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Abstract: Space and aerospace industries has been starting in the recent years the replacement process
of parts and components obtained by traditional manufacturing processes with those produced by
Additive Manufacturing (AM). The complexity of the obtainable parts makes, in general, challenging
the superficial post processing of some zones, making a stringent requirement the investigation
of the fatigue performances of components with rough superficial state or machined. The aim of
this work is then to analyse and compare the fatigue performances of an additively manufactured
(AMed) AlSi10Mg material considering both the effects of the manufacturing defects and residual
stresses related to three different superficial states, namely machined, net-shape and sandblasted.
The residual stress profiles of the three superficial states were found to play a key role in determining
the fatigue properties of the analysed material, while the manufacturing defects at the failure origin
were found to be comparable among the three series. To take into account the combined effect of
residual stresses and manufacturing defects a fracture mechanics approach was considered for the
estimation of the fatigue performances in both infinite and finite life regimes. It was found that
by considering the nominal measured residual stress profiles in the fracture mechanics model the
estimations were satisfactory compared to the experimental data-point. To increase the accuracy of
the fatigue life estimations a series of numerical analyses were performed aimed to investigate the
residual stresses relaxation during the cyclic loading. The adoption of the relaxed residual stress
profiles in the fracture mechanics model resulted in good estimations respect to the experimental
data-points, highlighting the necessity in adopting such developed approaches during the design
phase of AM parts and components.

Keywords: additive manufacturing; laser powder bed fusion; fatigue strength; residual stresses;
fracture mechanics approaches

1. Introduction

In a market pushed by a constantly growing demand of highly customizable and
complex-shaped components, Additive Manufacturing (AM) is playing an increasingly
relevant role due to its greater flexibility with respect to the traditional subtractive processes.
The layer-wise part’s creation allows achieving strength-optimised structures in a relatively
short time, guaranteeing high structural performances, low mass and material saving [1–3].
Despite the offered advantages, metal AMed components feature high surface roughness,
internal and superficial defects, anisotropy and residual stresses which cause deleterious
effects on the fatigue performances [4–6].

Fracture mechanics approaches revealed to be prospectively accurate tools able to
account for the synergetic effect of those process-induced criticalities, using a damage toler-
ant approach to model the fatigue strength [7–15]. Independently from their morphology,
defects can be treated as cracks according to the Murakami’s

√
area parameter, and the lo-

cation’s influence is introduced by means of a geometry factor [16]. The fatigue strength in
function of the defect size is then described implementing the Kitagawa-Takahashi diagram
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and introducing the El-Haddad’s formulation [17] to provide a smooth transition between
long and short cracks’ behaviour. The tool has also proved to be effective in accounting for
the superimposed residual stress component, as long as the measurements provided are
accurate and characterised by low scatter [18,19].

In these terms, several studies have shown the key role played by the residual
stresses in affecting the fatigue performances, especially in the High Cycle Fatigue (HCF)
range [9,20]. The residual stress component superimposes to the cyclically applied ones,
thus modifying the stress ratio experienced by the material. The former directly acts on
the crack growth behaviour, determining an either beneficial or detrimental effect if the
superimposed stresses tend to close or open the crack’s faces [21,22] respectively. At the
actual state of the art, the requirement of obtaining accurate and precise measurements
is everything but easy to achieve, nominating residual stresses as the weakest link in the
assessment of AMed components.

Concerning metal AM processes, the usage of a high energy density heat source
subjects the component’s regions to thermal misfits [23]. During the production phase,
in Laser Powder Bed Fusion (L-PBF) the large thermal gradients, high temperatures and
material phase transition generally induce local plasticisation and shrinkage, which are
responsible for the introduction of residual stresses [24]. Those stress components are
in place even if the part is in stationary conditions and in equilibrium with the external
environment [25]. Their magnitude and spatial distribution are strictly dependent on
the thermal history experienced by the material, affected in turn by process parameters
and part’s geometry [26]. Techniques used for the investigation generally require an
important amount of time and involve a significant economic burdens, associated with
a locally-limited analysis which prevents obtaining a complete framework in terms of
stress’ spatial distribution and magnitude [27]. Additional factors to be considered are the
geometry-limited accessibility and the destructive nature of some methods.

The tensile residual stresses generally present in the superficial material layers of
L-PBFed components increase the vulnerability of such locations, already critically affected
by the surface features typically found in the as-built state [28]. Efforts have been made in
order to try mapping the residual stresses by implementing Finite Element (FE) thermo-
mechanical models which are able to reproduce the thermal history experienced by the
material during the process [29]. Nonetheless, the approach is generally limited by large
computational burdens, and the unavoidable introduced simplifications lead to inaccuracies
in the temperature field computation [30,31].

Numerous studies have attempted to tackle the problem by properly adjusting the
process parameters, aiming at minimizing the tensile residual stress component. In these
terms, variables comprising the beam’s power, scanning speed and strategy, layer thickness,
base plate temperature, interlayer dwell time, building direction, presence of supports and
many others are all able to play a key role [28,32–34]. Although relevant improvements
have been achieved, post-processes both of thermal and mechanical nature are still needed
in order to modify the residual state of stress, with the aim of improving the fatigue
performances [35,36]. In the case of additively manufactured (AMed) AlSi10Mg, it was
shown that the T6 heat treatment process was able to increase the fatigue strength of both
machined [37] and net-shape specimens [38]. Particularly for the net-shape specimens
investigated by Domfang et al. [38], the size of the found defects was comparable to that of
machined specimens, and therefore, the fatigue strength of the two T6-treated specimens’
series was similar. Even if the residual stresses of treated and non-treated specimens were
not measured, the authors pointed out that they can play an important role in explaining
the obtained experimental results.

The potential relaxation of residual stresses under cyclic loading consists of a further
factor of complexity to account for in a fatigue strength model. This phenomenon has
not been thoroughly investigated for L-PBFed parts, while it has been well-studied in
welds [39,40], which share some analogies with AM processes. The relaxation is the result
of a local plasticisation, therefore information about the in-depth residual stress profile,
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cyclic stress and material’s plastic behaviour are needed in order to to properly model
the phenomenon [41]. Additionally, it should be noted that a local relaxation of residual
stresses is associated with a redistribution of the entire residual stress profile in order to
ensure equilibrium. It appears therefore worthwhile to broaden the understanding related
to the effect of post-processes on the residual state of stress and the consequent influence
on the fatigue performances.

