standpoints. Besides
AM process parameters and powder quality, as-built DMLS surfaces show different morphology in
dependence of surface orientation with respect to the build direction. The diagram roughness vs surface
orientation of Fig. 5 is taken from a DIN norm, [17].

v =45° klein /

small

,s=45°< . \

grofd /

o= large

Figure 5 — Relationship between up-skin angle and down-skin angle and roughness Ra for SLM []
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It uses two angles, namely & to define a down-skin surface and v to define an up-skin surface, to map
gualitatively the expected surface roughness (in terms of R,). Apparently, the surface orientation 6 = v = 90°
has the lowest roughness, & = 0° has the highest roughness and v = 0° has an intermediate roughness.

In this study both the flat and the notched surfaces are tested in fatigue. Examination of the present
specimen geometry shows that the flat surfaces are characterized by 8 =v=90° in Type B and Type C
specimens and by v =0° in Type A specimens. Surface roughness of the as-built flat surfaces was measured
in the longitudinal direction on a Mitutoyo SJ 210 machine, [10]. The results are summarized in Tab. 1. It is
observed that Type B and Type C specimens have the same roughness, while Type A specimen has a lower
roughness. When checked against the diagram of Fig. 5, the present measurements do not agree with the
predicted values. As the surface roughness of a notch varies from point to point along the profile, it is not
considered here.

Table 1 Surface roughness measured in the longitudinal direction of the flat specimen surface

Roughness | Type A Type B Type C

Ra [um] 3.3x0 13.1+£0.3 134 +
0.5

Rz [um] 20.1+ 3.3|88.8x8.7 80.7 =
8.2

A SEM investigation of broken specimens shows the surface characteristics of an as-built surface: Fig. 6a
shows the typical grainy texture due to partly melted powder grains superposed to the smooth melted
material. This kind common to the flat surfaces of Type B and Type C specimens. Type A specimen can be
fabricated according to two opposite (i.e. top or bottom) notch positions. In the case of the flat surface on top
(i.e. v = 0°), the as-built surface shown in Fig. 6b differs from Fig. 6a. It is characterized by a low roughness
with local shallow notches between neighboring melt strips and limited presence of partially melted particles.

These observations are coherent with measured data of Tab. 1.

> i}‘.

Det: SE WD: 9.42 mm LYRA3 TESCAN

LYRA3 TESCAN|

 Viewfield: 706m  Print MAG: 252x 200 um View field: 712pm | Print MAG: 250 x 200 pm
a) SEMHV: 10.0 kV. IRMAS CR, Brno b) SEMHV: 10.0kV, IPM AS CR, Bmo

Figure 6 — SEM micrographs of broken specimens showing: (a) typical as-built surface (i.e. applicable to

test surfaces of Type B and Type C specimens); (b) top surface of Type A specimens.
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2.4. Fatigue testing program

The rather lengthy presentation of the experimental methodology of the present study ends with a few
more details and a summary of the fatigue testing program. Fatigue experiments were performed under
cyclic plane bending on a Schenk type testing machine modified to continuous monitoring of the applied
bending load during the test under a fixed displacement range at a frequency of 15 Hz, [12]. Tests were
interrupted above 2 x 10° cycles, if specimen did not fail (i.e. run-out).

The cyclic bending moment with R = 0 resulted in a nominal tensile stress range Ac = omax 0N the surface
where the crack initiation was desired (i.e. either the flat unnotched surface or the notch root). The test
program involved seven sets of mini specimens divided in three groups, one per specimen type, namely two
sets of Type C specimens, two sets of Type B specimens and three sets of Type A specimens.

One set for each group was tested so that crack initiation started from the unnotched surface and provided
the directional unnotched fatigue response. The second set for Type B and Type C specimens was tested to
obtain crack initiation at the notch root providing directional notch fatigue response.

The remaining two sets of Type A specimens were produced in two different ways: in one case the notch
was as shown in Fig. 2a (i.e. down-skin fabrication condition without notch support notch because of its
small size) and the other case the notch was on the opposite position (i.e. up-skin fabrication condition). Both
were tested in fatigue so as to generate fatigue initiation at the notch root. This is possibly the first case

where the fabrication condition of a notch is investigated in fatigue.

3. Results and discussion

This section is organized as follows: i) the present material and process are initially qualified in fatigue
using standard specimens and data from the literature; ii) the as-built smooth fatigue data obtained from the
mini specimens are validated by comparison with standard test results on the same material; iii) the as-built
notch fatigue data integrating the directional effect are presented and the directional notch fatigue factors
estimated; iv) the present as-built notch fatigue data are compared to the recent notch fatigue data on the

same material, [9].

