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Abstract

This work is focused on the effect of natural defect on the fatigue resistance of a laser powder
bed fusion additively manufactured Ti-6Al-4V titanium. To reveal the fatigue strength variability
and its sensitivity to the defect size, push-pull fatigue tests have been undertaken on specimens
with different sizes of highly loaded volume of material. In order to easily vary the size of the
highly loaded volume, specimens containing different numbers of surface hemispherical shape
holes of 600 um in diameter have been tested. This method also allowed to test small volume
which triggered crack initiation from microstructural features.

The fatigue damage mechanisms observed and the average natural defect size measured on
the failure surfaces depend on the size of the highly stressed region. A higher fatigue strength
is observed for smaller stressed volumes and defect free regions. To reduce the impact lack-of-
fusion on fatigue and increase the probability of triggering crack initiation from a microstructural
feature, the specimens were built in the horizontal direction. For specimens where fatigue cracks
initiated at natural discontinuities, the results reported in a Kitagawa-Takahashi diagram revealed
a critical defect size (v/area) in the range of 30 um. In addition, a probabilistic approach based
on the weakest link theory is proposed. The model describes a probabilistic Kitagawa-Takahashi
diagram accounting for the size of both the highly stressed volume and the natural defect.
Keywords: high cycle fatigue; additive manufacturing; Ti-6Al-4V; titanium, porosity; size effect;

powder bed fusion; Kitagawa-Takahashi diagram;
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1. Introduction

In LPBF (Laser Powder Bed Fusion) components, there is a consensus that the presence of
defects is the factor that limits the material’s fatigue strength [1-4]. It is recognized by several
authors that the variability in pore size, shape and location is pronounced, even under closely
controlled manufacturing conditions [4-6]. In addition, the microstructure resulting from layer
manufacturing may also show other heterogeneities such as in the grain size and shape as discussed
in the literature review by Kok et al. [7]].

The Ti-6Al-4V titanium alloy studied in this work is one of the most common alloys manufac-
tured by LPBF with applications in many industries, in particular the aeronautic and the medical
domains. The monotonic mechanical properties of the Ti-6Al-4V alloy processed by LPBF are
close to those of its hot rolled counterpart [1-4]]. Nevertheless, the presence of pores, typical
of LPBF manufacturing, reduces the average fatigue strength and increases its dispersion [4-6]].
From the literature, all fatigue specimens made of Ti-6Al-4V without a HIP (Hot Isostatic Pres-
sure) treatment, encountered crack initiation from process related discontinuities, typically, gas
pores or lack of fusion pores [3, 6, 8-10]]. On the other hand, for HIP-LPBF-Ti-6Al-4V, the litera-
ture data agree that the material fatigue strength is closed to its hot rolled counterpart [6} [11H13]].
HIPping also efficiently reduces the scatter in the fatigue strength that characterizes LPBF-Ti-6Al-
4V [12, 13]. In HIP specimens, prior-8 grain boundaries and/or adjacent a colonies have been
found to play a crucial role in fatigue crack initiation [[14]]. To the author’s knowledge, the fatigue
resistance of un-HIPped defect free LPBF-Ti-6Al1-4V samples has yet to be characterized.

It is generally accepted that the fatigue strength of metals is sensitive to the tested volume.
The so-called size effect was first studied in the 1960s by Pogoretskii who observed that fatigue
strength decreased with an increase in specimen length [[15]. The size effect is most often revealed
when testing materials containing discontinuities like inclusions in laminated steels [16} [17] or
pores in cast alloys [18, [19]. It has has also been observed in materials having for weakest link
microstructural features such as Al 7050 alloys [20]. Because of the size effect, the experimentally

determined fatigue strength can be influenced by the size and geometry of the specimens used. In
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the case of AM-materials the minimum and maximum pore sizes observed at the fatigue crack
initiation site are limited by the tested volume. In the work by Hu et al. [21]on a LPBF-Ti-6Al-4V,
the lack of fusion pore sizes observed at the initiation sites are comprised between 30 et 72 wm,
even if 21 specimen were tested. This small range illustrates the difficulty in characterising the
defect size sensitivity in fatigue using only one specimen geometry. The solution to this problem
would therefore be to use very small specimens to obtain failure from small defects or even without
a defect and to use very large specimens to characterize the sensitivity to the largest defects.