Scope of the Work and Paper Structure

The main aim of the present work consists of studying the fatigue strength of speci-
mens in AlSi10Mg manufactured by L-PBF, considering net-shape, machined and sand-
blasted surface conditions in light of the superimposed residual stress component. For
this purpose, fracture mechanics-based approaches have been implemented allowing to
account for the synergetic effect of process-induced criticalities comprising both residual
stresses and manufacturing defects. The relaxation of residual stresses under cyclic loading
has been modelled through FE analyses starting from the experimental measurements, and
adopting a proper cyclic plasticity model. The agreement among the obtained results and
experimental evidence confirmed that fracture mechanics consists of a prospective tool able
to model the fatigue strength of components subjected to different post-processes, provided
that the residual stress’ redistribution under cyclic loading is considered.

The paper is organised as follows: in Section 2 the adopted technological process for
the fabrication of the specimens as well as the experimental methodologies are described;
Section 3 presents the main results coming from the experimental tests of the fatigue
specimens; the numerical analysis of the residual stress profiles, experimentally measured,
aimed to investigate their prospectively relaxation is presented and discussed in Section 3;
in Section 5 the fatigue model based on the fracture mechanics approach are described
and adopted for the estimation of the fatigue tests results; Section 6 deals with the main
conclusions and further developments.

2. Materials and Methods

The experimental campaign involved specimens to be tested in both force and strain
control logic; specimens were AMed in AlSi10Mg by laser powder bed fusion (L-PBF).
Samples were produced using an selective laser melting (SLM) 280HL v1.0 machine (SLM
Solutions Group AG, Lübeck, Germany) having a 280× 280× 350 mm3 volume building
chamber equipped with 2 × 400 W Yttrium fibre lasers. The process was carried out
in controlled atmosphere using argon to reduce the oxygen content down to 0.2%. Set
parameters comprised a beam power of 350 W, a hatch distance of 0.13 mm, a scanning
speed equal to 1650 mm s−1 and a layer thickness of 50 µm resulting in an energy density
of 32.63 J mm3. Stripes scanning mode characterised by 67◦ layer rotation was used with
a scanning order consisting in two contours followed by the hatch scanning. During the
entire manufacturing process, the building platform’s temperature was kept at 150 ◦C.
These process parameters are the standard ones adopted by the company that provided
the specimens adopted in this study, BeamIT S.p.A. (Fornovo di Taro (PR), Italy). The
AlSi10Mg powder produced by ECKA (ECKA Granules GmbH, Velden, Germany) was
characterised by granules having a mean size of 37 µm, a D10 and D90 respectively equal to
21 µm and 65 µm, with a flowability of 80 s/50 g. Prior to removing the specimens from
the platform by means of an electric discharge machining, all samples were subjected to a
T5-heat treatment involving a temperature of 200 ◦C and a soaking time of 240 min.

Net-shape and sandblasted specimens were produced without any material overstock
in the gauge section, providing it exclusively in correspondence of the gripping zones, a
0.2 mm of extra material, which was mechanically removed by means of a lathe to ensure
specific geometric and dimensional tolerances. For machined parts, the same material
overstock and subsequent machining was prescribed for the entire sample’s length, thus
comprising the gauge section which was additionally polished using emery paper with a
mesh ranging from 250 to 2500 for obtaining a smooth surface roughness.
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Specimens were vertically printed as schematically shown in Figure 1, where the lower
gripping section was 30 mm longer than the upper one, thus allowing further machining
in order to achieve the final length as displayed in Figure 1b,c, for the strain and force
control test’s specimens respectively. Prior to testing, sandblasted parts were subjected to
an additional sandblasting process.

(a)

(b)

2 mm

Machined Net-shape Sand-blasted

2 mm 2 mm

(c)

Building 
direction

280 mm

280 mm

350 mm

Figure 1. Printed specimens for the experimental campaign: (a) printing direction; (b) strain con-
trolled fatigue tests’ specimen geometry according to the American Society for Testing Materials
(ASTM) standard E606 [42] and (c) force control fatigue tests’ specimen geometry with a detail of the
three different superficial conditions. All the dimensions are in mm.

2.1. Fatigue Tests

Samples were subjected to uniaxial force-controlled fatigue tests at room temperature
using a servo-hydraulic MTS-810 (MTS System Corporation, Eden Prairie, MN, USA)
machine with a maximum capacity of 100 kN, imposing a global load ratio RL = −1.0
being the basic requirements of ECSS-Q-ST-70- 80C standard [43]. Each test terminated
with the final rupture of the specimen, with a final crack length of 4.5 mm, on average.
Specimens that survived beyond 5× 106 cycles were considered as Run-Outs and, in absence
of any visible damage, they were subsequently retested at higher stress ranges in order
to reach the final rupture and analyse the defect at the fracture origin. The exact failure
location identified with respect to the sample’s geometry was used in a finite element
elastic analysis, allowing to obtain the actual stress range responsible for the fatigue crack
propagation. Table 1 summarizes the performed tests with the related series’ code that will
be used throughout this paper.

Table 1. Overview of fatigue tests performed on machined, net-shape and sandblasted samples.

Series’ Code Surface State Global Load Ratio Number of Tests

M Machined −1.0 12
NS Net-shape −1.0 29
SAB Sandblasted −1.0 19

2.2. Strain Control Fatigue Cyclic Tests

Three of the printed specimens were machined in order to obtain the geometry shown
in Figure 1b. This is compliant with the specifics for strain controlled tests as reported in
standard ASTM E606 [42]. The specimens were tested at ambient temperature in order to
obtain the cyclic parameters of the considered AlSi10Mg material. The same hydraulic
testing machine adopted for the force control tests was adopted for the strain controlled
tests. Five strain amplitudes were applied in blocks considering a strain ratio of Rε = −1.0,
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namely 0.2%, 0.4%, 0.5%, 0.6% and 0.7%. Each test started with the lower strain amplitude
which was then increased after the stabilization of the cyclic curve.

2.3. Residual Stress Measurements

Machined, net-shape and sandblasted specimens were subjected to residual stress
investigations using a X-Stress 3000 American Stress Technology (AST, Pittsburg, PA, USA)
portable X-ray diffractometer equipped with a 2 mm diameter collimator, with a CrKα1
radiation characterised by a wavelength of 2.2898 Å. A sin2 ψ method was adopted and a
diffraction angle 2θ = 139.3◦ was fixed after the calibration procedure with a stress-free
aluminium powder. The angular scanning aperture was set ranging in ±45◦, with a total
number of 16 tilts. Electrolytic polishing was performed by means of a Struers LectroPol-5
(Struers LLC, Detroit Rd. Westlake Cleveland, OH, USA), with a voltage of 45 V and using
a fluid-directing mask characterised by a 0.5 cm2 circular area. The electrolytic solution
adopted consisted in 94% of acetic acid (CH3COOH) and 6% of perchloric acid (HClO4).
The erosion time was adjusted for each individual specimen for guaranteeing the target
step depth, which was measured by means of a Mitutoyo (Mitutoyo Corporation, Takatsu
Ward, Kawasaki, Japan) Litematic VL-50A micrometer.