3.1. Reference fatigue behavior of DMLS Ti6AlI4V

Preliminarily to the presentation and discussion of the notch fatigue test results, in this section the fatigue
behavior of the present DMLS Ti6Al4V after heat treatment and in the as-built surface condition is given and
placed in the context of current knowledge as determined from the recent literature. The review of the fatigue
behavior of Ti6Al4V, reported in [2], examined the literature and showed the role of heat treatment on
performance, of the as-built vs machined surfaces and of the AM Ti6AIl4V vs the conventional Ti6AI4V.

Here only the rotating bending condition to generate the test data is considered and shown in Fig. 7, [15].
The absence of a heat treatment results in very poor performance, which cannot be improved simply

modifying the surface. Inspection of the broken specimens revealed the presence of critical internal defects
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due to suboptimal process parameters. Therefore, as-built specimens were subjected to Hot Isostatic Pressing
(HIP) treatment, with an increase in performance visible in Fig. 7. However, the few data presented show a
rapid decrease with stress in performance as the increase in ductility after HIPing helps at low number of
cycles. Recent data on high quality DMLS Ti6AIl4V, [9], showed that HIP is not improving the fatigue
performance of as-built specimens because it cannot interfere with the key influence on fatigue of the surface
roughness.

The fatigue data of a set of rotating bending specimens produced with the DMSL process and heat
treatment described in the previous section and with as-built surfaces are presented in Fig.7. The trend of
these data defines a reference response that will be used to assess the results obtained with non standard
specimens (i.e. miniature) of Fig. 2.

DMLS Ti-6Al-4V - Rotating bending - R=-1

400 5 .
\‘F As-built
Ll \ _HIP - Mower
FR 4 O
= 300 F \
o H 5 o
= i A
6 :
m -
3 o} :
=1 H
E %
@ 5
2 5
o g .
» 100 ¢ ot
7™, Surface finish**+~..
No HT - Mower
0 1 1 1 1
102 104 10% 108 107 108

Number of cycles N;

Figure 7 — Comparison of rotating bending tests performed on as-built DMLS Ti6Al4V showing the
importance of heat treatment, the role of surface finish and of HIP treatment (Mower stands for [15]).

]

3.2. Directional smooth fatigue behavior of DMLS Ti6AI4V

The fatigue data of all three types of mini specimens tested in the unnotched configuration, (see Fig. 4),
are presented in Fig. 8. They represent the reference response for the subsequent discussion of notch effects
on fatigue. Fig. 8 shows that the degree of directionality of the fatigue behavior of the present as-built DMSL
Ti6AI4V after heat treatment is relatively limited. The qualitative trends outlined are relatively close to one
another. A previous study on the same material and process but a low-temperature stress relief heat
treatment, [12], resulted in a distinct difference among Type A and Type B specimen directions, on one
hand, and the Type C specimens, on the other hand, with the latter showing significantly reduced fatigue
strength.

The rotating bending fatigue test results obtained using as-built standard specimens oriented in the build

direction, see Fig. 1, and produced using the same process parameters and heat treatment are also plotted in
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Fig. 8. An equivalent stress amplitude was defined and used to aptly compare data sets obtained under two
different load ratios: rotating bending of standard specimens is characterized by R = -1 and cyclic plane
bending of mini specimens by R = 0. The Haigh equation, [18], was used to convert the stress amplitude o,

at R=0 into an equivalent R=-1 stress amplitude o, .4 as follows
Gaeq = Oal(1- om IUTYS) @

where oy, is the mean stress (equal to stress amplitude) and the ultimate tensile strength UTS = 1100 MPa.
The choice of a linear dependence of the mean stress on fatigue strength described by Eq. (1) was supported
by the results of the study on conventional Ti6Al4V reported in [19].

Inspection of Fig. 8 reveals an appreciable degree of correlation between the reference rotating bending
data and the Type C mini specimen data: both share the same direction of loading with respect to the material
layered structure as they have the longitudinal axis parallel to build direction. Type A specimens show a
slightly improved fatigue behavior at low stresses while Type B specimens at high stresses.

500 DMLS Ti-8Al-4V - As-built & HT

»
400 - “\é\\ & DirA
\ \\ o DirB
&v v DirrC
"\ N ® Rot Bend

300

200

100

Equivalent stress amplitude o, o, (MPa)

104 165 102 107 108
Cycles to failure N
Figure 8 — Comparison of smooth fatigue test results obtained using the three types of mini specimen and a

set of rotating bending specimens of DMLS Ti6AIl4V after heat treatment and surfaces in the as-built state.