In order to simplify the experimental problems caused by using different specimens geome-
tries, different numbers of hemispherical surface holes have been machined into the specimens to
modify the size of the highly stressed volume. A similar strategy, has been successful used by
Abroug et al. [20] on a 7050 aluminium alloy.

The goal of this work is to study the effect of the tested volume size on the fatigue strength
at 2 x 10° cycles of LPBF-Ti-6Al-4V. Three specific objectives are treated: 1) to determine the
fatigue strength sensitivity to the natural defect size, 2) to characterize the “defect-free”” material
fatigue strength for cracks initiating from micostructural features not classified as defects, 3) to
characterize the size effect for “defect-free” samples and to compare the behaviour with the results
gathered in 1).

In order to fulfil these objectives, a vast experimental fatigue campaign under push-pull loading
conditions (load ratio of R=-1) has been undertaken. In the first part of this paper, the manufactur-
ing process used to obtained specimens with different highly stressed volumes is presented. The
material, its microstructure and the pore population, characterized by optical microscopy, are then
presented. In the second section, the fatigue strengths determined at 2 x 10° cycles for four spec-
imen configurations with different Highly Stressed Volumes (noted HSV in this paper). Finally, a

probabilistic approach that leads to a Kitagawa-Takahashi diagram [22] is proposed and discussed.

2. Experimental methodology

2.1. Specimen manufacturing
Cylindrical bars were manufactured using a SLM280 HL machine with a 278x278x325 mm?

chamber, with a regulated argon atmosphere containing less than 0.1% in volume of oxygen. The
3
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specimens were built in the horizontal direction to reduce the impact of the lack-of-fusion on
fatigue and increase the probability of triggering crack initiation from a microstructural feature as
shown in Fig[I] on a plateform preheated at 200°C.

The powder layer thickness, set to 30 wum, was controlled by the vertical displacement of the
building platform. A laser with a spot diameter of about 70 wm traveled in a continuous scan
mode at a scanning speed of V=775 mm/s. A cross hatching strategy was used where the scanning
direction is switched by 67° between successive layers. The hatch (distance between two laser
tracks) was set to 100 um and the laser power to 175 W.

All bars were removed from the build plate and then annealed at 850°C for 2 hours under
vacuum and cooled down within the furnace to obtain an alpha + beta microstructure. Fatigue

specimens with the dimensions given in Fig[2] were machined from the heat treated bars.

Fig. 1: Ti-6AL-4V fatigue sample in the SLM 280HL machine.

The reduced section of the specimens were manually polished with SiC abrasive paper to
provide a mirror-like surface with a roughness of Ra< 0.1 wm. Hemispherical artificial defects
with a diameter of 600 um were then machined on the surface of some specimens by micro-drilling

using a carbide tool. After drilling, the defects were scanned with a 3D BRUKER profilometer to
4
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Fig. 2: Cylindrical fatigue sample dimensions with the as-built geometry, (dimensions are in mm).

71 measure their depth. An average depth of 300 um=5 um was obtained for 20 measurements.

3,00

0.75 0.75

Fig. 3: Hemispherical holes surface spatial distribution on the specimenmerged (dimensions are in mm).

72 The notches have been distributed, in four lines of the specimen (situated at 0, 45, 90 and 135°)
73 around the specimen contour to facilitate micro drilling. The hole-position on the sample axis has
72 been chosen to avoid interaction between defects. On a given line the distance between defects is
75 equal to 3mm. The distance between 2 drilling planes is 0.75mm to avoid positioning two defects
76 in the same cross section.

77 A final heat treatment was carried out at 650°C for 4 hours under vacuum followed by ambient
76 cooling to relax any potential residual stresses introduced by micro-drilling. A sample containing

7o 32 artificial defect is shown in Figl6|a).

s 2.2. Material, microstructure and natural pores
81 The Ti-6Al1-4V alloy used in this study is grade 23 ELI dedicated to aeronautical applications.

s2 Its standradized chemical composition as per ASTM F3001-14 in weight fraction is given in Table
5
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Element Ti Al Vv C Fe H N O
wt% Bal. 5.5-6.0 3545 <008 <025 <0012 <0.05 <0.13

Table 1: Standardized chemical compositions of the Ti-6Al-4V alloy as per ASTM F3001-14 [23]].