Residual stresses were investigated along the building direction in the longitudinal
(Θ = 0◦) and transversal (Θ = 90◦) orientations, in correspondence of the gauge section’s
central part. Machined and net-shape samples were measured along three generatrices
equally spaced at an angle equal to 120◦, while in the case of sandblasted specimens only
two generatrices were considered, each spaced at 180◦.

Machined specimens were inspected superficially (0 µm depth), followed by in depth
measurements at 50 µm and 100 µm. Net-shape specimens were inspected considering
the same depths of machined ones, with two deeper analyses at 300 µm and 500 µm. In
sandblasted specimens the maximum achieved nominal depth was about 400 µm, reached
performing a first superficial measurement (0 µm), one at 50 µm followed by 100 µm
erosion steps.

2.4. Fracture Analysis

Failed specimens’ fracture surfaces were sonicated in ethanol prior to carrying out
an accurate analysis by means of a Zeiss EVO50 (Carl Zeiss AG, Oberkochen, Germany)
scanning electron microscope (SEM). The investigation allowed to identify the defects at
fracture origin and define the related position, shape and characteristic dimensions.

3. Results
3.1. S-N Curves

Figure 2 shows the comparison of the HCF tests’ results among machined, net-shape
and sandblasted specimens; the whole experimental results set of net-shape and machined
specimens can be found in [18]. Some additional tests on net-shape specimens, especially at
higher stress ranges, were also performed to increase the experimental data-base reported
in [18]. A three-parameters Gaussian distribution was used for the data fitting in the
finite life region, imposing a constant standard deviation σlog N . Equation (1) reports the
expression of the distribution’s mean value, as prescribed by ASTM E739 [44].

N f = A · ∆σB (1)

where N f is the number of cycles to failure, ∆σ coincides with the applied stress range,
while A and B correspond to the distribution’s parameters identifying respectively the
vertical axis’ intercept and the regression line’s slope in a double logarithmic plot. Hodge-
Rosenblatt [45] method was used to compute the fatigue limit range’s mean value ∆Slim,
and the related standard deviation was calculated relying on Equation (2).

σlog S =
σlog N

|B| (2)
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Figure 2. Comparison of the results of the fatigue tests of machined, sandblasted and net-shape
axial specimens. Stress range has to be intended as maximum stress minus the minimum one during
the fatigue cycle.

Table 2 collects the distributions’ parameters of the three tested series, where Nk refers
to the S-N curves’ knee point.

Table 2. Fatigue limit range and S-N curves’ parameters related to machined, net-shape and sand-
blasted samples.

Series’ Code ∆Slim [MPa] A B σlog N σlog S Nk [Cycles]

M 204.0 26.1473 −8.6478 0.2632 0.0304 1,490,399
NS 105.4 12.1314 −3.2196 0.0955 0.0297 415,666

SAB 176.9 30.4444 −10.4728 0.2544 0.0243 8,043,806

From the fatigue limit point of view, machined specimens are characterised by the
highest value which is about 94% larger than the one of net-shape parts featuring the lowest
performances. The sandblasting post-process was able to enhance the fatigue properties
of about 68% with respect to the net-shape specimens, making their fatigue performances
close to the ones of machined samples. In these terms, in the finite life region machined
and sandblasted specimens show a certain similarity of the regression line’s slope, while
the trend related to net-shape parts presents relevant differences with respect to the other
two series. These discrepancies are visible especially for relatively low applied stress
ranges, highlighting the beneficial effects provided by the two mechanical processes. On
the contrary, at large values of stress the data-points of the three batches are superimposed.
Since the three specimens series were obtained with the same process, and therefore the
size of internal defects due to L-PBF process is expected to be the same, it is clear that the
significant increase of fatigue properties for sanblasted specimens can be due the induced
residual stresses. The aim of the research was to investigate this effect and to verify if the
increase of properties could be adequately modelled with a fracture-based approach [13].

3.2. Analysis of Fracture Surfaces

Figure 3 shows some of the fracture surfaces observed in tested samples, where the
yellow path highlights the killer defect. In machined specimens, defects found at fracture
origin were all located near the external surface. They consisted in lack of fusions (LoFs)
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characterised by irregular shapes and gas pores defined by a spherical shape, as reported
in Figure 3A and Figure 3B respectively.

N
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200 µm200 µm
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A B

C D

E F

area = 119 μm
area = 84 μm

area = 108 μm
w=404 μm

t=69 μm

area = 120 μm
w=309 μm

t=55 μm

area = 169 μm
w=589 μm
t=136 μm

area = 90 μm

Figure 3. Defects found at fracture origin in machined, net-shape and sandblasted specimens: (A) LoF
and (B) gas pore; (C) surface irregularity and (D) SPP; (E) superficial feature and (F) internal LoF.

Net-shape specimens failed mainly due to surface features, which are typical of the
rough external surface as shown in Figure 3C and spherical powder particles (SPP) as
displayed in Figure 3D. In only one specimen of this series an internal gas pore was
responsible for the final rupture.

Killer defects detected in sandblasted specimens included surface features (Figure 3E),
and LoFs (Figure 3F). The fact that approximately one third of the flaws were positioned in
the internal material layers, reveals how the induced residual stresses compete in defining
the fatigue crack initiation site.

3.3. Residual Stresses Measurements

Figure 4a,b display the comparison of residual stresses measured in machined, net-
shape and sandblasted specimens, respectively along the longitudinal (Θ = 0◦) and transver-
sal (Θ = 90◦) directions, referred as Z and X axes according to the reference system shown
in Figure 4c. The solid lines are obtained by means of a polynomial fitting of the experi-
mental data related to each series.
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(a)

Compression Tension

(b)

Compression Tension

(c)

Figure 4. Comparison of measured residual stresses of machined, net-shape and sandblasted compo-
nents: (a) σzz; (b) σxx; (c) schematic of the measuring directions.

Along both the inspected orientations, machined samples are characterised by a
compressive residual state of stress in the first material layers, down to a depth of about
100 µm. In correspondence of the external surface, an average stress of approximately
−79 MPa and −72 MPa was detected respectively along Z-axis and X-axis, noticing a
monotonic increase towards tensile values for both of the directions. The resulting trend is
typical of components subjected to chip removal processes [46].

