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Abstract

The high cycle fatigue behaviour of additively manufactured AlSi10Mg is

evaluated using ultrasonic fatigue as a means to accelerate fatigue testing.

Build parameters during the additive manufacturing process are varied, and

their effect on defect type, size, and distribution is determined. These defects

are further found to influence fatigue behaviour, which is analysed using a

Murakami
ffiffiffiffiffiffiffiffiffiffi
area

p
model. Finally, the ultrasonic fatigue test results are

interpreted in the context of applied stress intensity factor and an optimized

fatigue limit fit. Two different kinds of physical behaviour, representing

Murakami dependence and a long crack regime, are found to better correlate

the fatigue life behaviour than the Murakami model alone. With this informa-

tion, we can tailor defect size, type and distribution, within the context of an

optimized processing route, to obtain necessary high cycle fatigue properties.
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1 | INTRODUCTION

Additive manufacturing (AM) is an attractive technology
as it allows for the production of metallic components
with relatively complex geometries that can be used in a
wide array of applications. AM can achieve high resolu-
tion and accuracy of component dimensions with mini-
mal loss of base material. Direct metal laser sintering
(DMLS) is one kind of powder bed-based AM process
that can create metal components by selectively melting
powder in a sequential series of layers to fabricate a com-
ponent according to dimensions specified by slices of a
three-dimensional computer-aided design (CAD) model.1

Many different classes of alloy have been produced via
DMLS, including Ni-based,2 Ti-based3,4 and Al-based
alloys.5 Additively manufactured components can have
complicated geometries that can be impossible or

prohibitively expensive to manufacture using more tradi-
tional methods.

Aluminium-silicon alloys are recognized for their
corrosion resistance, weldability and castability and rep-
resent approximately 80% of the aluminium casting
alloys in use today.6 In addition, their mechanical prop-
erties, high heat conductivity, and low weight make
these alloys attractive candidates for automotive and
aerospace applications.7 The binary Al-Si system is
eutectic with approximately 12 wt.% Si at 577 �C.8

AlSi10Mg is a traditional cast alloy that is near this
eutectic and is often used in AM processes due to its
good mechanical properties and weldability.5

DMLS parameters have been investigated in order
to optimize microstructure and properties in AM
AlSi10Mg. DMLS parameters such as beam power and
velocity have an influence on the size, type and
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distribution of defects in the manufactured component.
This in turn influences the static and dynamic mechan-
ical properties of the part. Initial studies focused heavily
on the effect of the build parameters on microstructure
and porosity on fatigue properties in AM AlSi10Mg. It
was shown via single track experiments that a build
parameter zone exists between two linear boundaries in
power–velocity space that results in an optimized den-
sity.9 It was further demonstrated that the porosity of
DMLS-processed AlSi10Mg components is largely
governed by the energy density of the laser beam and
the hatch spacing used.10,11 This porosity that arises
from manufacturing is a critical variable in determining
fatigue performance in an AM material and can never
be fully eliminated despite changing processing condi-
tions and DMLS parameters. Fatigue life depends sensi-
tively on the size and location of the largest of the
defects in the population of defects introduced during
processing because fatal cracks most often initiate at
defects. It is generally accepted that in the presence of
defects, fatigue lifetime is consumed by crack growth
and crack initiation life is negligible. This is consistent
with many observations that surface or near-surface
defects for equivalent sizes are the most detrimental to
fatigue performance.12,13 Dependence on defect size and
location also explains the observed variation in fatigue
lifetime, which can be as large as 50%.14

When porosity is minimized, the very fine micro-
structure and distribution of the Si phase in DMLS
AlSi10Mg results in hardness, UTS, and elongation
properties that are comparable or superior to conven-
tionally cast AlSi10Mg. Mechanical properties can be
enhanced via additional heat treatments that result in
the precipitation of a MgSi2 phase which significantly
strengthens the matrix.15 It has been shown that
AlSi10Mg very high cycle fatigue properties have a
strong dependence on the applied heat treatment rela-
tive to other build parameters.16

Ultrasonic fatigue (USF) testing is a technique that
cycles a specimen at very high frequency via reso-
nance, allowing long lifetimes to be reached in a frac-
tion of the time it would take with conventional
fatigue testing.17 This technique, which has been devel-
oped for several decades, has been extended to encom-
pass many different testing conditions and has been
explicitly used to measure the fatigue properties of
DMLS AlSi10Mg.18

In the present study, a demonstration of the effect
that processing parameters have on defect size and distri-
bution within AM AlSi10Mg alloys is sought. It is further
shown how the size and type of critical defects present
have influence on the overall USF performance of these
alloys at very long lifetimes.

