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ARTICLE INFO ABSTRACT

Keywords: Additive Manufacturing (AM) is with no doubt the most revolutionary manufacturing process developed in
Additive manufacturing the last two decades. Despite the indisputable advantages of this technology, the poor surface quality of
Alsil0Mg net-shape components, the presence of internal defects and the development of process induced residual

Torsional fatigue

stresses still represent the main problems for the fatigue strength of critical stressed components. In previous
Net-shape components

works investigating the same alloy, the uniaxial fatigue strength of both machined and net-shape specimens
was correlated with the defect size through a Kitagawa diagram, allowing to describe the problem from the
threshold perspective. The aim of this work is to extend this approach by investigating the failure mechanisms
under torsion in presence of manufacturing defects, both volumetric and superficial anomalies. Specimens
manufactured with laser powder bed fusion (L-PBF) technique out of AlSi10Mg, featuring both machined and
net-shape surface state, were tested and analysed. The two experimental campaigns allow to investigate the
competition between internal defects and superficial features and their effect on the fatigue performances. Tests
were performed under two loading conditions, namely fully reverse torsion (R; = —1) and positive torque ratio
(Ry = 0.1). It was found that for the net-shape specimens manufacturing residual stresses have a key role in
influencing fatigue strength of this material, making the fatigue limit in torsion of the two considered loading
conditions comparable. All the tested specimens failed onto a maximum principal stress plane, which is in
line with multiaxial tests performed on a cast A356-T6 aluminium alloy. In some relatively high shear stresses
there is a competition between Mode I and Mode II crack propagation, whose threshold condition is controlled
by 4Ky, -

1. Introduction

The scientific interest about Additive Manufacturing (AM) technol-
ogy has been growing more and more in the last two decades, both for
the manufacturing and its application for fatigue critical components.
Despite the unquestionable advantages of AM, the alloys produced
with this technology are still affected by a series of drawbacks that
limit them applications to load-bearing components [1]. Unavoidable
drawbacks related to this manufacturing process are the presence of
internal defects, poor surface quality and residual tensile stresses [2,3].

It is consolidated in technical literature that internal defects, like
lack of fusions (LoFs), pores and spatters, play a key role in the high
scatter of the fatigue results especially in high cycle fatigue conditions
(HCF) [4-7]. To reduce the fatigue scatter, a defect tolerant approach
is then required, in particular the adoption of the Murakami +/area
approach [8] was shown to correlate well with the experimental results

* Corresponding author.
E-mail address: stefano.beretta@polimi.it (S. Beretta).

https://doi.org/10.1016/j.ijfatigue.2022.106903

of AM materials in terms of fatigue strength [5], finite stress life [9]
and finite strain life [10,11]. Usually load-bearing components show
a fatigue strength much lower than the laboratory specimens. From a
probabilistic point of view the probability to find a big defect inside
the material increases with the increasing of the volume, this is also
known as scaling effect [12]. Considering suitable statistical models for
defect sizes [12,13] and the Kitagawa-Takahashi diagram, it is possible
to estimate fatigue performances at level of specimens [5,13,14] or
components [15].

The main advantage of AM is the possibility to obtain complex
geometries, that could be very difficult from conventional processes.
There is hence a stringent requirement to understand the fatigue prop-
erties of the AM net-shape surfaces. The layer-by-layer nature of the AM
building process produces parts with a poor surface roughness [16],
which is influenced by the presence of partially un-melted particles,
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Nomenclature

a Crack depth

A, B Parameters of the S-N curve

A¢ Strain at rupture

¢ Length of the elliptical crack

E Young’s modulus

Egiap Stabilized cyclic Young’s modulus

Frvp Cumulative density function of the largest
extreme values distribution

K Mode II stress intensity factor

K, Stress concentration factor

Ny Number of cycles to failure

N, Knee point of the S-N curve

R, Arithmetic mean of the deviation of the
profile over the evaluation length

R, Mean height of the profile elements

Regt Effective stress range

R; Axial load ratio

R, Maximum profile peak height

Rp029 0.2% of the plastic tensile stress

Ry Mean width of profile elements

Ry Torque load ratio

R, Maximum profile height

R, Maximum profile valley depth

t Depth of the superficial feature

w Total length of the superficial feature

Y Murakami’s boundary correction factor

§ Scale parameter of the LEVD

A Location parameter of the LEVD

Olog § Standard deviation of the fatigue limit

Olog N Standard deviation of the S-N curve in
terms of number of cycles to failure

ot Ienflfn Maximum and minimum effective stress

ORs Residual stress

oy Material yield stress

AKih Mode I crack threshold

AK] fens SIF range for Mode I cracks loaded in
tension

AK ghear SIF range for Mode I cracks loaded in shear

AK; SIF range for Mode III cracks

Ak, Local SIF range in Mode I at the twist plane

AKih 1 SIF range threshold for long cracks

Aoy Fatigue stress range limit for defect-free
material

Ao Stress range

At Shear range

Aoy, Fatigue stress range limit

Az, Fatigue shear range limit

ASjim General fatigue limit

0] Angle between the main specimen’s axis
and the residual stress measuring direction

\/area Square root of the defect area

\/ﬁp Square root area projected on the max-
imum principal stress plane (\/@p =
\/E - cos (x/4))

\area, El-Haddad parameter

spatters and balling [17]. All these features directly influence the
fatigue strength of the net-shape material, that can be considered
as micro-notches on the surface and hence preferential locations for

Abbreviations

AM Additive manufacturing

AMed Additive manufactured

FWHM Full with at half maximum

HCF High cycle fatigue

HIP Hot isostatic pressuring

LEFM Linear elastic fracture mechanics

LEVD Largest extreme values distribution

LoF Lack of fusion

L-PBF Laser powder bed fusion

SEM Scanning electron microscope/microscopy

SIF Stress intensity factor

S-N Stress range over number of cycles to
failure

SPP Spherical powder particles

UTS Ultimate tensile stress

XRD X-ray diffraction measurements method

fatigue cracks nucleation [18-23]. Beretta et al. [24] and Romano
et al. [25] demonstrated that the same 4/area approach used for in-
ternal defects, can be transferred to the rough surfaces with acceptable
match with the experimental results, obtained for AMed AlSi10Mg and
17-4 PH stainless steel, respectively. However, the description of rough
surface features from a statistical point of view is still a debatable
point [12].

Although the internal defects and superficial features are found to
directly influence the fatigue of AMed parts, the presence of manufac-
turing residual stresses, especially when in tension, cannot be neglected
during the components’ design phase. As happens for the conven-
tional welding process [26], the effect of consecutively remelting by
the laser track can introduce tensile residual stresses in the AMed
materials [27,28]. In general the residual stresses are influenced by
several parameters like the orientation of the produced part, position
of the supports and manufacturing parameters [29,30]. The presence
of residual stresses increases the complexity of studying the fatigue
properties of AMed materials by both influencing the effective stress
ratio at which the components are subjected during the loading [24],
and introducing a multiaxial state of stress even if in presence of
uniaxial external forces [31].

Considering all the features related to AMed materials, it seems
necessary to study the fatigue problem from a multiaxial point of view,
taking into account the effects of both internal defects and superficial
features. One of the first study about the multiaxial fatigue of AMed
material was conducted by Fatemi et al. [32] on a Ti6Al4V alloy. In
this study, the multiaxial fatigue of wrought Ti6Al4V material was
compared with that of the AMed version in both machined and net-
shape superficial conditions. Wrought material was found to fail in
shear mode for both the multiaxial loading conditions. Irrespective of
the surface state, all printed specimens were found to fail along the
maximum principal plane. The multiaxial fatigue life was found to be
lower for the AMed material respect to that wrought; this was justified
with the presence of internal defects for the machined specimens and
of superficial features for the net-shape ones.

The same alloy was then used to evaluate the pure torsional fatigue
behaviour between wrought and AMed material in [33]. The failures
due to torsional loads were along the maximum shear plane for wrought
material, and along the maximum principal stress plane for the AMed
specimens at the fatigue limit. Machined torsional specimens were
found to have higher fatigue properties with respect to those net-shape,
but still inferior to the wrought counterparts.

Molaei et al. [35] repeated the same multiaxial tests of Fatemi
et al. [32] considering the same Ti6Al4V alloy printed with the same
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Fig. 1. Expected results from literature trends: (a) comparison between the defect distributions of defect-free, machined and net-shape materials plotted in the Kitagawa diagram
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Fig. 2. Fabricated specimens of the experimental campaign: (a) scheme of the printed specimens respect to the building plate; (b) main dimensions of the axial specimens for
servo-hydraulic testing machine; (¢) main dimensions of the torsional specimens for resonant testing machine; (d) main dimensions of the torsional specimens for servo-hydraulic
testing machine. The dimensions of the specimens were in accordance with the standard BS ISO 1352 [34].

machine (Reinshaw AM250) and with another one (EOS M290). Both
machined and net-shape specimens were HIPed before the testing. It
was found that the HIP process was able to reduce the dimension of
internal defects of both batches. The reduction of internal defects was
beneficial for the fatigue life, with experimental points almost reaching
those obtained for the wrought material. The reduced dimension of
internal defects was also able to shift the failure mechanism from
tensile to shear at the fatigue limit. The net-shape specimens show
no increment in terms of fatigue performance after the HIP, with
a tensile failure mechanism at the fatigue limit [36]. To take into
account both the dimension of defects and the failure mechanisms,
Sanaei [9] analysed the experimental results in [32,35] considering a
fracture mechanics approach based on the Hartman-Schijve variation
of the NASGRO equation. The numerical estimations were found to fit
reasonably well with the experimental evidences.