Conversely to the machined parts, net-shape specimens are characterised by the
presence of tensile residual stresses for the whole inspected depth along the two analysed
orientations. As extensively reported in literature, the large thermal gradient the material
experiences during the layer-by-layer manufacturing process induces tensile residual
stresses in the outer layers [9,13,18]. In these terms, the platform pre-heating and the
T5-heat treatment were not able to effectively relieve the process-induced stresses. On the
external surface, average stresses of about σzz = 73 MPa and σxx = 64 MPa are present,
and it can be noticed how the data dispersion is relevant for certain depth increments.

Sandblasted specimens featured a quite similar trend along the two inspected axes,
where the residual stresses are compressive in correspondence of the external surface
reaching a minimum at about 200 µm, moving then to the tensile part after approximately
300 µm. The shape of the stress profile coincides with the characteristic one induced by
kinetic surface treatments [35]. In correspondence of the surface, the mean values are
about σzz = −70 MPa and σxx = −69 MPa, which are comparable with the machined
samples’ ones.

For relatively large depths, the tensile residual stresses measured in net-shape and
sandblasted specimens reach relevant magnitudes which are comparable to the yield
strength of the material Rp,0.2% = 212 MPa [18]. Considering that all the defects found at
fracture origin were located either in correspondence of the surface or in the substrate, it is
evident how the superimposed residual stress component was able to affect the effective
stress ratio, thus influencing the fatigue performances.

The whole experimental database of the residual stresses measurements for machined
and net-shape specimens is reported elsewhere [18], while the results obtained for sand-
blasted specimens are reported in the Appendix A.

3.4. Defect Distributions and Statistics of Extremes

In AMed components, the key role played by manufacturing-induced defects in
affecting the fatigue performances, leads to the adoption of fracture-mechanics based
methods [7,8]. Accordingly, the approach proposed by Murakami [16] was used to define
the killer defect’s size in terms of

√
area independently from its shape, where area refers to
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the projected surface of the flaw which has been measured through an image processing
software [47]. Flaw’s location was defined applying Equation (3), which sets the condition
for having a superficial defect. The quantity h identifies the distance between the defect’s
centroid and the sample’s surface [16]. The term a is computed through Equation (4),
corresponding to the length of the axis pointing inside the material depth of an equivalent
ellipse which has the same defect’s area and an aspect ratio AR = a/c.

a
h
> 0.8 (3)

a =

√
2 · AR

π
·
√

area (4)

Equation (5) describes those superficial elongated and shallow defects which tend to
behave like 2D edge cracks, having identified with w and t the flaw’s width and depth, re-
spectively. In these terms, the related effective area was calculated by means of Equation (6),
where tmax is the maximum depth of the defect.

w
t
≥ 10 (5)

√
area = tmax ·

√
10 (6)

A schematic of the main parameters that identify the superficial and internal defects is
reported in Figure 5a. The main part of the defects found were located near the external
specimen’s surface, while few of them were internal, comprising both LoFs and pores
as shown in Figure 5b. In Figure 5c the square root area

√
area parameter of the found

defects at the fracture origin of the tested specimens, is plotted against their aspect ratio
a/c. Defects found inside the machined specimens showed an aspect ratio above or equal
to a/c = 1.0. Net-shape and sandblasted specimens were found to fail mainly due to
superficial elongated defects, with a mean aspect ratio a/c = 0.25. This is in line with a
typical aspect ratio of defects at the fracture origin of other AMed materials featured with a
rough superficial state [11,12].

The complexity of phenomena involved in the production of AMed components and
parts introduces sources of uncertainty, requiring the adoption of statistical models [7].
The inspected defects were responsible of the final failure of the specimens, therefore it is
possible to study the flaw size distribution applying the statistics of extreme [48,49]. Data
were hence fitted with a largest extreme value distribution (LEVD) [50], characterised by a
cumulative distribution function reported in Equation (7):

Fmax(x) = exp
[
− exp

(
− x− λ

δ

)]
(7)

where x is the defect’s size in terms of
√

area, while λ and δ are, respectively, the estimated
location and scale parameters. Table 3 collects the distribution’s parameters computed
using the momentum equations [50], together with the defect size having a 50% probability
of occurrence (

√
area50%).

Table 3. LEVD distribution parameters for machined, net-shape and sandblasted specimens.

Series’ Code λ [µm] δ [µm]
√

area50% [µm]

M 96.1 49.3 114.2
NS 99.6 30.5 110.8

SAB 116.7 33.2 128.8
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(a) (b)

(c)

Superficial defect

Internal defect

w t

h

2c

2a

Figure 5. Analysis of the size and geometry of the found defects: (a) scheme of the main parameters
that define superficial and internal defects; (b) dimension of the defects against its radial position
and (c) dimension of the defects against its aspect ratio.

A slight difference among the slope of the regression lines related to net-shape and
sandblasted specimens can be detected from the different δ parameters, which rule the line’s
inclination in the probability plot. Conversely, for machined specimens the trend is less
steep while all the three series share a similar value of the position parameter λ. A further
analogy can be found in the

√
area50% factor, highlighting how the three distributions are

comparable from a statistical point of view.

3.5. Cyclic Plasticity Material Model

To investigate the evolution of residual stresses during a typical fatigue loading, the
plastic behaviour of the considered AlSi10Mg alloy has to be determined. To this aim three
strain controlled tests were performed, by imposing consecutive strain amplitude blocks.

From the hysteresis cycles, the stabilized stress and strain amplitudes can be computed.
These were then fitted with the Ramberg–Osgood cyclic curve [51], whose expression is
reported in Equation (8):

εa = εa,el + εa,pl =
σa

Estab
+
( σa

K′
)(1/n′)

(8)

where εa,el is the elastic strain amplitude, εa,pl is the plastic strain amplitude, σa is the
stress amplitude and Estab is the stabilized Young’s modulus; K′ and n′ are the hardening
coefficient and exponent of the plastic part of the stabilized cyclic curve, respectively. The
results of the fitting are reported in Table 4.
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Table 4. Parameters of the cyclic curve of AlSi10Mg alloy.