The Ti-6Al-4V powder, obtained by inert gas atomization, was supplied by TLS (Technik
GmbH&Co Speziapulver-Germany). The particle size distribution was measured using a dynamic
image analysis instrument "CAMSIZER XT” that provides the following results: D10=36 wm,
D50=46 pwm, D90=53 wm. This indicates that 10% in volume of the powder particles have a
diameter smaller than 36 pm and 10% larger than 53 pm.

To characterize the microstructure and the pore size distribution, eleven cross-sections were
extracted from one drilled and heat treated specimen and prepared for metallographic observa-
tions. The microstructure of the polished and etched samples was characterised using an optical
microscope. A columnar microstructure showing grains elongated parralell to the building direc-
tion was observed as shown in Fig. 4] a). Typical lack of fusion and gas pores were also observed
as shown on FigH] c) and 4] d) respectively.

The pore size distribution, shown in Fig[5 was characterized using the square root of the pore
area (+/area). Pores with a +/area greater than 7 um were counted on the 2D images observed by
an optical microscope. A total of 2109 pores were characterized on a surface covering 425 mm?

which resulted in an average defect density of 5 pores/mm?.

2.3. Fatigue testing

In order to characterize the scale effect, specimens containing different number of surface holes
(1, 8 and 32) were tested (see Table [2). In addition, 4 specimens without hemispherical surface
holes, were also tested to characterize the fatigue strength for large highly stressed volumes.

The fatigue tests were carried out on a dynamic drive Rumul Testronic machine. An axial
cyclic stress was applied normal to the building direction with a load ratio of R = F;;,/ F 0 = —1.
The test frequency was approximately 105 Hz. The step technique proposed by Maxwell and

Nicholas [24] developed to rapidly characterize the fatigue strength at a given number of cycles
6
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Fig. 4: Optical microscopy microstructure observation at different magnification showing a) the columnar microstruc-

ture, c) gas pore, b) and d) typical lack of fusion defects.

was used. The initial nominal stress amplitude was chosen to be slightly below the fatigue strength
at 2 x 10° cycles. If the sample did not fail after 2 x 10° cycles, the stress amplitude was increased
by 20 MPa until failure occurred before reaching 2 x 10° cycles. The test was stopped when a 1
Hz drop in frequency was detected, which corresponds to a crack length of several millimetres as
shown in Fig[f]b).

In order to take into account the potential damage caused by the preliminary fatigue cycles, the
fatigue strength at 2 x 10° cycles was adjusted using equation proposed by Nicholas et al. [24].

Ny

Ofa= (O-a,n - O-a,n—l) * 2*—106 + O gn-1 (1)

where o4, is the adjusted fatigue strength, o, is the stress amplitude at wich failure occurred,
O an-1 18 the stress amplitude of the previous block load and N the number of cycles at failure for

04, This method assumes that the damage induced by the previous loading blocks (n-i with i>1)

7
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Fig. 5: Cumulative size distribution of the defects for varea > 7um

is negligible. This assumption is applied to all the results presented in this paper as no drop in
frequency was observed for the load blocks n-i where i>1. Unless indicated, all samples survived
at least one full block of 2 x 10° cycles.

A fatigue strength correction was also made for specimens with a failure plane located outside
the reduced section of the specimen. The corrected nominal fatigue strength was given by the
axial force divided by cross-sectional area of the failure plane, which results in slightly lower
stress amplitudes than the nominal stress (generally 0.92 to 1.0 times the nominal stress amplitude

calculated in the gauge section).

3. Experimental results and pore effect analysis

3.1. Fatigue results

The results of the fatigue tests are reported in Table [2] and Fig[7] When comparing the aver-
age nominal stress amplitudes that caused the failure of specimens without artificial defects (i.e.
specimens DO-1) to the specimens with artificial defects (i.e. specimens D1-i, D8-1, D32-1), two

observations stand out. The specimens without artificial defects did not resist significantly higher
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Fig. 6: a) Picture of the specimen containing 32 artificial defects, b) at higher magnification a crack that initiated from

an artificial defect is surrounded in red.

nominal stress amplitudes than the specimens with one artificial defect. Some specimens (D1-7
and D8-6) with an artificial defect failed due to a nominal stress amplitude that was greater than
the maximum nominal strength of smooth samples (D0-1, D0-2, and D0O-3). This is counter intu-
itive given that the presence of an artificial defect locally raises the stress by a factor of 2, as will
be shown in section 3.3. Nevertheless, as the number of artificial defects increases, the average
nominal stress at failure converges toward a lower value. This trend will be explained by studying

the synergy between the artificial defects and natural defects.