To the authors’ best knowledge, no multiaxial tests are available
in literature performed on AlSi10Mg alloy produced by AM. Several
torsional and multiaxial tests are instead reported in the open literature
about the cast aluminium. Le et al. [37] performed a series of multiaxial
tests on a AlSi alloy obtained by three different casting methods. Each
of the three batches was featured with a different mean defect size. It
was found that defects bigger than the average grains size failed on

tensile mode, while those smaller on shear. These results and the ones
obtained by the research group of Fatemi [32,35,36] seem to suggest a
relation between the failure mechanism and the dimension of the killer
defect.

A recent work by Avval et al. [38] shows the results of multiaxial
tests performed on casting A356-T6 aluminium alloy specimens. All
the failures happen on the maximum principal stress plane. In both
the works by Le [37] and Avval [38] the microstructure of the alloys
is not the main driver of the failure mechanisms. This is because the
dimension of the defects is big enough to guarantee that the failure
strength is controlled by the linear elastic fracture mechanics (LEFM),
i.e. the right region of Kitagawa diagram [39]. Taking into account this
evidence, the authors used a fatigue model based on the maximum
principal alternate stress to explain the experimental results, with a
good match.

1.1. Aim of the work

The aim of this research is to study the torsional fatigue perfor-
mance of the AlSi1OMg, considering both machined and net-shape
surface conditions. The obtained results are then compared with those
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Table 1
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Summary of the tests performed on both machined and net-shape specimens.

Nomenclature Loading path Surface state Load ratio Machine Number of tests
Series B Axial Machined -1 Servo-hydraulic 11
Series G Axial Net-shape -1 Servo-hydraulic 14
Series D Torsional Machined -1 Servo-hydraulic 11
Series C Torsional Machined 0.1 Servo-hydraulic 10
Series E Torsional Net-shape -1 Resonant 15
Series F Torsional Net-shape 0.1 Resonant 11

coming from uniaxial fatigue tests. This alloy was the same analysed
by Beretta et al. [24] and Du Plessis et al. [40].

Several works dealing with the relation between the fatigue strength
in torsion and cracks emanating from spherical [41-43] and semi-
elliptical defects [44-46] are reported in the open literature. The idea
behind this work is to adapt these state-of-art models to correlate the
torsional fatigue of AlSi10Mg with the dimension of internal defect and
superficial features in a Kitagawa-Takahashi diagram. According to the
results available in literature, the fatigue limit in torsion is in general
lower that in tension/bending [41], due to the more detrimental state
of stress at which a crack is subjected. According to this evidence, it is
expected the material to behave as that represented in Fig. 1a, with the
machined material fatigue limit higher than that for the net-shape due
to the different defects size.

The effect of different load ratios on the fatigue performances is
considered too, performing the tests at two different torsional ratios
(Ry = -1 and Ry = 0.1). The fatigue strength of both machined
and net-shape specimens is expected to be influenced by the presence
of manufacturing defects and they will depend on stress ratio, being
controlled by fracture mechanics models in which the stress ratio
influences the crack’s threshold 4Ky, for both short and long cracks.
In absence of defects the torsional fatigue limit of the material does
not change with the applied stress ratio [47,48]. This is schematically
reported in Fig. 1b, in particular it is expected a torsional fatigue limit
for the machined specimens higher than the one for the net-shape
specimens for both load ratios (defects for machined ones expected to
be smaller than the net-shape ones).

The paper is organized as follows: in Section 2 the printing param-
eters as well as the experimental set-ups are presented and described;
Section 3 aims to present all the experimental results related to fatigue
tests, fracture surface analysis with scanning electron microscope (SEM)
and residual stresses measurements; in Section 4 the results are dis-
cussed and the models used to describe them are presented; Section 5
aims to the adoption of the defect sensitive fatigue models and the
comparison with the experimental data sets; and conclusions are then
drawn in Section 6.

2. Material and experiments

Fatigue specimens used in this study were fabricated by a laser
powder bed fusion (L-PBF) technique, before testing all the specimens
were heat treated with a T5 thermal treatment (aging at 200 °C for
4 h). Specimens were fabricated in net-shape and with an oversized
gauge section to allow further machining. An overstock of 0.2 mm
of material was considered in the zones that needed a mechanical
machining before testing. All the specimens in this work were printed
vertically and asymmetrically respect to the gauge section, with a lower
part 30 mm longer than that upper to allow the machining by lathe as
shown schematically in Fig. 2a.

The specimens were manufactured using an SLM 280HL v1.0 system
equipped with 2 x 400 W Yttrium fibre lasers that work in parallel in
a build chamber of 280 x 280 x 350 mm?3 (SLM Solution Group AG).
During the manufacturing process, the chamber was flooded with argon
to reduce the oxygen content to below 0.2%. The printing parameters
were set as: laser power of 350 W, hatch distance of 0.13 mm and scan
speed of 1650 mm/s. A layer thickness of 50 pm was used resulting in

an energy density of 32.63 J/mm?; the building platform was heated up
to 150 °C. The scan strategy is stripes which rotates each layer by 67°
and the scanning order is two contours followed by the hatch scanning.
AlSi10Mg powder was produced by ECKA granules, which feature a
mean size of 37 pm, D10 of 21 pm and D90 of 65 pm with a flowability
of 80 s/50 g.

The gauge sections of the specimens were the same for both ma-
chined and net-shape surface conditions. Machined specimens were
printed considering a material overlayer onto both gauge and gripping
zones, while those net-shape for axial tests were printed considering
the nominal gauge dimensions with a material overstock onto only the
gripping sections. Torsional net-shape specimens were as well printed
with the nominal dimensions of the gauge section, with a cylindrically
shaped gripping zones of 18 mm diameter. The gripping zones were
then milled to obtain a squared section, as required by the torsional
resonant machine. The main dimensions with the gauge surface state of
the specimens are reported in Fig. 2b to d. The test plan with a detailed
indication of the machines utilized and the number of specimens tested
is reported in Table 1.

The roughness of the net-shape specimens was evaluated with an
optical microscope Keyence VHX-6000X, considering a surface of 3 x 1
mm?. The analysed surface was obtained by the stitching of a series of
acquisitions by using a magnification of 500x, following the findings
by Lee et al. in [49]. The roughness parameters were computed onto
five equispaced lines of 3 mm. The standards roughness parameters R,
(arithmetic mean roughness), R, (maximum profile peak height), R,
(maximum height), R, (maximum profile valley depth), R, (maximum
profile valley depth) and R; (total height) were computed as prescribed
by the standards ISO 4287 [50] and ISO 4288 [51]. The roughness
parameters R. (mean height of the profile elements) and R, (mean
width of profile elements) were computed as well, with the algorithms
proposed by Seewing et al. [52]. The obtained results are summarized
in Table 2 for all the analysed profiles.

Two machined and net-shape specimens were cut longitudinally and
transversally respect to the main specimen axis. The obtained portions
were cold mounted in epoxy resin, mirror polished and chemical etched
with the Keller’s reagent (95 mL water, 2.5 mL HNO3, 1.5 mL HCI,
1.0 mL HF) for 20 s. The etched sections were observed by means of
an optical microscope, the results with a schematic of the observed
directions respect to the cut portions of the samples are shown in Fig. 3.
The analysis showed the typical geometry of the melting pool due to
the laser scanning featured with some pores, which is line with the
results showed by Romano et al. [10] for the same alloy. As can be
noted the machining does not evidently influence the microstructure.
However, the typical rough layer of net-shape specimens is completely
removed, i.e. the contour layer, evident in Fig. 3f and h. It has been
shown that the main part of defects is concentrated near the external
surface [3,25], therefore the elimination of the external material layer
influences the volumetric defects population.

2.1. Axial fatigue tests

The specimens used to characterize the uniaxial fatigue properties
of the AlSi10Mg alloy considered in this work are shown with the main
dimensions in Fig. 2b. To minimize the geometrical effect on the fatigue
results, they were manufactured with the dimensions suggested by BS
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Surface roughness of net-shape specimen are measured according to ISO 4287 [50], ISO 4288 [51] and the reviewed parameters R, and Ry

by Seewig et al. [52].

Parameters [pm] Profile 1 Profile 2 Profile 3 Profile 4 Profile 5 Representative results
R, 8.12 5.71 6.31 8.03 5.93 6.82 (mean)

Rp 38.37 17.37 19.96 31.09 37.07 38.37 (maximum)

R, 19.77 23.58 16.27 21.85 18.35 23.58 (maximum)

R, 58.14 40.95 36.23 52.94 55.41 58.14 (maximum)

R, 27.27 18.21 21.71 19.21 20.94 21.47 (mean)

R 280.42 364.51 253.98 210.28 242.04 270.25 (mean)

Machined

Net-shape

(©

Fig. 3. Optical microscopy of the AlSilOMg after the chemical etching: (a) observation of the bulk material; (b) observation of the contouring region and (c) schematic of the

transverse and longitudinal observation of the samples.