Estab [GPa] K′ [MPa] n′ [-]

73.7 852.5 0.2218

In order to numerically simulate the elasto-plastic behaviour of the material considered,
a suitable cyclic plasticity model has to be fitted with the experimental results; to this aim
the Chaboche cyclic plasticity model [52] was adopted. The material does not manifest
any marked cyclic hardening or softening, resulting in a mainly stable cyclic behaviour.
Due to this observation, only the kinematic hardening model was considered. The adopted
kinematic rule is reported in Equations (9) and (10), more details about the theory of the
Chaboche model can be found in [52].

dαk =
2
3
· Ck · dεp − γk · αkdp (9)

α =
N

∑
k=1

αk (10)

where αk is the k-th back stress, Ck and γk are the model’s constants to be fitted for each
back stress, dεp is the incremental plastic strain tensor and dp is the equivalent plastic
strain increment.

A total of N = 3 back stresses were thus found to correctly fit the cyclic behaviour of
the considered AlSi10Mg material, which result in a N · (Ck, γk) material constants. The
fitted results are reported in Table 5.

Table 5. Fitted constants of the Chaboche model for AlSi10Mg material.

σ|0 [MPa] C1 γ1 C2 γ2 C3 γ3

125.358 34,106.6 277.977 14,209.5 3151.75 7208.72 0.07791

To check the consistency of the found parameters against the experimental results, a fi-
nite element (FE) numerical model was employed. To this aim, Abaqus CAE/2018 (Abaqus
2018, Silicon Valley, CA, USA) software was employed for the numerical simulation. This
consisted in a simple cube with dimensions 1 mm× 1 mm× 1 mm, which was subjected to
the same strain amplitudes imposed in the experiments. The unitary cube was meshed with
20-nodes quadratic brick FE elements with reduced integration (C3D20R), with a mean size
of 0.1 mm for a total of 4961 nodes and 1000 elements. The obtained numerical results are
compared with those experimental in Figure 6 for each strain amplitude, in which the solid
lines represent the numerical results and the points the experimental ones. The numerical
elasto-plastic model was hence found to fit reasonably well with the experimental results.
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Figure 6. Comparison between the experimental and the numerical hysteresis cycles obtained from a
FE analysis.

4. Stability of the Residual Stress Profile under Fatigue Loads

In previous sections it was shown that the fatigue performances of machined and
sandblasted specimens were mutually comparable, while net-shape specimens showed a
strong reduction for both the fatigue limit and finite life regime. It has been widely demon-
strated in technical literature that the fatigue strength of AMed parts and components is
mainly governed by the presence of manufacturing defects [4,53]. One can hence ascribe
the different fatigue performances of the three series to different families of defects, with
the net-shape showing on average the bigger defects’ size.

In Section 3.4, particularly in Table 3, it was shown that all the defects found in the
three series are comparable to each other. Considering the cited evidences, it is clear how
an analysis merely based on the size of defects found at fracture origin is not able to justify
differences in terms of fatigue behaviour observed among the three series. This section
aims to introduce the presence of residual stresses in the analysis of fatigue life, focusing
in particular on their evolution during a cyclic loading. This analysis was performed by
means of an elasto-plastic FE model, considering the cyclic parameters found in Section 3.5.

4.1. Residual Stresses Approximation

The first ingredient needed for the numerical simulation of the residual stresses
relaxation is a complete stress profile along the specimen’s radius. It is not practically
possible to obtain a residual stress profile from the external surface to the specimen’s
mid-section; furthermore, from the fatigue analysis point of view, only the first material
layers are particularly relevant. Due to this, the residual stresses were measured until a
maximum depth of about 500 µm for the tested specimens. The residual stresses have to be
self-equilibrated inside the part considered, hence a suitable model describing the complete
stress profile of the material is required for the numerical simulations.

Smith et al. [46] pointed out that the residual stress field inside a cylindrical body has
to guarantee the equilibrium relationships reported in Equation (11):∫ R

0
σRS

xx (r)dr = 0∫ R

0
r · σRS

zz (r)dr = 0
(11)
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where σRS
xx and σRS

zz are respectively the axial and tangential residual stresses functions
along the radius r; R is the maximum radius of the considered cylinder. The expressions
proposed by Smith et al. [46] were adopted for describing the residual stress field of the
cylindrical specimens subjected to a mechanical material removal process, by using the
value experimentally found on the external surface; the values of the residual stress in the
material depth were instead computed for guaranteeing the material equilibrium. This
model was here adopted to approximate the residual stress field of machined specimens,
which is shown against the experimental data points in Figure 7a.

(a)

(b)

(c)

Figure 7. Approximation of residual stresses profile for numerical simulations against the measured
data-points: (a) residual stress profile for machined specimens; (b) residual stress profile for net-shape
specimens and (c) residual stress profile for sandblasted specimens.

Net-shape specimens showed a plateau of the residual stress behaviour from the
external surface to the maximum measured depth of about 600 µm, with all of the measured
values in tension. Considering this observation, the approximated function for describing
the residual stress field proposed in [46], was modified to allow the definition of an initial
stable behaviour of the residual stresses. The initial tensile value was supposed constant
until 1 mm depth, followed by a linear decrease up to a point that guarantees the static
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equilibrium of the material. The obtained approximation against the measured data point
is shown in Figure 7b.

The trend of the residual stresses of the sandblasted specimens was found to be in
middle between that found in machined and net-shape specimens. Furthermore, the exper-
imental trend for these specimens was found to be in compression on the surface, followed
by a slight decrease and a pseudo-linear increase in tension at the highest measured depth.
This trend was hence approximated with an initial tensile stable behaviour in compression,
followed by a linear increase in tension until 1 mm depth and a final linear decrease to a
stress value that satisfies the relations in Equation (11). The found approximated function
is showed against the experimental data points in Figure 7c. All the approximated residual
stresses profiles for the three specimens’ families in Figure 7 were found to fit reasonably
well the experimental results, considering their typically high scatter. All the obtained
profiles are self-equilibrated, resulting to be a suitable approximation, to be updated in the
numerical simulations to study the residual stresses evolution during a cyclic loading.

4.2. Numerical Analyses

To reduce the computational time of the cyclic elasto-plastic FE simulations, an ax-
isymmetric model was adopted to investigate the evolution of residual stresses inside the
specimens’ gauge section. Only one half of the specimen was considered, a schematic of
the model respect to the whole specimen’s geometry is shown in Figure 8a, while its main
dimension and the partitions adopted are reported in Figure 8b. The specimens’ gauge
section was simulated in Abaqus CAE/2018, the force and boundary conditions adopted in
the model are reported in Figure 8c, and in addition to that:

• all the lower nodes lying on the x-axis were imposed to have a null displacement
along the y direction, in order to be compliant with the specimen’s symmetry;

• a concentrated force was applied on a reference point which is kinematically coupled
to the top nodes of the model;

• all the rotations and the displacement along the x direction of the reference point were
imposed to be zero.