2 | METHODOLOGY AND DESIGN
OF EXPERIMENT

DMLS AlSi10Mg parts were fabricated on a EOS M290
machine in an argon atmosphere. The EOS machine is
equipped with a laser of variable power. Powder particles
were sieved and had the composition shown in Table 1.

A wide range of build parameters were investigated in
order to determine their effect on the critical defects pre-
sent and USF performance. A summary of these build
parameter permutations is shown in Table 2. Multiple
specimens were machined for each set of build conditions.
Nonvertical build orientations are taken as relative to the
build plane in degrees; 16 mm diameter bars were grown
using these build parameters via the DMLS technique.

Build parameters were chosen in some instances to
allow direct comparisons between different build sets in
order to isolate the effect of particular variables. For exam-
ple, comparing the builds in the 102-2 (102-3) and 107-2
(107-3) series allows for investigation of the effect of layer
thickness. Alternatively, more advanced statistical
methods can be employed in order to investigate the com-
bined effect of several build parameters simultaneously.

USF testing equipment used in this study requires the
specimen to be designed to resonate at 20 kHz. Specimen
dimensions were optimized using a calculation in which
the general wave equation was numerically solved by the
Newton–Raphson method.19 USF specimens with a gage
section of 5 mm in diameter and 20 mm in length were
machined from the as-built cylindrical bars along the ver-
tical build orientation (z) or 60 and 45� relative to the
build plane. Specimens were low-stress ground in the
final machining step to minimize residual stresses. No
heat treatment was performed prior to testing, leaving
the microstructure in the as-built condition. All surface
conditions were machined, but no additional polishing
was conducted.

Following the USF testing, fractography by scanning
electron microscopy (SEM) was used to identify crack

TABLE 1 Chemical composition of AlSi10Mg powder

Al Si Cu Mn Mg Zn Fe

wt.% Balance 9–11 <0.05 <0.45 0.45–0.6 <0.1 <0.55
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initiation sites. A Tescan Mira-3 scanning electron micro-
scope was used for this characterization. The type, size
and location of critical defects that initiated fatigue fail-
ure were identified and measured. In order to estimate
the effect of surface and near surface defects which serve
as crack initiation sites, the effective size of those defects
was defined by the square root of the effective areaffiffiffiffiffiffiffiffiffiffi
area

p
, following the method of Murakami et al.20,21 This

effective area depends on the different configurations of
initiating defects (shape and location relative to the sam-
ple surface), making it larger than the physical projected
area of the initiating defect itself. Mechanical properties
of specimens in the as-built condition were evaluated by
Vickers microhardness. Hardness measurements were
obtained on metallographic cross-sections perpendicular
to the fatigue specimen axis using a load of 300 g and
dwell time of 15 s. Ten hardness measurements were
made for each specimen and an average hardness value
was calculated.

3 | RESULTS

3.1 | 100 versus 136 series

Taken together, the tests conducted on the 100 and
136 series consider mainly the effect of power and orien-
tation on defects and fatigue behaviour. In Figure 1, the
build conditions of these two series are plotted in power–
velocity space following the approach established in
Kempen et al.9

Six distinct power/velocity combinations were tested
in the 100 and 136 series combined. In Figure 1, the
dashed lines represent bounds of a previously established
process window for AlSi10Mg. It is expected from past
work that going to higher velocities outside this window
will yield lack of fusion defects whereas lower velocities
will yield keyhole defects. It is useful to collapse the other
build parameter variables into this space because it
allows for the relatively simple identification of

TABLE 2 Build parameters tested

Specimen ID Power (W) Velocity (mm s−1) Layer thickness (μm) Hatch spacing (mm) Orientation