ISO 1352 [34] standard. The results of these tests have to be considered
as a reference for those torsional, being not conformed to any uniaxial
fatigue standard available in the technical literature. Tested specimens
were featured with both machined and net-shape surface state of
the gauge section. Machined specimens were obtained by mechanical
removal of the overlayer material by lathe; the parallel section of the

specimens was mechanically polished by emery paper with a mesh size
of 250 to 2500, in order to remove the deep machining marks. The
net-shape specimens were printed considering the gauge section with
the nominal dimensions shown in Fig. 2b, while the gripping sections

featured a 0.2 mm of overstock material. This was then mechanically
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removed in order to reach a sufficient axial accuracy to perform the
fatigue tests.

The fatigue tests were conducted under a force control logic on a
servo-hydraulic MTS Landmark testing machine with a maximum force
capacity of 100 kN. Tests ended with the complete fracture of the
specimens. All the tests were performed imposing a global load ratio
of R, = —1.0, with a frequency of 25 Hz. Tests that reached 5 x 10°
cycles without fracture were considered as Run-Outs, those specimens
were retested at higher stress range in order to reach the fatigue rupture
and measure the manufacturing defect. After the fatigue rupture, the
distance between the mean height of the gauge length and the crack
initiation site was measured; by using this quantity and the normalized
stress distribution along the specimen surface in the axial direction,
obtained with a FE analysis, the effective stress range for the failure
section was then computed. From now on the axial machined specimens
will be referred to as Series B, while those net-shape as Series G.

2.2. Torsional fatigue tests

The dimensions of the specimens used for the HCF torsional tests
are reported in Fig. 2¢ and d, which are in line with those suggested in
BS ISO 1352 [34] standard. Both machined and net-shape surface states
of the gauge section were considered in this experimental campaign.

The geometry of the net-shape specimens is that shown in Fig. 2c.
These specimens were printed as bars, with the same dimensions of
the gauge central section reported in Fig. 2¢ and a diameter of 18 mm
for the gripping zones. The specimens were printed asymmetrically
with respect to the gauge section, with the lower part 30 mm longer
than the upper part. This was chosen to help with the machining of
the gripping sections, which were milled to obtain a squared section.
After the cutting of the exceeding material of the lower part, no
further machining was performed. Tests were performed on a torsional
resonant RUMUL machine equipped with a 160 N m load cell with a
mean frequency of 60 Hz. Tests were performed considering a global
torque ratio of R; = —1 and R; = 0.1. A frequency drop of 3 Hz was
considered as a failure condition for the specimens.

Dimensions of the machined specimens were reported in Fig. 2d.
These specimens were printed considering a material overstock of
0.2 mm in both gauge and gripping sections; these were then me-
chanically removed to reach the nominal dimensions in Fig. 2d. Before
testing, the gauge section was polished by emery paper with a mesh size
of 250 to 2500 in order to remove the deep machining marks. The tests
were performed on a servo-hydraulic MTS 809 axial/torsion testing
machine with a maximum torque of 1100 N m. Tests were performed
considering a global torque ratio of R;; = —1 and Ry = 0.1. A specimen
was considered broken if the torsional angle during the test overcome
an increment of 10% with respect to the initial condition.

Tests that reached 5x10° cycles without fracture were considered as
Run-Outs, those specimens were retested at higher shear stress range in
order to reach the fatigue rupture and measure the killer manufacturing
defect. Specimens were statically broken after the application of a
torque, which direction was chosen to keep the crack open during the
fracture. The relative distance between the crack initiation plane and
those at the mid gauge section was measured in order to calculate the
real shear stress range at the failure location.

2.3. Residual stress measurements

Manufacturing residual stresses were measured on both machined
and net-shape specimens with an AST X-Stress 3000 portable X-ray
diffractometer (CrKa radiation), using a sin 1//2 method with a diffrac-
tion angle 20 = 139°. Three measurements were performed on the
net-shape torsional specimens, namely longitudinal (& = 0°), transver-
sal (@ = 90°) and diagonal (& = 45°). With these three measurements
it was then possible to find the orientation of the principal reference
system of the residual stresses, that corresponds to the printing one.

International Journal of Fatigue 162 (2022) 106903

Table 3
Mean tensile properties of the AlSi10Mg considered in this work.
E [GPa] Ry [MPa] UTS [MPa] A, [%]
72.5 212.2 381.5 5.7
Table 4
Parameters of the cyclic curve of AlSi10Mg considered in this work.
Ey,, [GPa] K’ [MPa] n [-]
73.7 852.5 0.2218

Measures were performed on two opposite faces of the specimens at
four different depths, namely 0 pm (superficial), 50 pm, 100 pm, and
500 pm. Material erosion was performed by electro-polishing of a
circular area of 5 mm diameter in the central zone of the specimens’
gauge section. The electrolytic solution adopted was composed by 94%
of acetic acid (CH3COOH) and 6% perchloric acid (HClO4), with a
voltage of 45 V and a current between 0.55 A and 0.65 A. After each
electro-polishing step, a Mitutoyo micrometre was used to evaluate the
effective erosion depth.

Residual stress measurements of the axial machined and net-shape
specimens were performed only on longitudinal and transversal direc-
tions, @ = 0° and @ = 90° respectively. Three measurements on the
specimens’ surface were performed, spaced 120° each. Measures were
repeated at three depths as done for the torsional specimens, at 0 pm
(superficial), 50 pm and 100 pm. To compare the results with the
torsional specimens, the residual stresses were measured on one net-
shape specimen at five depths, namely 0 pm (superficial), 50 pm, 100
pm, 300 pm and 500 pm.

2.4. Fracture analysis

After the final rupture of the axial fatigue tests, fracture surfaces
were cleaned under an ultrasonic action in ethanol to eliminate any dirt
or dust. A global analysis of the fracture surfaces was firstly performed
with a stereo microscope, then a more accurate analysis was performed
with an SEM EVO 50 manufactured by Zeiss.

Torsional tests were performed with a resonant testing machine,
that is able to stop the test before the final rupture, and an hydraulic
machine. Cracked specimens were broken by means of servo-hydraulic
testing machine by firstly apply a slight torsion in order to keep the
crack open, followed by an axial load causing the final fracture of the
specimen. A global analysis of both the crack path and the fracture
surface were performed on a stereo microscope, showing a final crack
size of 4/4.5 mm (for both types of test machines). Then a more
accurate analysis was performed under the SEM, observing the defects
at the crack initiation sites.

3. Results
3.1. Tensile and cyclic properties

Seven tensile cylindrical specimens were printed and machined,
featured with a gauge diameter of 6 mm and 36 mm long parallel
section as prescribed by the standard BS ISO 6892 [53]. The obtained
mean tensile properties are collected in Table 3.

Three of the printed specimens were adopted for a strain controlled
test with the aim of obtaining the cyclic properties of the material.
These were machined to obtain a cylindrical specimen with a gauge
diameter of 8 mm and 20 mm long, following the prescriptions of
ASTM standard E606 [54]. The strain amplitude was applied incre-
mentally in five successive blocks of 0.2%, 0.4%, 0.5%, 0.6% and
0.7% respectively. Stabilized cyclic data-points were interpolated by a
Ramberg-Osgood curve, whose parameters are reported in Table 4
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Fig. 4. Torsional fatigue tests (solid symbols) at the two torque ratios of R; = —1 and R, = 0.1 compared with the axial fatigue test results (hollow symbols): (a) comparison

between axial and torsional machined specimens and (b) comparison between axial and torsional net-shape specimens. Right-pointing triangles are the Run-Outs tests.

3.2. SN curves

The results of the axial and torsional HCF tests are presented in
Fig. 4a and b, respectively for machined and net-shape specimens; the
right-pointing triangles are the Run-Outs. Axial fatigue data-points are
represented with hollow symbols, while those solid indicate the tor-
sional tests. Experimental data-points in the finite life regime were fit-
ted with a three parameters Gaussian distribution, with the mean value
described by Eq. (1) and considering a constant standard deviation
Olog N» S prescribed by ASTM E739 [55]:

N;=A-4Ac® @

where N is the number of cycles to failure, 4¢ is the applied stress
range, A is the intercept of the curve with the y-axis in logarithmic
scale, and B is the slope of the curve. The fatigue limit was computed
with the Hodges—Rosenblatt [56] method, while the standard deviation
in terms of stress was computed with Eq. (2).

O]
UlogS = % (2)

The obtained fitted parameters are reported for each specimen series
in Table 5.

The ratio between the fatigue limit in torsional loading and the axial
one for the machined specimens tested in fully reversed loading (Ry =
—1) results to be 4z, /A6, = 0.834, which is in line with estimation
proposed by Beretta and Murakami [41] for cracks emanating from
spherical defects subjected to torsion. A 19% reduction of the fatigue
limit between the tests at R; = —1 and those at Ry = 0.1 was observed.
In the finite life regime the slope of the S-N curves of the tensile and
torsional specimens for load ratio R; = —1 are comparable, while the
R; = 0.1 tests have a slope of the curve less steep than those of fully
reversed tests.