The estimated high cycle fatigue strength of as-built and heat treated DMLS Ti6Al4V is in the range 150 -
180 MPa (as stress amplitude o, at R=-1) or 300-350 MPa in terms of omax (at R=0). In the literature most
fatigue tests are run under tensile cyclic loading at R near zero and data are plotted and discussed in terms of
O'max-

Fatigue limits of as-built SLM Ti6AIl4V from various studies were compared in [9]. The large spread
enlightening the fact that SLM material may have a large variation in performance even for the same type of
SLM equipment were used. While that has been definitely true for the initial studies, [2, 14, 15], the fatigue

variation among recent studies should reduce because of the on-going refinement of the SLM technology, the
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experience-based optimization of SLM process parameters and the now established role of post fabrication
heat treatments. Coherently, the present results for as-built DMLS Ti6AIl4V agree with recent data published
in [9].

Therefore, it believed that the research focus now should be directed to other factors influencing the AM
fatigue performance, such as surface treatments, part geometry, size effects, etc.. The mini specimen
geometry used here may be an efficient alternative to the standard rotating bending configuration, especially
to investigate the influence of SLM process parameters on fatigue.

3.3. Directional notched fatigue behavior

In this section the most significant results of this study are presented. In order to clarify the combined
notch and directional effect on fatigue behavior of as-built DMLS Ti6Al4V, the experimental data are not
inserted in a single plot. Rather, they are divides as follows: Type B and Type C mini specimens are
introduced first; the three sets of Type A mini specimens are presented second.

Type B and Type C

As-built Type B and Type C mini specimens made of DMLS Ti6Al4V were tested in the two modes
explained in Fig. 4 to quantify the unnotched and notched fatigue behavior and their results are shown in Fig.
9. The data, although limited in number, are well-behaved with a reduced scatter that allows the definition of

individual trends. The lives of Type C specimens are always shorter than those of Type B specimens.

DMLS Ti-6Al-4V - HT - R=0

700
A& smooth - Type C
600 &\\O A notched - Type C
\ ® notched - Type B
© < ©  smooth - Type B
S smof &N
< N SCF = 156
g
© 400
n
»
o -
B 300f >
£
=]
E ~--
200 -
© >
=
100 Ki=1.36 Type B
Ki=1.62 Type C
0 . .
104 108 108 107

Cycles to failure N

Figure 9 Notch fatigue behavior of two types of as-built & heat treated DMLS Ti-6Al-4V specimens:
broken lines: Type C, continuous line: Type B (load ratio R=0; K;=1.56).

Estimates of the fatigue notch factor K; for the two fabrication directions are obtained from the
experimental trends of Fig. 9 as follows. Adopting the classical definition of K as the ratio of the smooth
fatigue strength and notch fatigue strength, see [18], Type B K, or K¢g, and Type C K¢ or K¢c, are

determined using the respective unnotched and notched responses of Fig 9. Thus, K¢c = 1.63 and Kg = 1.36,
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respectively. These are possibly the first results of this kind where the influence of the notch surface quality
and of the specimen orientation (i.e. parallel and perpendicular to build direction) on fatigue is quantified.
When compared to the theoretical K, =1.63 of the present notch geometry, the two experimental Ky, although
not too different, show directionality, i.e. SLM technology-dependent.

Type A
The three sets of as-built DMLS Ti6Al4V mini specimens were tested in fatigue under a load ratio R=0

with the aim of investigating the up-skin/down-skin fabrication condition of the notch. Type A+ and Type A-
are associated to different notch position during fabrication: Type A+ is associated to up-skin notch while
Type A- is associated to down-skin notch.

The test results in terms of max nominal bending stress vs number of cycles are plotted in Fig. 10. The
fatigue data appear well-behaved with a reduced scatter. The up-skin fabrication condition is associated to a
slightly better fatigue behavior than the down-skin condition. Although not surprising, it is possibly the first

published evidence of this factor on notch fatigue behavior.

00 DMLS Ti-6Al-4V - HT - R=0

600 F © Unnotched — Type A
4 Notched — Type A+
@ & Notched — Type A-
% 500 F ~ P
=3 ~
. AN SCF K= 1.56
£ N .
U 400 | S o
<4 ~
] \ <
ol ~ S
@ 300 [ *
£ \<> e <@ o
3 ON ~
E ~N Lo
% 200 + S ~o
@ ~ ~-
= K.=2.0 Type A T~k
=2. e A+ ~
100y Kf-QGTypA —=
¢= 2.0 1YpeA-
0 i i
104 10° 10° 107

Cycles to failure N

Figure 10 Notch fatigue behavior of as-built & heat treated DMLS Ti-6Al-4V Type A specimens subjected
to cyclic plane bending (load ratio R=0; K;=1.63).