100-1 220 1000 30 0.16 z

100-2 260 1000 30 0.16 z

100-3 360 1200 30 0.16 z

100-4 340 1000 30 0.16 z

100-5 220 1000 30 0.16 −60

100-6 220 1000 30 0.16 −45

100-7 340 1000 30 0.16 −60

100-8 340 1000 30 0.16 −45

102-1 340 1000 30 0.19 z

102-2 250 600 30 0.19 z

102-3 310 800 30 0.19 z

102-4 250 1400 30 0.19 z

107-1 370 1300 60 0.19 z

107-2 250 600 60 0.19 z

107-3 310 800 60 0.19 z

107-4 340 1100 60 0.19 z

136-1 220 1000 30 0.16 z

136-2 260 1000 30 0.16 z

136-3 360 1200 30 0.16 z

136-4 340 1000 30 0.16 z

136-5 220 1000 30 0.16 −60

136-6 220 1000 30 0.16 −45

136-7 340 1000 30 0.16 −60

136-8 340 1000 30 0.16 −45

136-9 370 1000 30 0.19 z

136-10 250 1600 30 0.19 z
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power/velocity combinations in which a given kind of
defect is responsible for fatigue failure during USF test-
ing. The defects that cause this failure will be termed
‘killer’ defects. In this work, all the killer defects in Condi-
tions 2, 3 and 5 were lack of fusion whereas at least some
of the killer defects in Conditions 1, 4 and 6 were of the
keyhole type. This is intuitive as employing a higher
velocity during DMLS makes it relatively more difficult for
powder to fuse, resulting in lack of fusion defects.
Representative micrographs contrasting the lack of fusion-
and keyhole-type killer defects are shown in Figure 2.

The distribution of initiating defect sizes for each P–V
condition can be represented as a cumulative distribution
function (CDF), as shown in Figure 3. The CDF can be
defined as

CDF = j∗
100
n+1

ð%Þ, ð1Þ

where j is the relative rank of a defect's size in a given
population and n is the total number of initiating defects
in that population. The CDF value can therefore be reg-
arded as a probability that a killer defect is a given size or
smaller. Plotted in Figure 3 are the CDFs of the

populations labelled 1–6 in Figure 1. Each set of CDF
points in Figure 3 represents a population at a distinct
power–velocity condition.

As can be seen in Figure 3, the lower power condi-
tions produce larger killer defects. These defects were

FIGURE 1 Conditions in the 100 and

136 series plotted in power–velocity space.
Conditions are labelled in order of increasing

power [Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 2 Representative micrographs in

the 136 series detailing (A) a lack of fusion-type

killer defect and (B) a keyhole-type killer defect

FIGURE 3 Cumulative distribution plots for the 1–6 power–
velocity conditions in Figure 1 [Colour figure can be viewed at

wileyonlinelibrary.com]
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also characterized as largely a lack of fusion type and the
distribution in size is relatively large. The higher power
conditions (4–6 in Figure 1) result in smaller defects that
have a significantly narrower size distribution. Some of
the defects in these higher power populations are
keyhole-type defects.

Build orientation was not found to play a significant
role in the fatigue life of this material, as shown in
Figure 4. Likewise, build velocity does not appear to play
a significant role in determining defect size or fatigue
performance for the build parameter sets considered in
the present study. A regression analysis was performed in
which it was found that build orientation and velocity
have a significantly weaker effect on defect size and
fatigue performance than power and layer thickness.

3.2 | 102 versus 107 series

The effect of layer thickness during DMLS on fatigue per-
formance was also considered. To this end, two
populations of specimens, the 102 and 107 series, were
built. The 102 series was fabricated using a 30-μm layer
thickness and the 107 series was fabricated using a 60-μm
layer thickness. Both the 102 and 107 series considered
four different power–velocity conditions each (Table 2),
two of which can be directly compared between the
series. A plot showing the different power–velocity

conditions used in the layer thickness study is shown in
Figure 5.

As before, different killer defect sizes and types at the
different conditions are observed. If the 250W, 600 mm
s−1 condition is considered, the observed killer defects are
almost exclusively of the keyhole type for the 30-μm layer
thickness (102 series). For the 60-μm layer thickness in the
107 series, the defects are entirely lack of fusion defects.
Representative fracture surfaces are shown for the 102 and
107 series in Figure 6, and it is notable that the keyhole
killer defects of the 102 series do not reside on the surface
itself. These defects with the distance from the surface
smaller than their own equivalent diameter are termed
‘near surface’, which are intermediate in character
between surface and interior defects (the distance from
the surface is larger than their own equivalent diameter).