Differently from the machined test results those net-shape speci-
mens show a small difference between the fatigue limit in torsion and
that in axial, resulting in a ratio between them equal to 4z, /Ac,, = 0.96.
Furthermore, no significant difference between the fatigue limits of
fully reversed tests and those at Ry = 0.1 is detected. The slopes of
the S-N curves of the torsional tests at the two torque ratios (Ry = —1
and R; = 0.1) in the finite life are comparable, and slightly less steep
than that for the axial one. Torsional tests show on average a fatigue
life slightly longer than those tested under axial loading. This can be
due to the stress gradient under torsional loading in which the stress is
maximum on the external surface, while it decreases in the thickness,
leading to a slower crack growth as compared to the one in axial
specimens.

3.3. Analysis of fracture surfaces

The analysis of some of the fracture surfaces of the tested specimens
are reported in Figs. 5 and 6, for machined and net-shape specimens
respectively.

All machined axial specimens failed due to defects near the spec-
imen’s external surface. Two defect families were found: (a) lack of
fusions (LoFs) with an irregular shape, two of which are shown in
Fig. 5a and b and (b) pores with a well defined spherical shape, two
of which are shown in Fig. 5¢ and d. Torsional specimens all failed
due to inclined fatigue cracks starting from a defect located close to
the external surface, oriented as the maximum principal stress plane.
This was observed for both fully-reversed and Ry = 0.1 torsional tests;
typical crack paths for the two torque ratios are shown in Fig. 5e and
g, respectively. As in the case of axial tests, all torsional specimens
failed due to pores or LoFs. Cracks starting from pores nucleated and
propagated onto the maximum principal stress plane. However, cracks
starting from LoFs nucleated on the maximum shear plane perpendic-
ular to the main specimen’s axis. Some of the fracture surfaces are
shown in Fig. 5f and h for fully-reversed and R, = 0.1 torsional tests,
respectively.

Fatigue cracks responsible to the final failure of net-shape axial
specimens all started from external surfaces, that were triggered by
both superficial features related to the rough surface (Fig. 6a and b)
and spherical powder particles (SPP) (Fig. 6¢ and d). The superficial
features (Fig. 6a, b and f) can be considered as elongated superficial
cracks. This kind of defects, if loaded in torsion, start propagating in
Mode III at the deepest point and in Mode II on the surface, then the
crack shifted in Mode I along the maximum principal stress plane. An
evidence of this mechanism can be observed in Fig. 6e which shows a
typical crack path due to a superficial feature. The corresponding SEM
analysis of the fracture surface is shown in Fig. 6f. On the other side,
SPPs attached to the external surface can be considered as spherical
defects, with the same crack propagation mechanism observed in cracks
started from pores in the machined specimens. For these defects the
crack nucleated and propagated along the maximum principal stress
plane. In Fig. 6g, a crack path of one of the specimens that failed due
to this mechanism is shown, while the SEM analysis of this defect is
shown in Fig. 6h.

3.4. Residual stress measurements

To evaluate the stress tensor due to the presence of manufacturing
residual stresses, two torsional net-shape specimens were analysed with
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Table 5

Fatigue limits and S-N parameters of axial and torsional tests performed on machined and net-shape specimens.
Series Test type Surface state Load ratio A4S, [MPa] A B Glog N Olog s N, [cycles]
Series B Axial Machined -1.0 204 26.1473 —8.6478 0.2632 0.0304 1490399
Series G Axial Net-shape -1.0 97 11.9896 —3.1744 0.0844 0.0266 478478
Series D Torsional Machined -1.0 170 31.8858 —-11.3544 0.2920 0.0257 3634097
Series C Torsional Machined 0.1 140 25.6270 —-9.0461 0.1803 0.0199 1632726
Series E Torsional Net-shape -1.0 93 14.8843 —4.3394 0.1412 0.0325 2200883
Series F Torsional Net-shape 0.1 101 17.1357 —5.4493 0.1817 0.0334 1584900

Machined — Axial

Machined — Torsional

Fig. 5. Comparison between axial and torsional crack initiating defects in machined specimens: (a) LoFs defect, 4o = 204.81 MPa N, = 314622 cycles; (b) LoFs defect, 4¢ = 299.74 MPa
N, =29002 cycles; (c) pore defects Ao = 241.26 MPa N, = 1122736 cycles; (d) pore defects Ao = 292.72 MPa N, = 157527 cycles; (e)—(f) torsional specimen failed by pore, Ry = —1
Az =180 MPa N, = 1497325 cycles; (g)-(h) torsional specimen failed by pore, Ry =0.1 Az = 120 MPa N, = 5000000 cycles (run-out).
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Net-shape — Axial

Yarea = 119 um
w=408 pm
t=81 um

yarea = 131 um

SEM
observation

%

Specimen axis (S

Diagonal oriented
: defect

Net-shape — Torsional

SEM
observation

Fig. 6. Comparison between axial and torsional crack initiating defects in net-shape specimens: (a) superficial features, 4o = 197.77 MPa N, = 55864 cycles; (b) superficial features,
40 = 111.99 MPa N, = 254929 cycles; (c) SPP defects, Ao = 178.02 MPa N, = 44670 cycles; (d) SPP defects, Ao = 133.44 MPa N, = 172806 cycles; (e)~(f) torsional specimen failed
by superficial feature, Ry = —1 Az =120 MPa N, = 1198800 cycles; (g)-(h) torsional specimen failed by SPP, Ry = 0.1 4z = 130 MPa N, = 390500 cycles.
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an X-ray diffractometer (XRD). Four measurements at different depths
from the free specimen’s surfaces were performed, namely 0 pm, 50
pm, 100 pm and 500 pm; these measurements were repeated two times
for each specimen, one for both opposite surfaces. Each measurement
consists on the evaluation of the stresses directed parallel (0 = 0°),
perpendicular (@ = 90°) and 45° (© = 45°) with respect to the
specimen’s main axis. The results of the residual stresses analysis are
reported in Table C.10 of the Appendix C, A and B are the two opposite
specimen’s surfaces, respectively.

The residual stresses of other two net-shape axial specimens were
measured only along the main and tangential axes. Being the gripping
zones cylindrical, three measurements were performed equally spaced
of 120° each. The two specimens were analysed at three depths of 0
pm, 50 pm and 100 pm; the same erosion strategy was repeated onto
another specimen with two additional deeper measurements at 300
pm and 500 pm. To make a comparison between the net-shape and
machined material, the residual stresses of a machined axial specimen
were measured at the same depths previously considered up to 100
pm depth. The results of both machined and net-shape specimens are
shown in Fig. 7, all the results refer to the orientations schematized
in Fig. 7e. The solid green lines of Fig. 7a and b represent the trend
of the mean residual stresses of the machined material along the two
components’ direction as a function of the depth, while the shaded
region confined by the dashed green curves represents the 95% scatter
band of the data. Residual stresses in the machined specimens are
compressive due to the machining removal process, showing a mean
value of —90 MPa of the component along Z-axis onto the free surface
that steeply approaches zero at a depth of 100 pm. The same trend can
be identified for the X-axis component in Fig. 7b. The solid blue lines of
Fig. 7a and b represent the trend of the mean residual stresses along the
two components’ directions of the net-shape material, with the shaded
region to be the 95% scatter band. Differently from the machined
material, the net-shape specimens have tensile residual stresses which
are due to the consecutive melting of the powder. The mean stress value
remains almost constant through the axial specimen’s thickness until
about 500 pm as reported in Fig. 7c and d, with the same values found
for the torsional specimens.

One of the torsional net-shape specimen was used to evaluate the
residual stress relaxation due to the torsional loading. The specimen’s
surface was slightly electropolished along the gauge section to remove
the first 50 pm layer of material, in order to have a smoother finishing
avoiding measurement errors due to the typical high roughness of a net-
shape surface. Four different measurements were performed along the
gauge section of the specimen, each equispaced of 90°. Measurements
were performed both before and after testing, interrupting the test at
about the estimated specimen’s mid-life to avoid cracks propagation;
cracks create a discontinuity inside the material, and can completely
release residual stresses. The torsional specimen was subjected to a
shear range of Az = 115 MPa with a torque ratio of Ry = 0.1, the test
was interrupted after about 200 000 cycles. Fig. 8a shows a scheme of
the measurements’ position along the gauge section, the results of the
XRD measurements are shown in Fig. 8b and reported in Table C.12 of
the Appendix C. The mean values of residual stresses found along the
two directions are 6,, = 80.18 MPa and o,, = 57.63 MPa. During the
torsional loading, the specimen is subjected to a maximum shear stress
of 7., = 127.78 MPa. Computing the resulting Von-Mises stress in biaxial
plane stress condition, Eq. (3), it ends up:

oym = \/sz — Oxx " Ozz + o'zzz +3- T)%z = 232,62 MPa @)

The obtained stress is slightly above the yield limit of the material,
which is oy = 212.2 MPa as reported in Table 3. This means that the ma-
terial experienced an elastic shake-down during the loading, explaining
why the residual stresses at the end of the test are completely relaxed
as shown in Fig. 8b.
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4. Discussion
4.1. Defect distribution and statistic of extremes

The main part of the scatter observed in fatigue results of AMed
materials is due to the statistical distribution of the manufacturing
defects, as shown for those internal [5,11] and superficial [24,25,40]
anomalies. Defects responsible to the final failure of the specimens
were measured in this study according to the y/area model proposed
by Murakami [8]. Superficial defects are elongated along the external
specimen’s surface, hence computing the 4/area only based on the
measured area could result in an overestimation of the SIF. To avoid
this, the 4/area of elongated superficial defects was computed with the
following empirical rule:

+ for defects with an aspect ratio w/t < 10, where w is the
superficial length of the defect and ¢ the depth, y/area was com-
puted simply from the area calculated from the fracture surfaces
observation;

- when the aspect ratio is w/t > 10 the 4/area is calculated as:

varea =t - \/F) @

where 7., is the maximum depth of the defect. This rule was shown
to work well in case of elongated 2D cracks and surface roughness [8,
24,25,57]. The dimension of the found defects for each specimen are
reported in Tables A.8 and B.9 in Appendices A and B for machined
and net-shape specimens respectively.