Linear thetrahedric elements (CAX3) were adopted to mesh the model with a mean
global element’s size of 0.05 mm, for a total of 75,568 nodes and 149,725 elements. A detail
of the FE mesh adopted in the numerical models is reported in Figure 8c. This very high
mesh refinement is needed to get the numerical convergence due to the very steep variation
of the residual stresses along the specimen’s radius. The approximated residual stress
profiles, showed in Figure 7, were updated in the FE model input file through a Python
code which creates different stress fields, each associated with the corresponding node
set and the value of residual stress. The updated residual stress profiles, for the different
specimen’s superficial states considered, at the beginning of the FE simulations are reported
in Figure 9 on the left column. A total of 33 simulations were performed, 11 for each
specimen’s type. In each simulation the maximum alternate force was varied in order to
cover the main part of the stress ranges imposed in the experimental tests, the whole set of
stress ranges considered is summarised in Table 6.
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(a)
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Figure 8. Scheme of the FE model adopted for the simulation of residual stress cyclic relaxation:
(a) axial-symmetric model highlighted in red respect to the whole specimen; (b) main dimension of
the part adopted in the simulation and (c) load, constraints and mean mesh size adopted.

Ten complete fatigue cycles were considered for each simulation at the stress levels
reported in Table 6 that were found to be enough to reach the material cyclic stability. The
resulting residual stress profiles at the end of the 10-th cycle are reported in Figure 9 against
the nominal one for machined, net-shape and sandblasted specimens, Figure 9a, Figure 9b
and Figure 9c respectively. For the sake of consistency among the residual stress profiles
considered, the stress range corresponding to each curve in Figure 9 was normalized by the
fatigue strength of the corresponding specimen’s series (see Table 2).

Table 6. Summary of the stress ranges adopted for the FE simulations.

Level ∆σmachined [MPa] ∆σnet-shape [MPa] ∆σsandblasted [MPa]

1 150 80 150
2 170 105 170
3 190 130 190
4 210 155 210
5 230 180 230
6 250 205 250
7 270 230 270
8 290 255 290
9 310 280 310
10 330 305 330
11 350 330 350

The compressive initial part of the machined specimens’ residual stress profile was
found to slightly relax respect to the nominal values at the fatigue limit (∆σ/∆Slim ∼ 1),
while a strong relaxation resulted for high stress ranges, Figure 9a.

For the net-shape specimens, the residual stress profile at the end of the numerical
simulation, Figure 9b, at the fatigue limit was found to mainly overlap with the nominal
one, and hence, without any particular relaxation. Residual stress measurements onto a
net-shape specimen tests at ∆σ = 130 MPa for 200,000 cycles (i.e., approximately the fatigue
mid-life) have confirmed this numerical prediction. On the other hand, for higher stress
ranges simulations predict that the residual stress profile should relax due to because local
stresses exceed the material’s yield strength as highlighted in [18].

A slight relaxation, with respect to the nominal residual stress profile, happened in
sandblasted specimens even near the fatigue limit (Figure 9c), with a redistribution of both
the tensile and compressive parts along the specimen’s radius. By applying a higher stress
range, the residual stress profile resulted to be almost completely relaxed, as in the case of
net-shape specimens.
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(a)

(b)

(c)

300 µm

300 µm

300 µm

Figure 9. Numerical results of the simulated residual stresses relaxation for the three considered
superficial states: (a) results of the machined specimens; (b) results of the net-shape specimens and
(c) results of the sandblasted specimens. On the right the residual stresses contours at the beginning
of the simulations are reported, on the left their evolution at different stress ranges.

5. Fatigue Model

In the previous sections it was highlighted that the fatigue performances of the
AlSi10Mg are mainly governed by two factors, that are both strongly related with the
superficial state considered:

1. the manufacturing defects, namely internal or superficial;
2. the presence of residual stresses, mainly compressive and tensile for machined and

net-shape specimens respectively, and a mix of compressive and tensile for the
sandblasted ones.

In recent published works [9,13,18], it was shown how to take into account the presence
of both residual stresses and manufacturing defects in the fatigue assessment of AMed
parts. A similar approach was considered here to estimate the fatigue performance in
both limit and finite life regimes of the tested specimens. In addition, the effect of the
residual stress relaxation due to the applied fatigue cycle, which was numerically assessed
in Section 4.2, was incorporated in state-of-the-art defect-tolerant fatigue models.
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5.1. Fatigue Strength

One of the most used fatigue strength model able to take into account the presence
of manufacturing defects is the Kitagawa-Takahashi diagram. This diagram, built with
the model proposed by El Haddad [17] to take into account the effect of short cracks, has
been extensively demonstrated to explain fairly well the fatigue results of AMed materials
containing defects [7,8,19,54,55]. According to this model, the stress intensity factor (SIF)
threshold for a general irregular crack can be estimated through Equation (12):

∆Kth = ∆Kth,lc ·

√ √
area√

area0 +
√

area
(12)

where ∆Kth,lc is the long crack fatigue threshold and
√

area0 is the El-Haddad parameter.
This value represents the dimension of the defect that separates the long crack regime from
the short crack one and can be computed with Equation (13).

√
area0 =

1
π
·
(

∆Kth,lc

Y · ∆σw0

)2
(13)

In Equation (13) Y is the Murakami’s boundary correction factor, that results Y = 0.65
for superficial defects and Y = 0.50 for the internal ones. ∆σw0 is the fatigue limit for the
defect-free material, that for fully reversed loading condition (stress ratio R = −1.0) can
be estimated as the 0.05% of the plastic cyclic strain of the material [56]. Considering the
cyclic parameters in Table 4, it can be computed as reported in Equation (14).

∆σw0 = 2 · K′ · (0.0005)n′ = 315.8 MPa (14)

The parameters required for the construction of the Kitagawa diagram are strongly
dependent on the stress ratio at which the material is cycling, hence, they are influenced by
the presence of residual stresses. This can be taken into account by adopting a NASGRO
long crack threshold curve for the estimation of ∆Kth,lc, and a Goodman model for the
estimation of ∆σw0. Additional details about the adopted models and the AlSi10Mg
material parameters are reported elsewhere [13,18].