The trends defined in Fig. 10 allow the experimental determination of an effective notch factor K of the
two notched configurations Type A+ and Type A- using the unnotched response of Type A as the reference.
Type A+ configuration is characterized by K¢+ = 2.0 and the Type A- configuration by K¢ . =2.6.

Interestingly, both Ky values are larger than the theoretical K; value of the notch geometry, in contradiction
with classical results for fatigue tests in conventional materials, [18]. A possible motivation is in the
difference between the smooth theoretical geometry used in K; calculation and the two contributions to the

effective surface quality of the present SLM notches: i) the surface roughness, which may depend on the up-
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skin vs down-skin notch generation, see Fig. 5, and ii) the step-wise generation of the theoretically

semicircular Type A notch geometry. This specific aspect is currently under investigation.

3.4. Comparison with the literature

While the published data for smooth fatigue behavior of DMLS Ti6Al4V can be found in the literature, the
notch fatigue behavior is absent except for the recently published data of [9], which is therefore important
reference for the present study. The fatigue properties of as-built Ti6AI4V under cyclic tension with R = 0.1
were investigated in [9]. Both the selective laser melting and electron beam (EB) melting technologies were
considered but only SLM data are used here. Analogously to the present rotating bending specimens, tensile
specimen axis was oriented parallel to the build direction. That orientation is also the same of the Type C
mini specimens tested here. Tensile cylindrical bars with a VV-notch geometry and a notch root of 0.85 mm
radius was used. The resulting theoretical stress concentration factor was computed as K; = 2.5. The total
length of tensile specimens was 80 mm, therefore compatible in terms of material usage with the present
rotating bending specimens of Fig. 1.

The fatigue notch factor, Ky, in [9] was defined as the ratio of the fatigue strength of the smooth and
polished conventional Ti6AlI4V and fatigue strength of the as-built notched DMLS Ti6Al4V. Differently
from the present work, the role of geometry and technology was combined in a unique factor in [9]. The

combined fatigue notch factor K; = 6.15 was computed for the SLM process and K; = 6.64 for EB process.
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Figure 11 — Comparison of as-built smooth and notched fatigue test results for present Type C mini
specimens in cyclic bending and Kahlin’s specimens in cyclic tension. Material is heat treated DMLS
Ti6Al4V (Kahlin 2017).

To exploit this limited experimental evidence on the notch fatigue behavior of SLM Ti6Al4V, the cyclic

tension data for smooth as-built specimens and notched as-built specimens tested at R=0.1 of [8] are plotted
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in Fig. 11 together with the present Type C as-built smooth and notched plane bending data tested at R=0.
While no mean stress correction needs to be introduced in the plot (omax—N), the type of loading (bending vs.
tension) is expected to play a significant role, [19]. Inspection of Fig. 11 reveals the following: the cyclic
bending loading is associated to longer lives than cyclic tension, the severe K; = 2.5 geometry of [9] results in
shorter lives than the mild K, = 1.56 of Type C mini specimens. According to the definition of K¢ given in a
previous section of this contribution, the SCF K; = 1.63 of the mini specimens is associated to K¢c = 1.63
and the K; = 2.5 of notched bars in tension is associated to K¢= 2.5. Apparently, the notch effect in fatigue is
directly connected to the stress concentration factor. Although these initial results are based on still limited

evidence, more effort in this direction is welcome.

4., Conclusions

Original evidence on the notch fatigue behavior of as-built DMLS Ti6Al4V obtained in this study has
provided new understanding of the complex but technically relevant issue of structural design of AM parts.
The following conclusions are reached:

—  The smooth as-built fatigue strength of heat treated DMLS Ti6Al4V is determined to be about 300 MPa
in agreement with recent literature findings;

—  The experimental methodology based on the use of miniature specimens was validated against a
standard test geometry. It can be efficiently used to investigate the fatigue response of SLM alloys;

—  The notch as-built fatigue strength of heat treated DMLS Ti6AIl4V is directional: here four different
notch fatigue factors are estimated by comparing smooth and notched fatigue strength of seven sets of
specimens.

—  Up-skin and down-skin notch fabrications have a different impact on fatigue strength.

— The present notch fatigue factors for as-built DMLS Ti6AIl4V are coherent with recently published
values for the same material.

—  To the author’s best knowledge this experimental evidence appears for the first time in the literature.
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