3.2. Fatigue damage mechanisms

The fractographic observation of all failed specimens revealed the presence of two categories
of features at the fatigue crack initiation sites: 1) process related discontinuities (e.g. lack of fusion
pores) and 2) microstructural features. This is reported in the 8 column of Table

As part of the 18 specimens for which a crack initiated at a natural defect, 17 were caused by a
lack of fusion pore (LoF) located at the surface or less than 20 um from the surface. As illustrated
in Fig[8] LoF defects have been observed at the crack initiation sites of 13 specimens with artificial

defects and 4 specimens without artificial defects.
9
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Table 2: Fatigue test results fo a target fatigue life of 2x10° cycles

Specimen Defects Nominal Stress Amplitude Step Ny O falocal Intiation Type Varea
Number  at Failure (MPa)  Average (MPa)  Number (10° cycles)  (MPa) (um)
DO-1 0 210 1 0.92 1992 natural defect 116
D0-2 0 250 1 0.20 2322 natural defect 150
DO-3 0 270 7 5 1.73 248! natural defect 73
DO0-4 0 370 10 1.63 3411 natural defect 26
D1-1 1 170 2 0.72 147! natural defect 169
D1-2 1 250 3 0.50 357 AD-natural defect 35
D1-3 1 270 4 1.07 249! natural defect 74
D1-4 1 270 270 4 0.22 252 natural defect 55
D1-5 1 290 9 0.57 551 AD-microstructure  /
D1-6 1 290 5 0.69 554 AD-microstructure ~ /
D1-7 1 350 11 0.17 663 AD-microstructure ~ /
D8-1 8 210 4 0.79 290 AD-natural defect 41
D8-2 8 230 3 0.2 307 AD-natural defect 31
D8-3 8 250 4 0.31 384 AD-natural defect 25
Dg-4 8 250 7 4 0.19 264 AD-natural defect 54
D8-5 8 270 7 1.15 522 AD-microstructure  /
D8-6 8 330 10 0.06 621 AD-microstructure  /
D32-1 32 130 1 1.05 1277 AD-natural defect 225
D32-2 32 150 1 0.56 1612 AD-natural defect 127
D32-3 32 230 6 0.36 389 AD-natural defect 13
D32-4 32 250 201 7 0.33 383 AD-natural defect 19
D32-5 32 270 8 0.76 310 AD-natural defect 81
D32-6 32 190 4 0.10 342 AD-microstructure ~ /
D32-7 32 190 3 0.44 349 AD-microstructure ~ /
D32-8 32 110 110 1 0.51 982 Layer delamination ~ /
L. Corrected stress, fracture plane outside the gauge length. natural defect initiation type : 0 s jocal = O f,a,nominal
2. Fracture during the first step. AD-microstructure initiation type : 0 f.a.tocal = Ki O f,anominat
AD: crack initiation from an artificial defect. AD-natural defect initiation type : 0 . jocal = Kia* O f.anominal

All process related defects, observed at the crack initiation sites were measured and reported
in terms of the Murakami parameter +/area (square root of the defect area projected onto a plane
perpendicular to the applied stress) [25]. These values are reported in the last column of Table [2]

Sample D32-8 showed a particularly low fatigue strength, as its failure occurred during the first
loading step at a stress amplitude of 110 MPa. As illustrated in Fig. [9] large linear LoF pore can

be seen at the surface of the hemispherical artificial defect. These linear defect act as pre-existing
10
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Fig. 7: Average and range of the Nominal Stress Amplitude at Failure in function of the artificial defects number.

cracks and have a detrimental effect on the fatigue strength. An observation of the overall fracture
surface shows that the LoF pores are aligned between melt pools. This kind of failure surface, not
much discussed in the literature, is characteristic of delamination which is occasionally reported
in L-PBF materials. Andreau et al. [26]] observed delamination on a 316L L-PBF stainless steel in
samples where pores covered more than 10% of the cross section. Similarly, the failure surface of
the delaminated sample presented in Fig[9] also showed a high surface fraction of pores (in black
on the failure surface).

For 7 out of 25 specimens, no pores were observed at the crack initiation sites as shown in Fig.
@ In these cases, it was assumed that cracks initiated from the microstructure, most probably

from « laths or colonies as report in the literature [14, 27, 28] for similar alloys.