The experimental results are compared with the estimated Kitagawa curves in terms of
SIF range in Figure 10, where the solid black lines are the Kitagawa curves computed con-
sidering the nominal load ratio RL = −1.0. Two curves were computed for the sandblasted
specimens, one for the superficial defects and another for internal ones (Figure 10c and
Figure 10d respectively). The effective stress ratio can be computed considering the fatigue
limit experimentally obtained (Table 2) and the value of residual stresses at a mean defect
position in the specimen’s depth, depending on the specimens’ series considered. Two
residual stress profile were considered: (a) the nominal one fitted with the experimental
data and (b) the relaxed one coming from FE elasto-plastic cyclic simulations. The dashed
curves with the ‘x’ marker are the Kitagawa curves considering the nominal residual stress
profiles, while solid curves are computed from the relaxed profile from FE.

The differences between the effective curves obtained for machined, net-shape and
sand blasted superficial defects with the nominal and the relaxed residual stress profiles
are negligible. This is in line with the FE results in which a slight residual stress relaxation
happened on the external surface of all the specimens tested near the fatigue limit. For
the internal defects in sandblasted specimens, the two effective curves are, instead, very
different. Furthermore, a strong underestimation of the crack threshold was obtained
considering the nominal residual stress profile, while a satisfactory agreement with the
experimental results was obtained considering the relaxed FE profile, Figure 10d. This
happened because all the internal defects are located at about 577 µm depth from the
surface, where the residual stresses undergo in a redistribution due to the cyclic load as
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clearly shown by Figure 9c. Hence, at the end of the fatigue cycle the initial tensile part,
results to be partially in compression, even near the specimen’s fatigue limit.

(a) (b)

(c) (d)

Figure 10. Kitagawa diagrams for the estimation of the fatigue strength against the experimental
results of the three tested specimens’ series: (a) machined specimens; (b) net-shape specimens;
(c) sandblasted specimens for superficial defects and (d) sandblasted specimens for internal defects.

5.2. Finite Life Prediction

The S-N curves were obtained numerically, by integrating the da/dN NASGRO-type
expression [57], Equation (15):

da
dN

= C ·
[(

1− fN

1− Reff

)
· ∆K

]n
·
(

1− ∆Kth
∆K

)p

∆Kth = ∆Kth,lc ·
√

a
a0 + a

(15)

where ∆K is the SIF range, Reff is the effective stress ratio depending on the residual stress
field and the applied load, fN is the Newman’s crack opening function [58], a is the crack
length and a0 is the El-Haddad parameter reported in Equation (13) considering the crack
length instead of the square root area. C, n and p are the best fitting parameters obtained
from experimental fatigue crack growth (FCG) curves, which can be found in [13].

The physical domain in which the crack propagates was approximated as a simple
square with the same dimensions of the specimen’s gauge section, which is a general ac-
cepted hypothesis that is also employed in commercial FCG software [59]. This hypothesis
allows to calculate the SIF-range, for different applied loads and crack sizes, using the
formulation proposed by Newman and Radju [60] for semi-elliptical superficial cracks
propagating in finite plates. The presence of residual stresses, irrespective if they are
compressive or tensile, modifies the crack opening and closure point during the propaga-
tion [61]. Furthermore, they modify the effective stress ratio during a fatigue cycle. The
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effective stress ratio Reff changes during the crack propagation, and can be computed as
reported in Equation (16):

Reff(a, c) =
Kmin(a, c) + KRS(a, c)
Kmax(a, c) + KRS(a, c)

(16)

where Kmin(a, c) and Kmax(a, c) are the minimum and maximum SIF reached during the
fatigue loading, respectively, which were computed with the Newman-Radju model [60];
KRS(a, c) is the SIF due to the residual stress field in which the crack propagates. A suitable
approach to compute the SIF for a crack propagating inside a general residual stress field
is to use the weight function method. One of the most used weight function formulation
is the one proposed by Wang and Lambert [62,63], for semi-elliptical superficial cracks
propagating in a finite plate; this formulation was adopted in this work to estimate the SIF
due to the residual stress field.

The initial crack sizes adopted at the beginning of the crack propagation were obtained
from the defect LEVD fitted in Section 3.4, while a mean size of the crack aspect ratio
AR = a/c was computed from the analysis of the defects at the fracture origin of the tested
specimens. Since the main part of the cracks started from the external specimen’s surface,
the FCG simulations were all performed under the hypothesis of superficial semi-elliptical
cracks. Once fixed the crack’s aspect ratio AR, the initial crack depth ai and semi-superficial
initial crack length ci can be easily computed from the 50% percentile of the fitted LEVD,
Equation (17).

ai =

√
2 · AR

π
·
√

area50%

ci =
ai

AR

(17)

The values considered for the FCG simulations for the different specimen’s families
are summarized in Table 7.

Table 7. Defect parameters adopted for the FCG simulations supposing an initial semi-elliptical crack.

Type
√

area50% [µm] a/c ai [µm] ci [µm]

M 114.2 1.000 91.1 91.1
NS 110.8 0.25 44.2 176.8

SAB 128.8 0.25 51.4 205.5

The failure condition that determines the end of the crack propagation was supposed
to be when the crack reached a final crack depth of af = 5.0 mm, i.e., a half of the specimens’
gauge section. Three different scenarios were considered for the FCG simulations:

• absence of residual stresses, which corresponds to the condition Reff = RL = −1.0;
• presence of residual stresses considering the nominal profiles fitted in Section 4.1;
• presence of residual stresses by using the values coming from the FE relaxation

analyses, discussed in Section 4.2. A linear interpolation of the profiles was adopted
for the values of stress range ∆σ outside the ones used in the FE simulations and
reported in Table 6.

The obtained numerical curves are showed against the experimental results of ma-
chined, net-shape and sandblasted in Figure 11a, Figure 11b and Figure 11c respectively.
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Figure 11. Fatigue life prediction for the different specimen’s types against the experimental data-
points: (a) S-N curves obtained for machined specimens; (b) S-N curves obtained for net-shape
specimens and (c) S-N curves obtained for sandblasted specimens. For each series the 50% percentile
of the defect was adopted, with a different aspect ratio a/c peculiar of the surface state.
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It is clear from the analysis of the results in Figure 11 that the presence of residual
stresses has to be taken into account for a reliable estimation of the fatigue life. The scenario
in which the residual stress field is neglected showed an underestimation (conservative)
of the fatigue life respect to the experimental results for both machined and sandblasted
specimens, while a strong overestimation (non conservative) resulted for the net-shape
specimens. This is particularly evident in the fatigue limit regions for all the tested speci-
mens. The scenario considering the nominal residual stress profile showed a satisfactory
estimations of the fatigue life, with a loss of accuracy at the higher stress ranges. This can be
ascribed to a relaxation of the residual stresses for high stress rages, as extensively discussed
in Section 4.2. The best estimation of the fatigue life was, as expected, obtained considering
the relaxation of the residual stresses coming from the numerical FE simulations.