These defects represent the critical defects in terms of fatigue
strength and hence the prospectively maxima for the machined and net-
shape specimens. They can be then analysed, according to the theory of
statistics of extremes, with a Largest Extreme Value Distribution (LEVD),
which the cumulative density function is reported in Eq. (5):

Figyp = exp [— exp (—xa;jﬂ

where x is the defect size, A is the location and § the scale parameter.
The parameters 4 and § where computed with the momentum equa-
tions [58], and are reported in Table 6. The obtained probability plots
are shown in Fig. 9a and b for machined and net-shape specimens, re-
spectively, where the solid lines represent the regression line obtained
by fitting the experimental data while the shaded areas confined by the
dashed lines are the bilateral 95% confidence bands.

As extensively discussed in Section 3.3, in machined specimens
two families of defects were found, namely pores and LoFs. This two
families can be perfectly distinguished on the probability plot of Fig. 9a;
both pores and LoFs found for the two loading conditions perfectly
match one to another. The scale parameter §, which can be geomet-
rically interpreted as the slope of the regression line on the probability
plot, is higher for axial specimens as compared to the torsional ones.
A major portion of the torsional specimens failed due to pores, which
are usually smaller than LoFs leading to a regression line on the LEVD
steeper than that of the axial tests.

The obtained distributions for the net-shape specimens tested in
the two loading conditions are very similar; this can be also noted by
analysing the values of the scale parameter § that are comparable. The
location parameter A is instead different, with a smaller value for the
torsional specimens leading to a defect distribution shifted on the left
with respect to that of the axial loading. This evidence indicates that the
defects responsible to the final failure of the torsional specimens are a
bit smaller that those loaded axially. The difference in the size of defects
between the two loading conditions can be explained considering the
direction of the principal stress:

(5)

« in case of axial loading the principal stress is oriented as the main
specimen’s axis, which is perpendicular to the printing plane.
On this plane the effective y/area of the superficial features is
maximum;
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Fig. 7. Comparison between residual stresses of machined and net-shape specimens: (a) residual stresses along the building direction; (b) residual stresses along the axis perpendicular
to the building direction; (c) detail of the residual stresses along the building direction for net-shape specimens; (d) detail of the residual stresses along the axis perpendicular to
the building direction for net-shape specimens and (e) scheme of the orientation of the residual measured stress respect to the specimen’s axes. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Comparison between axial and torsional LEVD of killer defects: (a) machined specimens and (b) net-shape specimens.

Table 6

Fitted parameters of the LEVD for machined and net-shape specimens.
Test type Surface state A [mm] 6 [mm]
Axial Machined 0.0961 0.0493
Torsional Machined 0.0654 0.0229
Axial Net-shape 0.1023 0.0223
Torsional Net-shape 0.0908 0.0188

» for torsional loading the propagation plane (i.e., principal stress
direction) tends to be oriented 45° with respect to the main
specimen’s axis. The projection of the y/area on this plane is
hence smaller than the case of axial loading condition.

4.2. Mechanisms of crack propagation and fatigue limit

As reported in the analysis of fracture surfaces, the specimens tested
under torsional loading showed two different failure mechanisms. The
first of which is associated with a fatigue crack emanating from a
spherical defect, which nucleates and propagates along the maximum
principal stress plane until failure. The second failure mechanism is
triggered from superficial features or irregularly elongated LoFs. These
defects can be considered as elongated cracks, that start propagating
under torsional loads in Mode II on the surfaces then branching in Mode
I along the maximum principal stress plane until failure. A schematic
representation of these two mechanisms is shown in Figs. 10 and 11,
respectively.

For both the mechanisms found, the final failure happens onto
the maximum principal stress plane, with the cracks inclined 45°
with respect to the specimen’s main axis. We then speculate on this
observation that the non propagating condition for a crack emanating
from a defect corresponds to the crack fatigue threshold in Mode I. This
hypothesis is also confirmed from fatigue tests in torsion performed on
different materials [44-46,59]. The objective of this chapter is thus to
find an appropriate formulation for the evaluation of SIF for torsional
cracks emanating from manufacturing defects that branched in Mode I
inclined cracks.

Considering the loading condition in terms of principal stresses
acting on a spherical defect loaded in torsion, shown in Fig. 10a, it
can be seen that it is loaded in tension along the first principal stress
direction and in compression along that third. If the defect is considered
as a small notch, the biaxial state of stress due to the torsional load
produces a stress concentration factor of K, = 4, which is higher than
the pure axial loading condition K, = 3 [8]. The stress concentration
factor is directly related to the SIF, meaning that torsional loading is
more deleterious than that of pure axial in case of spherical defects

12

or cavities. Beretta and Murakami [41] analysed the SIFs for cracks
emanating from different defect geometries under shear loadings using
the formulation proposed by Shiratori et al. [60]. With these analyses,
they demonstrated that the ratio between the fatigue range limit in
torsion and that in axial/bending is equal to the ratio between the SIF
in Mode I due to tension and that in shear. In particular this ratio is a
constant and can be approximated as Eq. (6):

ATW AKI,tens
4oy, AK I,shear

=0.855+0.025 (6)
where AKj e, is the SIF range for Mode I cracks under tension load,
and AK] g,y is the SIF range form Mode I cracks under shear load.
Considering this relation, the SIF range in shear of the found spher-
ical defects can be thus computed, starting from that for uniaxially
loaded specimens containing irregular surface defects [61,62], Eq. (7):

AK] tens = 0.65 - 4oy - \/ 7 - y/area (@]

where Ao is the maximum principal stress range and /area the square
root of the defect’s area. The SIF range for Mode I cracks loaded in shear
can thus be obtained from Eq. (8):

AK;

Itens (8)

0.855

This mechanism was found to happen in both machined and net-
shape specimens. As shown in Fig. 10b machined specimens failed
due to cracks triggered by spherical pores. During the laser scanning
process, some fused particles can be ejected from the moving melt
pool, which become solidified and land on the powder bed, sometimes
they impact the specimen’s surface and create SPP. These features are
responsible to trigger this mechanism on the net-shape as shown in
Fig. 10c.

It was observed that part of the tested specimens failed from cracks
that nucleated in Mode II along the surface, then branched in Mode I
along the maximum principal stress planes as schematically reported
in Fig. 1la. This mechanism is the same as the one analysed by
Murakami and Takahashi in [44] for an initially pre-cracked medium
carbon steel. Elongated defects, LoFs or superficial features, can be
considered as horizontal semi-elliptical cracks parallel to the building
plane. Given a semi-elliptical crack loaded in torsion, the direction of
crack propagation along the maximum tensile plane can be computed
with the 6 ,,,x model proposed by Erdogan and Sih [63]. The tensile,
0y, and the shear stress, 7,, in the vicinity of the crack tip can be
expressed as Eq. (9):

AKI,shear =

1 6 6\ 3 .
09_2.—MCOS(§>[K1.COS<§> —§~K”~sm(9) .
T,ﬂ:;cos(g)[KI~sin(9)+KU~(3~cos(0)—1)]

2-\2-m-r
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Fig. 10. Failure mechanisms of fatigue cracks under torsional loading in case of spherical defects: (a) schematic of the mechanism; (b) example of a machined specimen failed

due to a spherical pore and (c) example of a net-shape specimen failed due to a SPP.

The direction that maximizes ¢, is given by equating the shear stress
7,4 to zero, Eq. (10):

Ky -sin(6) + Ky - (3-cos (6p) —1) =0 (10)

The direction for pure Mode II is hence along 6, = +70.5°. Given
the stress intensity factor considering o, is thus defined as, Eq. (11):

7 6\"
Ky max =09+ V2 zr = cos (70> . [KI - cos <70> - % - Kyp - sin (90)]
1)

Substituting 6, = £70.5° in Eq. (11), the maximum value of K, for
pure Mode II becomes Eq. (12):

Komax = 1155 - K;; (12)
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The value of SIF for semi-elliptical cracks in Mode II can be com-
puted through the equations proposed by Sih and Kassir [64] for
different crack’s aspect ratios a/c, where a is the crack depth and ¢
is the half superficial length. A direct relation between the SIF and the
shear stress, like Eq. (7), cannot be hence applied for torsional loads
due to the different crack shape factors for each aspect ratio. Hence
Murakami et al. [44] proposed the adoption of Eq. (13):

P2V, areap

where Varea, is the projected square root area along the maximum

principal stress plane (\/areap = y/area - cos (45°)) and F is the shape
factor of Mode II semi-elliptical cracks given by Eq. (14):

AKgmax = F - At - (13)

F =0.0957+2.11-(a/c) = 2.26 - (a/c)* + 1.09 - (a/c)* = 0.196 - (a/c)* (14)

This model was found to well describe the failure mechanisms
of both machined and net-shape specimens. Initial Mode II cracks
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Fig. 11. Failure mechanisms of fatigue cracks under torsional loading in case of elongated defects: (a) schematic of the mechanism; (b) example of a machined specimen failed
due to an elongated LoF and (c) example of a net-shape specimen failed due to a superficial feature.

were found to start from LoFs, which are elongated on the printing
plane [65]. As shown in Fig. 11b, the very first propagation of the
crack was onto the plane oriented at about 70.5°, and then the crack
continued to propagate onto the maximum principal stress plane until
the final failure along the maximum tensile plane oriented at 45° with
respect to the main specimen’s axis. As shown in Fig. 11b traces of
the initial Mode III propagation of the LoF toward the surface can be
also noted. For the net-shape specimens this mechanism was triggered
by superficial features due to the irregular rough surface, Fig. 1lc.
For this kind of defects, the first propagation stage is also onto the
70.5° oriented plane, with the final failure happening on that maximum
tensile.