3.3. Impact of artifical defects on fatigue strength

Finite element simulation of the elastic stresses around an artificial defect were conducted
using the following material elastic constants: E = 110 GPa and v =0.34. The results of the
simulation, shown in Fig [I1] confirm that the stress concentration factor (K,) characterizing an
artificial defect is equal to 2. The fatigue notch factor K is hypothetically considered equal to the

stress concentration factor, as experimentally shown by Lanning et al. [29] for wrought Ti-6Al-4V

11
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Fig. 8: Fracture surface of samples a-b) D1-3 where the lack of fusion that caused crack initiation is not in the vicinity
of an artificial defect and c-d) D32-5 showing crack initiation from lack of fusion pore, located at the root of an

artificial defect.

notched cylindrical specimens (K, = 2.72) under push-pull loads. Therefore, it is assumed that the

local stress at the root of the artificial defect can be estimated by:

O falocal = Kt O a,nominal (2)

On the plane of maximal normal stress, the K, remains quasi constant around the defect with a
decrease of only 4.2% when comparing stress value in the depth and at the surface. Equation
|2| was used to calculated oo Teported in Table |Z| for all of the samples identified as ”AD-
microstructure”.

For specimen with a natural defects found in the vicinity of an artificial defect (AD-natural

12
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Fig. 10: Fracture surface of sample D32-6 showing initiation from microstructure without any pore.

defect), the local stress at the tip of the natural defect is reported. The results of finite element
analysis was used to quantify the stress concentration factor (K, ;) for specific positions under-
neath the artificial defect, d*, as shown in Fig[TT] and Fig[I2] The natural defect is therefore not
explicitly modelled but the stress gradient in the vincity of the hemispherical hole is take into
account.

For each specimen, the local stress was quantified at the tip of the initiation defect using equa-

13
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Fig. 11: a) Finite Element simulation in elasticity of a elementary volume containing a 600 um diameter hemispherical
defect, the arbitrary intensity stress load in tension is 1MPa, maximum principal stress o field are given by the color

code, b) stress distribution in depth from the free surface of the hemispherical surface hole.

The local fatigue strength o o 1 reported in the 7™ column of Table 2| These values are
calculated at the tip of the artificial defect for all specimens with the crack initiation type ”AD-
microstructure” and at the tip of the natural defect for the specimens with the ”AD-natural defect”
initiation type.

In Fig[I3] the local fatigue strength of all sample are plotted as a function of square root area
varea of the defect observed at the crack initiation site. This diagram is presented on a log-log
scale in order to appreciate the power law relationship that typically describes the influence of large
defects on the fatigue strength as proposed by Kitagawa-Takahashi in 1976 [22]. For crack initia-
tion at microstructural features (i.e. defect-free), the fatigue strength is plotted at varea = 1 um.
In presence of natural defects, the data obtained from specimen with and without hemispherical
surface hole presented on Fig[I3] are not significantly different. This indicates that the proposed
tress correction for presence of natural defect in the vicinity of a hole is fair.

Fig. [[3|demonstrates the detrimental effect of defects on the fatigue strength. For all specimens

containing a natural defect with varea > 19 um , the fatigue strength can be estimated by a power
14
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law relationship of the defect size ( yarea) with an exponent of -0.5 (0 f410car = B( varea)®?).
Such a power law relationship well describes the linear elastic fracture mechanics principles where
the fatigue strength can be expressed by:

. (4)

F 1/7r \area

where F is a dimensionless factor which equal to 0.65 for an hemispherical surface defected
considered as an pre-existing crack in a body of infinite size. For load ratios smaller or equal to
0 (R<0) it is generally recognized that the positive portion of the load is the sole contributor to
long crack propagation in metals, as proposed in ASTM E647 [30]. Therefore, in equation {4 the
expression of delta AK = K, = K., has been used and Ao~ can be replaced by o ,x.

Fig. [13]can also be use to estimate the material’s resistance to fatigue in the absence of a crack
initiating discontinuity. The results presented by open circles were obtained for specimens with no
observable pores in the vicinity of the crack initiation region. These results (AD-microstructure)
ranged from 342 to 663 MPa. It can also be observed that the presence of defects smaller than
30 wm at the crack initiation sites resulted in fatigue strengths of 341, 383, 384 and 389 MPa,
which is the same range as the defect-free samples. It suggests that the critical defect size, which
is detrimental to the fatigue strength of the studied LPBF-Ti-6Al-4V is approximately varea =30
wm.