6. Conclusions

The effect of residual stresses coming from different superficial states of the tested
specimens was taken into account to evaluate the fatigue performances of AlSi10Mg alloy
manufactured by L-PBF with three different surface finish conditions. A comprehensive
numerical analysis, considering the elasto-plastic material behaviour, was performed to
investigate the evolution of the residual stresses during a fatigue cycle and its implications
in fatigue estimations. The obtained results end up to the following conclusions:

1. the different superficial states, namely machined, net-shape and sandblasted, consid-
ered in this work are characterized by significant differences in fatigue strength;

2. each specimen’s series had a residual stress profile, due to manufacturing cycle, that
strongly influences the fatigue behaviour;

3. a cyclic fatigue loading, even if it guarantees a global elastic behaviour of the speci-
mens, can modify the residual stress profile. This phenomenon was investigated with
a series of numerical elasto-plastic simulations;

4. accurate fatigue performances estimations were obtained by considering the real
residual stresses profile from the numerical simulations of the three specimen’s series
and crack propagation models including short-crack and R-ratio effects;

5. the developed methodology to investigate the prospective relaxation of residual
stress profiles of the fatigue specimens printed out of AlSi10Mg material seems to be
promising for estimating the fatigue performances of AMed parts and components.
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Nomenclature and Abbreviations

Nomenclature
a Crack size
A, B Parameters of the S-N curves
αk k-th back stress of the Chaboche cyclic plasticity model
c Semi-superficial crack length
C, n, p Best fitted parameters of the NASGRO crack growth curve
Ck, γk k-th Chaboche cyclic plasticity model’s parameter
∆σ Applied stress range
∆Slim Fatigue stress range limit
∆K SIF range
∆Kth SIF range threshold
Estab Stabilized cyclic Young’s modulus
εa Alternate total strain
εa,el, εa,pl Elastic and plastic alternate strains respectively
fN Newman’s crack opening function
K′, n′ Hardening coefficient and exponent of the Ramberg-Osgood cyclic curve
Kmin, Kmax Maximum and minimum SIFs respectively reached during a fatigue cycle
KRS SIF due to the residual stress field
N f Number of cycles to failure
Reff Effective stress ratio due to the residual stress field
Rε Strain ratio
RL Global load ratio
σa Alternate stress
σRS

xx Tangential residual stress
σRS

zz Axial residual stress
t Depth of the superficial feature
w Total length of the superficial feature
Y Murakami’s boundary correction factor
Abbreviations
AM Additive manufacturing
AMed Additive manufactured
AR Crack aspect ratio
AST American Stress Technology
ASTM American Society for Testing Materials
FCG Fatigue crack growth
FE Finite element
HCF High cycle fatigue
L-PBF Laser powder bed fusion
LEVD Largest extreme value distribution
SEM Scanning electron microscope/microscopy
SIF Stress intensity factor
SLM Selective laser melting
S-N Stress range over the number of cycles to failure curve
SPP Spherical powder particles
XRD X-ray diffraction measurements method

Appendix A. XRD Measurements of Residual Stresses

Hereafter are reported the residual stresses and the Full Width at Half Maximum
(FWHM) with the related deviations, measured along the longitudinal (Θ = 0◦) and
transversal (Θ = 90◦) directions of the sandblasted specimens. Letters A and B refer to two
analysed generatrices spaced out of 180◦.
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Table A1. Measured residual stresses on sandblasted samples SAB-1 and SAB-32.

Θ = 0◦ Θ = 90◦

Position Depth
[µm]

Stress
[MPa]

Deviation
[MPa]

FWHM
[◦]

Deviation
[◦]

Stress
[MPa]

Deviation
[MPa]

FWHM
[◦]

Deviation
[◦]

Specimen SAB-1

A 0.0 −69.0 4.5 0.74 0.12 −66.4 4.3 1.68 0.08
A 44.3 −67.4 7.2 1.57 0.08 −54.2 3.2 1.57 0.10
A 105.2 −103.1 15.0 1.50 0.08 −87.5 12.3 1.47 0.11
A 192.9 −134.3 23.6 1.45 0.08 −95.5 12.3 1.41 0.09
A 303.6 −21.4 8.1 1.42 0.13 −40.2 11.0 1.40 0.19
A 400.6 71.9 7.9 1.44 0.11 55.3 6.8 1.53 0.23
B 0.0 −71.3 4.5 1.74 0.10 −70.0 4.2 1.69 0.07
B 56.0 −73.9 8.6 1.56 0.08 −79.6 5.9 1.53 0.08
B 109.6 −93.9 15.9 1.50 0.11 −114.6 9.6 1.41 0.06
B 202.6 −92.2 12.1 1.42 0.12 −125.8 10.2 1.32 0.08
B 304.0 18.3 13.0 1.44 0.14 −6.2 10.6 1.40 0.12
B 403.2 129.2 5.2 1.43 0.11 55.7 8.7 1.50 0.17

Specimen SAB-32

A 0.0 −70.0 2.4 1.62 0.10 −65.7 3.9 1.57 0.08
A 44.0 −77.3 13.3 1.41 0.13 −69.1 4.9 1.49 0.06
A 104.0 −119.1 9.5 1.34 0.14 −107.7 8.8 1.38 0.08
A 155.0 −105.8 17.2 1.35 0.07 −103.1 8.9 1.31 0.07
A 207.0 −77.2 14.9 1.35 0.10 −81.9 8.7 1.31 0.06
A 311.0 52.4 7.3 1.35 0.13 1.4 9.2 1.35 0.13
A 410.0 78.2 11.8 1.37 0.13 40.2 8.8 1.39 0.18
B 0.0 −71.2 2.6 1.65 0.10 −73.5 3.0 1.60 0.08
B 54.0 −92.8 7.3 1.47 0.06 −92.7 3.1 1.46 0.06
B 99.0 −103.8 14.3 1.44 0.09 −103.6 6.8 1.38 0.06
B 152.0 −75.8 14.8 1.38 0.11 −91.2 10.1 1.32 0.08
B 198.0 −22.1 10.5 1.36 0.11 −95.0 11.1 1.31 0.06
B 307.0 61.2 8.9 1.37 0.12 24.7 7.0 1.36 0.12
B 412.0 117.2 5.4 1.39 0.12 45.4 8.5 1.43 0.17
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