The size and distribution of the observed killer defects
as a function of layer thickness for the 250W, 600 mm
s−1 build condition is shown in Figure 7, which shows
that the smaller 30-μm layer thickness has a significantly
smaller average killer defect size (100 μm) than the
60-μm layer thickness (440 μm) in terms of the square
root of the Murakami effective area (

ffiffiffiffiffiffiffiffiffiffi
area

p
). The distri-

bution of defect sizes is also significantly narrower in the
30-μm layer thickness population than the 60-μm layer
thickness population. The 30-μm layer thickness popula-
tion has a 25-μm standard deviation whereas the 60-μm
layer thickness population has a standard deviation of
117 μm. These trends in killer defect size distribution also
hold for the 310W, 800 mm s−1 build condition, although
the sizes of the defects themselves are smaller.

As before, a CDF can be used to describe the nature
of the killer defects in both the 102 and 107 series in
order to identify relationships between layer thickness

FIGURE 4 Fatigue life as a function of orientation. Parameter

Conditions 1–3 are of different indicated orientations with constant

power = 220W, velocity = 1000 mm s−1, layer thickness = 30 μmand

hatch spacing = 0.16mm. Parameter Conditions 4–6 are of different
indicated orientations with constant power = 340W, velocity = 1000

mm s−1, layer thickness = 30 μmand hatch spacing = 0.16 mm.

Number in legend indicates angle in degree from vertical. Black lines

connect average fatigue life points between the conditions [Colour

figure can be viewed at wileyonlinelibrary.com]

FIGURE 5 P–V conditions for the layer thickness study

encompassing the 102 and 107 series [Colour figure can be viewed

at wileyonlinelibrary.com]
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and defect size, as well as defect size and fatigue behav-
iour. Two such CDF plots for the smaller layer thickness
102 series and larger 107 series layer thickness are shown
in Figure 8. As can be seen in this figure, the 60-μm layer

thickness has both significantly larger killer defects—up
to nearly 700 μm in

ffiffiffiffiffiffiffiffiffiffi
area

p
and a much wider distribution

of sizes than the 30-μm layer thickness specimens. Gener-
ally, the specimens built with greater laser power have
killer defects that are smaller in size and have a narrower
size distribution. This is consistent with the findings in
the 100 and 136 series. Notably, by holding layer thick-
ness constant at 30 μm, power and velocity conditions do
not have a dramatic effect on defect size and distribution,
with the exception of the 250W, 1400mm s−1 condition.
This is mainly due to the formation of lack of fusion
defects during this build condition, which are relatively
larger in size.

These data can be used as before to determine how
these defects affect fatigue behaviour. In Figure 9, a series
of four S–N curves are shown for the 102 and 107 series.
It is clear from this plot that not only does a larger build
layer thickness yield larger defects when other build
parameters are held constant but that these defects, as
expected, have a significant detrimental effect on fatigue
life. A 60-μm layer thickness combined with a 250-W low
power build condition yields poor fatigue performance,
with lifetimes on the order of 106 cycles at stress ampli-
tudes between 60 and 70MPa. The CDF plots can be used

FIGURE 7 Distribution of killer defect sizes in the 30- and

60-μm layer thickness ultrasonic fatigue (USF) specimens for the

250W, 600 mm s−1 build condition [Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 6 Representative micrographs for

(A) the 30-μm layer thickness 102 series

showing a keyhole defect and (B) the 60-μm
layer thickness 107 series showing a lack of

fusion defect

FIGURE 8 Cumulative distribution functions for the (A) 30-μm layer thickness 102 series and (B) 60-μm layer thickness 107 series

[Colour figure can be viewed at wileyonlinelibrary.com]
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to qualitatively compare fatigue performance, as, for the
four build conditions in Figure 9, better fatigue perfor-
mance is correlated with a narrow distribution of smaller
defects that lie farther to the left in each plot of Figure 8.
There is also evidence that, for the larger layer thickness,
there is significantly more dependence on P–V condition
in regard to defect size.