Supposing to be in LEFM conditions, the axial fatigue limit 4s,, can
be computed from the long crack threshold by inverting Eq. (7) for
a certain defect dimension; the torsional fatigue limit Az, can be as

14

Table 7
Ratios between torsional and axial fatigue limits for LoFs (machined specimens) and
superficial features (net-shape specimens).

LoF

Superficial features

0.9321

4Ar,/ 4o, 0.9905

well computed by inverting Eq. (13). Considering the mean value of the
found LoFs and superficial defects, the axial and torsional fatigue mean
strengths can be then computed; for torsional loading, a mean aspect
a/c ratio is computed from experimental observations, which results
in 0.4177 and 0.4791 for machined and net-shape specimens, respec-
tively. The ratios Az, /4c,, for machined and net-shape specimens can
be then computed, the results are shown in Table 7. The found values
are in agreement with the experimental results shown in Section 3.2.
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Fig. 13. Kitagawa diagrams for torsional loading compared with the machined experimental results: (a) tests performed at a torque ratio of R; = —1 and (b) tests performed at a

torque ratio of Ry =0.1.

5. Fatigue threshold model under axial and torsional loads
5.1. Uniaxial fatigue strength

The fatigue strength of AMed materials can be linked to the man-
ufacturing defects size through the adoption of Kitagawa-Takahashi
diagram, which can also take into account the effect of short cracks
considering the El-Haddad model [66]. The fatigue limit can be thus
computed as a function of y/area parameter from Eq. (15):

yareaq,
yarea, + q/area

where 4o, is the fatigue limit of the defect-free material and /area,
is the El-Haddad parameter. This is defined as, Eq. (16):

2
AKi e )
Varea, =

’ <m
where Y = 0.65 is the Murakami’s boundary correction factor for
surface defects and AKy, ). is the long crack propagation threshold.

As shown in Section 3.4, both machined and net-shape specimens
are affected by the presence of residual stresses. Residual stresses can
be considered as a mean stresses applied to the specimen, leading to

Aoy, = Aoy - 5)

(16)
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an effective stress ratio during the fatigue cycling. Irrespectively of the
sign of the residual stresses, the maximum and minimum value of the
effective stresses applied to the specimen during the fatigue cycling can
be computed from Eq. (17):

g Ac
a;ax = —(1 _R ) + ORs
ff Ao ' a7
min = I-Rr) Ry +ogs
Thus, the effective stress ratio can be computed from Eq. (18):
oeff
Reft = —4 (18)
max

It needs to be highlighted that both the defect-free fatigue limit,
40y,, and the long crack propagation threshold, 4Ky, ), are functions
of the effective stress ratio. The defect-free fatigue limit, 4o, can
be estimated at different stress ratios with the adoption of an Haigh
diagram, that, given the fatigue limit for the fully reversed loading
and the ultimate tensile stress (UTS), can be approximated with the
Goodman model as reported in Eq. (19):

1

1 1
A6y R=-1

4oy = Regr > -1

1+ Regr
1=Reff

UTS (19)

Aoy = Aoyor=1 Regr < -1
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Fig. 14. Kitagawa diagrams for torsional loading compared with net-shape experimental results: (a) tests performed at a torque ratio of R, = —1 and (b) tests performed at a

torque ratio of Ry =0.1.

where Aoy g— is the fatigue limit for the defect-free material in fully
reversed axial loading. This quantity is generally approximated as the
stress that corresponds to a plastic strain of 0.05% of the stabilized
curve [67]. Using this method with the cyclic parameters reported in
Table 4, the value of the defect-free material for the fully reversed
loading results Aoyop—; = 315.8 MPa. If the cyclic properties of the
material are not available, the defect free material can be approximated
considering the standard tensile properties [68,69] as doyop—1 = 2 -
(0.4 - UTS). By adopting the tensile parameters reported in Table 3, it
results Aoy r—.; = 305.2 MPa which is close to the value estimated with
the cyclic curve. The long crack propagation threshold, 4Ky, ., can be
instead estimated with the NASGRO curve for different stress ratios.
Further details about the models and the parameters of AMed AlSi10Mg
material can be found in the recent work by Beretta et al. [68].

The computed Kitagawa curves are compared with the experimen-
tal results in Fig. 12a and b for machined and net-shape specimens,
respectively. The solid lines represent the effective curves taking into
account the effect of residual stresses, while those dashed lines are
computed considering the applied load ratio (R, = —1 for the both
surface states). As can be noted both specimen types are well described
with the effective curves, which reflect a slight increment for the fatigue
performance in presence of compressive residual stresses (machined
specimens, Fig. 12a) and a deleterious effect in case of tensile residual
stresses (net-shape specimens, Fig. 12b). Especially for the case of net-
shape specimens, a Kitagawa curve estimated by neglecting the effect
of residual stresses can lead to an overestimation of the fatigue limit
given the dimension of the superficial defects.

5.2. Torsional fatigue strength

The aim of this Section is to find a relationship between the torsional
fatigue limit and the dimension of the crack initiating defects. As
discussed in Section 4.2, the non propagation condition for cracks
subjected to torsional loads coincides with the threshold in Mode I for
branching cracks along the maximum principal stress plane. Consider-
ing this evidence, a link between the defect dimension and the fatigue
threshold can be estimated through the Kitagawa-Takahashi diagram
considering the El-Haddad modification, Eq. (20):

y/area
yarea, + y/area

AKy, = AKyp ) - (20)
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As shown in Section 5.1, residual stresses play an important role
in influencing the fatigue strength of the material subjected to axial
loads. Being the cracks in torsion always oriented perpendicular to the
maximum stress plane, the effective stress ratio has to be computed on
this plane too. This can be done by considering the maximum princi-
pal stresses during the loading cycle, and rotating the residual stress
tensor along this plane. The relations in Eq. (17) are then modified as,
Eq. (21):

Ac
£f 1
Ommax1 = 1-R,) + ORs,1
L 1)
off _ A% ool
Omin,1 = (1-Rr, L ORs,1
The effective stress ratio can then be computed from Eq. (22):
oeff
min,1
Reff,tosion = off (22)
max,1

As for axial tests, the AKy, | was computed with the NASGRO equation
for different stress ratios. For each tested specimen, the corresponding
SIF was computed considering the defect responsible for the final
rupture and the mechanism associated with it, see Section 4.2.

The experimental results of machined specimens are compared with
the obtained Kitagawa curves in Fig. 13a and b, for fully reversed and
Ry = 0.1 tests, respectively. The solid lines are relative to the effective
curves computed considering the effect of residual stresses, while those
dashed lines are obtained considering the effective load ratios. Similar
to the axial specimens, the effective curves matches reasonably well
with the experimental results obtained under torsion.

The net-shape experimental results under torsion are compared
with the Kitagawa curves in Fig. 14a and b, for fully reversed and
Ry = 0.1 tests, respectively. The solid lines are relative to the effective
curves computed considering the effect of residual stresses, while the
dashed lines are obtained considering the effective load ratios. The
effective curve obtained for the fully reversed torsional tests fits well
with the experimental tests, similar to the previously shown results.
This is apparently not true for the R = 0.1 torsional tests shown in
Fig. 14b, where the experimental results lie perfectly on the effective
load ratio curve. In Section 3.4, it was shown that the residual stresses
are completely released at the mid-life of a torsional specimen tested
at the torque ratio R; = 0.1 near the fatigue limit. This means that the
material is effectively cycling at the applied torque ratio, and no longer
affected by the residual tensile stresses.
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5.3. Final remarks

It has been explained in the previous chapters how to link the
defect size of the tested specimens with the fatigue limit of the material
taking into account the effect of residual stresses. It was shown that
in case of axial loads the dimension of the killer defects between
machined and net-shape materials are comparable. This means that
for the analysed AlSi10Mg alloy the reduction of fatigue life between
the two superficial conditions is only due to the presence of residual
stresses. Machined specimens are featured by a compressive residual
stress in the first layer, which can increase the fatigue performances
by reducing the effective stress ratio. On the other hand, net-shape
specimens are affected by tensile residual stresses that stay almost
constant in the first 500 pm depth (Fig. 7c and d), which reduce the
fatigue performances of the specimens by increasing the effective stress
ratio.