In the next section an attempt to correlate the dispersion in the measured fatigue strength to the
size of the Highly Stressed Volume (HSV) is presented. In addition the scatter in AK};, will also be

accounted for in a probabilistic Kitagawa-Takahashi diagram.

4. Probabilistic Kitagawa-Takahashi diagram

4.1. Analysis of the volume effect

To quantify the size of the HSV the approach proposed by Sonsino et al. [31] is used. These
authors proposed that fatigue damage on component experiencing a stress gradient occurs essen-
tially in the HSV. The authors defined the HSV to be the volume within which the Von-Mises

stress amplitude is greater than 90% of the maximum stress amplitude in the component. Here,
15



Fig. 12: Fracture surface of samples a) D32-4 and b) D32-2 illustrates the distances d* .
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Fig. 13: Kitagawa-Takahashi diagram of all the samples using the local fatigue strength o ¢, jocos for different fatigue

initiation types.
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this principle is used to quantified the HSV in samples containing a stress gradient caused by the
presence of the artificial defects. For the specimens described in this paper, VO0% equals 2.15,
17.2 and 68.9 x10~* mm? respectively for samples containing 1, 8 and 32 hemispherical holes.

For specimen without artificial defect, the HSV (V90%) is theoretically the volume of the
reduced section, which equals 770 mm?. Nevertheless, experiments performed by Andreau et al.
[26] on a 316L stainless steel showed that cracks initiate at the surface even in the presence of
internal defects that are 4 to 10 times larger than the surface defects. Based on this observation, it
is proposed that fatigue damage mainly occurs within a surface layer or skin with a thickness of
20 wm, leading to a V90% of 4.4 mm?>. This thickness has been chosen to be equal to the a colony
size, which is known to play a crucial role in crack initiation [[14} 32]. Neikter et al. [33]] proposed
a typical colony size of 20 um in their extensive characterization work on LPBF-Ti-6Al-4V.

In Fig the evolution of the local fatigue strength o ¢, /e @s a function of the highly stressed
volume is presented for all specimens. For specimens with crack initiation at a pore (¢), the
fatigue strength is decreasing with the HSV. This can be explained by an increasing probability
of encountering a large pore within larger HSV. The pore size reported in Table 3|is in agreement
with this statement. This size effect has been reported by several authors who account for it using
extreme values defect distribution [4/, 34, [35]].

For specimen with no observable defects at the crack initiation site (o), the average fatigue
strength is even more sensitive to the HSV size. This size effect can be explain by microstructural
heterogeneities. A larger HSV increases the probability of having a large colony of alpha laths
favourably oriented for slip. For the smallest HSV, the fatigue strength reached values as high as
663 MPa for specimen D1-7. These results illustrate that the local fatigue strength of the LPBF
material can be very high, even higher than those usually obtained for a conventional specimen
geometry with a HIP treatment (HIP-LPBF-Ti-6Al-4V - around 510 MPa [13]]) and closed to those
of hot rolled Ti-6Al-4V material (around 675 MPa [13]])

4.2. A probabilistic approach to model the volume effect

In this section, a probabilistic Kitagawa-Takahashi diagram that accounts for the effect of the

HSYV on the fatigue strength and the experimental dispersion, measured in terms of AKj, is pro-
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Fig. 14: Evolution of the local fatigue strength in function of the size of HSV. Results are presented using distinct
symbols for failures that initiated at a natural defect (diamonds) and microstructure (circles). For all specimens, when
a crack initiated from a natural defect at a smooth surface (not in an artificial defect), the result is reported in the

category of the large HSV (4,4 mm?). The size of spheres is proportionate to the size of the tested HSV.

Table 3: Average pore size observed at crack initiation sites and percentage of failure without pore for the differents

HSV tested

Number of Artificial Defect 1 8 32 0
HSV (10 > mm?®) 0215 1.72 6.89 440

average pore size (um) 35 39 92 95

failure without pores (%) 42 33 25 0

posed.

4.2.1. Failure probability for defect free fatigue crack initiation

To model the effect of the HSV on the fatigue strength when the microstructure controls the
fatigue strength, a crack initiation threshold is defined at the mesoscopic scale (at the grain scale
or the alpha colony scale) using a Weibull distribution. In the following, for convenience, the max-
imum principal stress criterion (o, for an axial load) is chosen, but other more complex thresholds

could be used (i.e. equivalent stress, strain, energy, etc.). Hence, the condition for crack initiation

18



254 1s defined by:

Oq 2 Oy (5)

255 where o, is the intrinsic fatigue stress necessary to trigger crack initiation in a colony. In order
26 to take into account the inherent stochastic nature of the fatigue resistance at the microstructural
27 scale a two parameter Weibull distribution [36}137] is used to describe the intrinsic fatigue strength.