Mainly two failure mechanisms were found in torsional specimens,
which were triggered by different defect geometries. The SIFs of each
killer defect were then computed taking into account the failure mech-
anism and the \/ﬁ parameter. Cracks initiating from spherical de-
fects where analysed with the model proposed by Beretta and Mu-
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rakami. [41], while the branching Mode I cracks from Mode II were
analysed with the model proposed by Murakami and Takahashi [44].

The two different defect families found in machined and net-shape
specimens are also responsible to the different ratios between the
torsion and axial fatigue limits reported in Section 3.2. For the case
of spherical defects, i.e. pores and SPP, the ratio of 4z, /40, is equal
to 0.855; for elongated defects the crack shape factor, F, depends on
the aspect ratio. By drawing the Kitagawa diagram in stress field for
uniaxial loaded specimens against that in torsion for the two mecha-
nisms (for the elongated defects, a mean value of the aspect ratio was
used) and comparing with the defect distributions of the found families
it can be clearly seen that the ratio 4r, /40, for spherical defects is
near 0.855, while for those elongated defects 4z, /40y, ~ 1. In Fig. 15
a-b the LEVD distribution of the defect families for the two types
of specimens are fitted. From the found parameters the 95% scatter
bands are compared with the Kitagawa curves in Fig. 15c—d, where the
shaded regions represent the defect distributions. The Kitagawa curves
in torsion are computed from the expression of SIF, so they cannot
capture the effect of small defects as those for uniaxial loads. Thus, they
can be considered reliable up to almost 100 pm, below which the curve
can start to approach the fatigue limit in torsion for the defect-free
specimens, that were not available.

Considering the expected results, schematically reported in Fig. 1a,
it was shown that the difference of the Kitagawa curves in axial/
bending and in torsion depends on the type of defect responsible of
the final failure of the specimen. Spherical defects can decrease the
fatigue limit in torsion by about 14.5% with respect to that axial,
representing the lower limit leading to the main part of failures due to
pores observed for machined specimens; this is not valid for elongated
defects that, considering the mean aspect ratio of the tested material,
almost coincides with the fatigue limit in axial/bending. From the point
of view of fatigue limit at different torque ratios, it was expected a
decreasing for both the specimens’ series due to the mean load effect
shown in Fig. 1b. From the experimental results, a reduction of fatigue
strength with the increasing mean load was observed for the machined
specimens as shown in Fig. 16. For the net-shape specimens the residual
tensile stresses negatively affected the fatigue performances by increas-
ing the effective stress ratio. In the case of Ry = 0.1, instead, the
residual stresses were relaxed due to the yielding of material. These
two factors make the fatigue limit at the two torque ratios comparable,
contrarily to the expected trend shown in Fig. 1b.

6. Conclusions

In this work, the axial and torsional fatigue behaviours of AlSi10Mg
alloy were extensively analysed. The effect of machined and net-shape
surface conditions were analysed considering both the killer defects
as well the residual stress field in the specimens. Based on the ex-
perimental results obtained and the analysis performed, the following
conclusions can be made:

1. Both machined and net-shape specimens were affected by the
presence of defects. The dimension of the killer defects in the
two analysed surface states, both in the case of axial and tor-
sional loads, were found to be comparable. The main difference
between the two specimen types was related to the differences in
residual stresses, which were in compression for machined speci-
mens and in tension for net-shape specimens. The residual stress
field changes the effective stress ratio at which the materials are
cycling, hence affecting their fatigue performances.

2. The expected dependence of torsional fatigue strength upon
stress ratio for machined specimens were confirmed by the
experimental results, contrarily to net-shape ones. In torsional
net-shape specimens, the residual stresses in R; = 0.1 tests were
found to be completely released at the mid-life, because the
maximum Mises stress exceeded the material’s yield strength.
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This led to the same torsional fatigue limit for both torsional
load ratios (i.e. R = —1 and Ry = 0.1) applied to the net-shape
specimens.

3. Effective Kitagawa model in terms of SIF can be adopted to
describe reasonably well the experimental results obtained from
torsional fatigue testing, if the effective stress ratio is considered
for expressing the material threshold 4Ky, = f(4/area).

4. The different failure mechanisms in torsion was triggered by
the geometry of the killer defects, namely spherical or elon-
gated. This also influenced the ratio between torsional and ax-
ial/bending fatigue limits. Being the ratio between torsional and
axial/bending fatigue limit for the spherical defects 4z, /40, =
0.855, this defect family represents the most critical condition
for torsional fatigue if they have a size comparable to elongated
defects (LOFs or surface features).

5. The results of this activity can be seen as the bases to de-
velop a multiaxial fatigue model for AMed AlSi10Mg, taking
into account the combined effects of defects and manufacturing
residual stresses.
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Appendix A. Fatigue results of machined specimens

The following table Table A.8 reports all the data related to fatigue
tests of machined specimens.

Appendix B. Fatigue results of net-shape specimens

The following table Table B.9 reports all the data related to fatigue
tests of net-shape specimens.

Appendix C. XRD measurements of residual stresses

See Tables C.10-C.12.
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Table A.8

Test results of the machined specimens.
Test type Ac [MPa] Ar [MPa] Load ratio [-] N, [cycles] y/area [pm] h/r [-] Defect type
Axial 357.46 -1 9648 86 1.58 Pore
Axial 355.13 -1 9219 119 0.57 LoF
Axial 305.51 -1 99957 83 1.29 Pore
Axial 299.74 -1 29002 173 0.79 LoF
Axial 292.72 -1 157527 85 1.60 Pore
Axial 256.02 -1 119042 84 1.06 Pore
Axial 247.48 -1 227 604 79 1.66 Pore
Axial 241.26 -1 1122736 73 0.89 Pore
Axial 230.84 -1 76704 112 2.35 LoF
Axial 204.81 -1 314622 208 0.61 LoF
Axial 203.58 -1 5000000 83 1.29 Pore
Axial 194.63 -1 500000 84 1.06 Pore
Torsional 319.92 -1 4302 NA® NA?
Torsional 280.00 -1 9369 NA? NA?
Torsional 277.75 -1 23730 NA? NA?
Torsional 269.70 -1 4917 NA? NA*
Torsional 239.94 -1 118288 88 1.09 Pore
Torsional 238.88 -1 92358 59 0.80 Pore
Torsional 199.89 -1 124975 146 0.91 LoF
Torsional 196.67 -1 525040 71 1.57 Pore
Torsional 190.00 -1 242371 152 0.34 LoF
Torsional 180.01 -1 1497 325 63 1.42 Pore
Torsional 170.00 -1 5000000 152 0.34 LoF
Torsional 199.98 0.1 65925 75 1.06 LoF
Torsional 199.84 0.1 76861 57 1.77 LoF
Torsional 199.65 0.1 69385 86 0.82 Pore
Torsional 159.75 0.1 308366 57 0.73 Pore
Torsional 159.57 0.1 507182 66 1.46 LoF
Torsional 159.51 0.1 284309 86 0.90 Pore
Torsional 149.50 0.1 1995348 61 1.47 Pore
Torsional 139.25 0.1 10000000 61 1.47 Pore
Torsional 119.76 0.1 5086538 86 0.90 Pore
Torsional 119.75 0.1 10182396 57 1.77 LoF

aThese specimens failed due to shear cracks due to the elevated applied load. At the end of the tests the fracture surfaces were too much
damaged to be analysed.
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Table B.9

Test results of the net-shape specimens.
Test type Ac [MPa] Ar [MPa] Load ratio [-] N, [cycles] w [pm] t [pm] y/area [pm] Defect type
Axial 197.77 -1 55864 379 43 110 Superficial feature
Axial 178.02 -1 44670 408 81 119 Spherical powder particles
Axial 173.46 -1 87333 241 38 86 Superficial feature
Axial 169.24 -1 80534 213 46 120 Superficial feature
Axial 139.58 -1 193891 602 38 119 Superficial feature
Axial 137.67 -1 195046 380 85 117 Spherical powder particles
Axial 133.44 -1 172806 129 89 93 Spherical powder particles
Axial 126.87 -1 215048 404 69 108 Spherical powder particles
Axial 116.74 -1 247921 810 58 183 Superficial feature
Axial 112.81 -1 350854 349 40 100 Superficial feature
Axial 111.99 -1 254929 725 49 154 Superficial feature
Axial 102.04 -1 513691 391 39 122 Superficial feature
Axial 95.28 -1 5000000 129 89 93 Spherical powder particles
Axial 81.40 -1 5000000 404 69 108 Spherical powder particles
Torsional 180.00 -1 143500 130 59 77 Spherical powder particles
Torsional 180.00 -1 143500 166 50 79 Spherical powder particles
Torsional 180.00 -1 143500 199 60 89 Spherical powder particles
Torsional 180.00 -1 121 300 670 124 256 Superficial feature
Torsional 160.00 -1 258900 246 64 91 Superficial feature
Torsional 157.18 -1 210900 132 73 86 Spherical powder particles
Torsional 139.93 -1 363500 389 41 98 Superficial feature
Torsional 139.89 -1 291700 220 98 108 Superficial feature
Torsional 120.00 -1 1198800 248 127 125 Superficial feature
Torsional 118.37 -1 674400 285 60 109 Superficial feature
Torsional 113.26 -1 1151800 501 48 152 Superficial feature
Torsional 111.18 -1 510500 437 79 119 Spherical powder particles
Torsional 100.00 -1 2039500 423 30 96 Superficial feature
Torsional 88.77 -1 5000000 285 60 109 Superficial feature
Torsional 83.39 -1 5000000 437 79 119 Spherical powder particles
Torsional 159.42 0.1 163800 234 34 80 Spherical powder particles
Torsional 159.42 0.1 152800 99 48 59 Spherical powder particles
Torsional 140.00 0.1 298200 387 47 116 Superficial feature
Torsional 130.00 0.1 390500 148 81 81 Spherical powder particles
Torsional 120.00 0.1 443300 180 52 80 Spherical powder particles
Torsional 119.89 0.1 586 900 315 88 121 Superficial feature
Torsional 115.00 0.1 477 300 141 49 63 Spherical powder particles
Torsional 111.39 0.1 906 800 340 81 128 Superficial feature
Torsional 100.00 0.1 5000000 99 48 59 Spherical powder particles
Torsional 100.00 0.1 1190900 224 63 92 Spherical powder particles
Torsional 94.91 0.1 10000000 315 88 121 Superficial feature