258 The probability density function proposed to described this distribution is given in Eql6]

my (o " omn \"

1 th th

Jor(om) = ( ) exp — ( ) (6)
O 1m0 \ O 1h0 Otho

259 where o7 is the scale parameter and m, is the shape parameter (or the Weibull exponent) used

20 to reflect the scatter associated with the local intrinsic fatigue strength within the microstructure.
261 Such a distribution can represent, for example, the effect of colony orientation on the initiation of
22 afatigue crack. The probability of triggering crack initiation can be expressed as the probability of
s having the applied mesoscopic stress amplitude reaching the local fatigue strength as in equations

264 [j] and

Proy = (s < o) = f " (e mde ™
0
Pp, =1—exp [— (;Zo) ] (8)

In order to account for the size of the HSV in the probability function, the weakest link theory
proposed by Freudenthal [38] is used. In this framework, the probability of survival (1 — Pp,) is
defined as the product of the survival probabilities of each elementary volume Vj in the volume

Va.

1= Pr, = T1(1 = P, (M) )
265 resulting in:
1 o, \"
Pp =1-exp|—— dv (10)
Vo Jvg \Omo
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Within the experimental campaign presented in Table [3| four sample types with a specific

volume sizes ,Vg ,were tested. The failure probability of each sample type is described by equation

11

P, :l—exp[—ﬁ(o-a) ] (11)

0 \O o

From Eq. @, the relation between the fatigue strengths noted o, and o, of two different

loading volume sizes Vg, and Vg, can be written as:

“ﬂ:(EEYMI (12)
g Vao

The parameter m; can therefore be obtained experimentally by fitting a power equation to the
fatigue strength results as a function of the tested volume Vg, as illustrated in Fig[I4] This leads to
a m, value of 10.98 for a failure probability of 0.5.

Then, knowing m; and the average fatigue strength for an HSV, the gamma function is used to

calculate the Weibull scale factor (see Eq13).

— O-a
T+ 1/m)

where I['(¢) = fooo x'~le™* is the gamma function [39]. Assuming Vj is equal to the volume of

(13)

T tho

a cube with a side length of 20 um can be used to model a « colony, this lead to a Weibull scale

factor of the theoretical local intrinsic fatigue strength o, of 1.73x10° MPa.

4.2.2. Failure probability due to propagation from natural defects

As shown previously, the evolution of the fatigue strength as a function of the natural defect
size (Fig. is well described using the LEFM approach defined by Eq when +area > 30 um.
To estimate the failure probability caused by the propagation of a crack from a natural defect, a
linear elastic fracture mechanic approach is therefore proposed. As defined in Eq[T4] according
to LEFM and the Murakami approach [34]], a defect of size +/area, considered as a pre-existing

crack will not propagate under cyclic loads if the applied stress intensity range, AK;, is less than
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the material crack propagation threshold, AKy,.

AK; = 0.65 o, \JmVarea < AKy, (14)

As for the intrinsic local fatigue resistance, the stochastic character of the long crack propaga-
tion threshold is modelled using a Weibull distribution [36, [37] for which the probability density

function is given by:

my [ AKy ™ AKy \™
AK,;) = —_— — 15
Jo2(AK ) AKo ( A tho) eXp—| 3 Ko (15)

In this case, the shape factor or the Weibull exponent, m,, governs the scatter and AKj is the
scale factor of the distribution.

The probability of a crack propagating, corresponds to the probability that AK is above the
material AKy, as expressed in Eq[16}

Pr =1 - exp H o ) ] (16)

AKthO

Assuming that all specimens with a natural defect at the initiation site broke when the stress
intensity factor range reached the crack propagation threshold, the cumulative probability of the
crack propagation threshold can be ploted (as in Fig[I5). In this figure the two points with the
lowest defect size locate on the Kitagawa-Takahashi plateau were not considered. Note that two
data points in Fig[T5] do not seem to follow the Weibull trend. These two data with a particular
high crack propagation threshold were not taken into account to fit the Weibull distribution. The
crack propagation threshold data presented in Fig[I5|are lower than the data found in the literature
for wrought Ti-6Al-4V (Ag,, =5.6 MPa.m'/? [40, 41]] and LPBF Ti-6Al-4V (Ag;,=3.65 MPa.m'’?
[42]]) material via CT specimens (obtained using a load ratio R=-1 and without considering the
load negative part for the Ak, calculation ). It is well known in fatigue that the crack propagation
threshold tend to decrease when the crack length becomes small. These low values, compare to
CT propagation results for the long crack domain are probably due to the small defect size, being

studied. The Weibull function parameters are AKy; = 2.33 MPa.m'’? and m, = 13.49.
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4.2.3. Combined failure probability

Finally, it is proposed that the survival probability of a volume Vg, failing by one or the other
damage scenarios, is equal to the product of the two survival probabilities described by Eq[TT]and
Eql16] Essentially, the weakest link hypothesis [38]], is employed once again, which assumes that

the two damage mechanisms are independent, leading to equation

1 -Pp=(1-Pp)1-Pp,) (17)

The combined probability of failure for a tested volume size Vq can thus be written as in

equation [I§] describing a bimodal Weibull distribution.:

mp

o, m N F o, \Jm+area
AKpo

\%
Pr=1-exp ——Q( (18)

Vo \oumo

The volume size effect on the microstructural fatigue strength is explicitly taken into account

via the terms —. In addition the defect size is directly introduced as an input parameter. The
0
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influence of the tested volume size on the probability of finding a large defect is not modelled.

Eq plotted as a function of the defect size, varea, results in a probabilistic Kitagawa-
Takahashi diagram as shown in Fig[T6] The probabilistic approach correctly predict the fatigue
strength trends experimentally observed. It also predict a decreasing critical defect size with a
decreasing HSV.

As shown in Fig[I6] care should be taken when using a deterministic Kitagawa-Takahashi
diagram because it often neglects the volume or size effect on the fatigue plateau for small defects
sizes. Particular care must be taken when the dimensioning curves are derived from tests carried
out on small test specimens. The proposed approach is a first step to consider, at the same time,
the fatigue strength sensitivity to the loaded volume size in presence of two different damage

mechanisms (initiation with and without natural defects).

The comparison of the fatigue strength without natural defects to those obtained from Ti-
6AL-4V LPBF HIP and hot-rolled materials [13] illustrates the importance of better controlling
the Ti-6AL-4V LPBF microstructre. According to the results obtained in this study, removing
the natural defects (LoF, gaseous pore, etc.) would only have a limited impact on improving the
fatigue resistance of Ti-6AL-4V LPBF. In the absence of a natural defect, the high sensitivity of the
fatigue strength to the volume size illustrates significant microstructure variability which results
in high scatter and a limited average value. In the absence of natural defects, the optimization of
LPBF processes in order to guarantee a more homogeneous microstructures and less sensitive to
the scale effect in fatigue is a challenge to be taken up to guarantee better resistance of Ti-6Al-4V-

LPBF components in fatigue.

5. Conclusion

This paper presents the results of a fatigue test campaign performed on Ti-6Al-4V manufac-
tured by LPBF. The effect of the tested volume on the fatigue strength was investigated by intro-

ducing different numbers of hemispherical surface holes to locally raised the stress and change the
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Fig. 16: Kitagawa-Takahashi diagram, corresponding to Eq[T8] for differents HSV and failure probabilities compared

to litterture data [[13]].

size of the Highly Stressed Volume (HSV). For specimens with small highly stressed volumes it
was possible to characterize the material fatigue strength without pores.

The following conclusions can be drawn from the result analysis:

e In the absence of pores in the HSV, the material fatigue strength ranges from 342 to 663

MPa and is very sensitive to the HSV size.

e The critical defect size affecting the fatigue strength of the LPBF Ti-6Al-4V is approxi-
mately 30 wm for push-pull loads and fatigue life of 10° cycles.

e When a crack initiates from a pore, the fatigue strength decreases with the increasing size of

the HSV. This can be explained by the direct relationship between the probability of finding
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a large defect and the size of the tested volume.

e The fatigue sensitivity to the defect size is correctly predicted using a linear elastic frac-

ture mechanic approach, in crack opening mode I and the Murakami defect size parameter

varea.

e A probabilistic approach, based on the size effect is proposed to predict the occurence of

crack initiation from a microstructure feature or from a natural defects.
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