Table C.10

Results of the residual stresses measurements on the two torsional specimens. Indexes A and B are referred to the two opposing specimen’s surfaces. @ is the angle between the
measuring direction and the specimen’s long axis. For each measured value of the stress it is also reported the deviation and the Full With at Half Maximum (FWHM) with the
corresponding deviation.

Position Depth [pm] 6=0° O = 45° 6 =90°
Stress Deviation FWHM Deviation Stress Deviation =~ FWHM Deviation Stress Deviation = FWHM Deviation
[MPa] [MPa] [°1 [°] [MPa] [MPa] [°] [°1 [MPa] [MPa] [°] [°]

Specimen F13

A 0.0 141.5 16.8 1.44 0.17 80.0 14.6 1.45 0.10 95.0 13.2 1.49 0.14
A 55.0 85.1 21.2 1.38 0.12 75.7 13.2 1.41 0.14 79.6 19.7 1.47 0.15
A 100.7 135.7 18.4 1.37 0.14 104.0 13.5 1.36 0.11 94.7 17.8 1.44 0.20
A 542.7 123.0 7.6 1.46 0.17 64.0 8.7 1.45 0.14 22.5 6.9 1.45 0.14
B 0.0 77.1 16.9 1.39 0.11 36.0 16.0 1.44 0.16 18.5 13.1 1.43 0.09
B 53.0 96.8 17.9 1.36 0.12 72.3 20.1 1.4 0.13 63.6 16.5 1.42 0.15
B 106.9 67.9 17.3 1.35 0.09 64.0 15.9 1.39 0.15 66.3 11.2 1.44 0.16
B 477.0 108.9 13.0 1.44 0.16 66.1 13.3 1.48 0.21 36.4 10.1 1.50 0.24

Specimen P03

A 0.0 79.2 12.5 1.42 0.12 41.4 12.8 1.43 0.13 8.2 9.8 1.43 0.12
A 53.9 91.9 12.3 1.35 0.08 54.1 17.2 1.36 0.09 91.2 16.8 1.45 0.21
A 103.1 93.1 18.6 1.35 0.14 111.7 14.5 1.38 0.12 64.1 13.9 1.43 0.19
A 552.0 125.3 6.4 1.39 0.11 89.9 8.9 1.44 0.14 41.9 12.2 1.47 0.16
B 0.0 56.7 18.0 1.44 0.11 66.3 14.1 1.42 0.14 15.6 11.1 1.45 0.15
B 45.7 37.7 24.2 1.40 0.16 63.2 11.3 1.47 0.13 50.3 15.1 1.47 0.19
B 97.8 74.8 17.1 1.35 0.11 85.1 12.7 1.40 0.13 57.6 12.4 1.45 0.19
B 655.6 156.6 9.0 1.41 0.11 95.0 6.5 1.42 0.13 85.5 5.5 1.48 0.15
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Table C.11

Results of the residual stresses measurements on three axial specimens. Indexes A, B and C are referred to the three measures along the gauge section equispaced of 120° each.
O is the angle between the measuring direction and the specimen’s long axis. For each measured value of the stress it is also reported the deviation and the Full With at Half
Maximum (FWHM) with the corresponding deviation.

Position Depth [pm] 0 =0 0 =90°

Stress [MPa] Deviation [MPa] FWHM [°] Deviation [°] Stress [MPa] Deviation [MPa] FWHM [°] Deviation [°]

Specimen B 15 — machined

A 0.0 -92.7 6.4 1.54 0.11 -93.5 5.9 1.48 0.08
A 63.5 3.7 7.9 1.41 0.12 -27.7 7.9 1.37 0.09
A 104.0 71.9 5.4 1.40 0.10 19.5 4.8 1.41 0.12
B 0.0 -57.8 4.3 1.50 0.10 -53.3 6.9 1.45 0.08
B 51.4 -12.2 7.6 1.39 0.12 -33.6 9.3 1.34 0.09
B 99.3 -13.0 6.6 1.40 0.12 -7.2 9.8 1.36 0.1

C 0.0 -87.2 3.2 1.54 0.10 -67.7 8.0 1.49 0.1

C 57.2 —44.4 7.7 1.41 0.11 —40.2 8.8 1.37 0.09
C 105.0 -37.9 7.9 1.41 0.10 -37.4 8.6 1.38 0.09

Specimen G 15 — asbuilt

A 0.0 96.4 11.2 1.39 0.14 59.8 14.2 1.44 0.13
A 50.0 68.0 16.9 1.38 0.14 37.0 11.7 1.40 0.15
A 93.0 148.9 17.1 1.37 0.10 52.7 9.9 1.41 0.11
B 0.0 68.5 10.3 1.42 0.14 6.5 7.4 1.42 0.12
B 56.0 116.7 23.4 1.32 0.10 54.6 14.7 1.43 0.13
B 109.5 103.0 20.9 1.38 0.09 47.1 11.8 1.43 0.14
C 0.0 20.7 15.0 1.40 0.13 —6.4 9.6 1.39 0.09
C 56.0 43.4 17.9 1.33 0.11 42.1 9.0 1.41 0.14
C 94.0 90.5 18.1 1.35 0.14 59.8 9.6 1.40 0.14

Specimen G 16 — asbuilt

A 0.0 37.3 11.2 1.42 0.12 41.3 11.9 1.43 0.11
A 57.2 0.8 29.2 1.41 0.15 18.5 15.4 1.39 0.12
A 110.8 56.8 23.0 1.39 0.16 32.9 12.9 1.42 0.13
A 364.0 109.9 18.4 1.39 0.13 49.3 11.4 1.40 0.17
A 516.8 82.2 4.9 1.44 0.14 26.9 7.4 1.43 0.14
B 0.0 54.5 15.4 1.40 0.09 29.2 9.7 1.43 0.12
B 51.2 94.5 20.2 1.38 0.12 85.4 12.7 1.42 0.11
B 94.8 75.5 18.0 1.40 0.12 55.6 13.8 1.40 0.12
B 245.0 127.9 9.5 1.43 0.14 110.3 10.0 1.52 0.22
B 509.5 128.1 8.4 1.42 0.13 27.9 7.3 1.44 0.14
C 0.0 67.7 11.7 1.44 0.14 19.4 11.8 1.44 0.12
C 45.5 66.2 9.2 1.40 0.12 60.0 10.0 1.40 0.09
C 90.5 77.7 12.6 1.36 0.08 46.8 15.6 1.42 0.10
C 255.5 132.5 11.8 1.40 0.14 51.7 12.1 1.43 0.14
C 506.8 127.2 5.1 1.46 0.15 41.1 6.0 1.44 0.14
Table C.12

Results of the XRD measurements on the torsional specimen LO1 before and after testing to evaluate the residual stresses relaxation. Indexes A, B, C and D are referred to the
four measurements along the gauge section equispaced 90° each. © is the angle between the measuring direction and the specimen’s long axis. For each measured value of the
stress it is also reported the deviation and the Full With at Half Maximum (FWHM) with the corresponding deviation.

Position Depth [pm] 0=0° 0 =90°

Stress [MPa] Deviation [MPa] FWHM [°] Deviation [°] Stress [MPa] Deviation [MPa] FWHM [°] Deviation [°]

Specimen L 01 — net-shape untested

A 69.3 80.1 12.3 1.38 0.11 43.9 15.4 1.48 0.17
B 60.9 80.0 18.4 1.41 0.15 53.5 12.0 1.45 0.15
C 49.5 79.9 11.9 1.35 0.10 67.0 14.6 1.43 0.17
D 62.1 80.7 18.5 1.36 0.11 66.1 13.9 1.44 0.16

Specimen L 01 — net-shape tested

A 69.3 1.0 13.2 1.39 0.11 27.7 9.0 1.43 0.16
B 60.9 16.3 16.4 1.41 0.14 23.5 12.0 1.43 0.14
C 49.5 -3.2 10.5 1.40 0.13 33.6 8.6 1.42 0.17
D 62.1 -8.1 17.4 1.37 0.13 47.8 12.3 1.43 0.15
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