4 | DISCUSSION

4.1 | Analysis based on Murakami's
equation

By controlling the size of defects through defect tolerant
fatigue design within a component, it is possible to
improve fatigue strength. This defect tolerant fatigue
approach assumes that defects can be effectively treated
as cracks. Murakami has demonstrated that small, non-
propagating cracks are always found at the tips of defects
and that the fatigue limit, σw, can be described as a

threshold stress level at which these cracks will not prop-
agate. The maximum value of the cyclic stress intensity
factor (SIF) of a surface/near surface defect with a small
edge crack is described by Murakami as

ΔK =0:65Δσ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
π

ffiffiffiffiffiffiffiffiffiffi
area

pq
: ð2Þ

In this equation, ΔK is the SIF, Δσ is the applied
stress range and

ffiffiffiffiffiffiffiffiffiffi
area

p
is the square root of the effective

Murakami area parameter.21 Below a certain size, the
threshold SIF ΔKth below which a crack will not propa-
gate is determined by two parameters,

ffiffiffiffiffiffiffiffiffiffi
area

p
and the

Vickers hardness HV. If
ffiffiffiffiffiffiffiffiffiffi
area

p
is in microns and the HV

is in kgf mm−2, then ΔKth in MPa
ffiffiffiffi
m

p
for a surface defect

is given by

ΔKth =3:3∗10−3ðHV +120Þ ffiffiffiffiffiffiffiffiffiffi
area

p� �1=3
: ð3Þ

This analysis based on Murakami's equation is valid
only for defects in a certain size range. There exist upper
and lower bounds, beyond which the

ffiffiffiffiffiffiffiffiffiffi
area

p
model is no

longer applicable, that have been well characterized in
steel.22-24 Above the upper bound in the long crack
regime, the threshold SIF ΔKth is invariant with defect
size. The upper bound transition in steels, above which a
long crack regime takes hold, is found to occur at a
smaller

ffiffiffiffiffiffiffiffiffiffi
area

p
with increasing hardness. This is likely

due to ΔKth for long cracks in hard steels being lower
than for soft steels because of a decreased crack closure
effect.24 As the AM AlSi10Mg considered in this work
has a comparatively lower yield strength than steels, it is
expected that the crack closure effect will be more pro-
nounced, and therefore, the transition to a long crack
regime will occur at relatively larger defect sizes.

A plot showing ΔK and ΔKth as a function offfiffiffiffiffiffiffiffiffiffi
area

p
is shown in Figure 10. In this plot, the ΔK values

for killer surface defects from this work are shown as
blue circles, calculated according to Equation (2). These

FIGURE 9 S–N data points for the 102 and 107 series [Colour

figure can be viewed at wileyonlinelibrary.com]

FIGURE 10 ΔK as a function of
ffiffiffiffiffiffiffiffiffiffi
area

p 33

[Colour figure can be viewed at

wileyonlinelibrary.com]
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points represent the value of the applied SIF for a given
test, calculated from the defect size revealed by
fractography. The green triangles represent the ΔKth

points compiled from many sources in the literature25-32

by Beretta and Romano33 for additively manufactured
and cast AlSi10Mg.

As the blue points represent an applied ΔK rather
than a threshold ΔKth, it is not surprising that these
points lie above the threshold values found in the litera-
ture. However, it should be noted that many of these tests
proceeded from run-outs at lower stresses close to the
failure stress, suggesting that the applied ΔK should be
relatively close in value to ΔKth. This is apparent in
Figure 10. It is also illustrative to compare the slopes of
the different datasets in this plot. Based on the work of
Murakami, it is expected that

ΔKth =C
ffiffiffiffiffiffiffiffiffiffi
area

p� �1=n
, ð4Þ

where C and n are constants and n ≈ 3 within the
Murakami regime. For the green triangles representing
the accumulated work in the literature on AlSi10Mg, the
slope of these points is approximately 0.4, resulting in an
n value of 2.5 in Equation (4). It is important to note that
these points represent a wide variety of build parameters,
heat treatments and post-processing conditions. There-
fore, one should exercise some caution in fitting a
trendline through these points. In contrast, the blue cir-
cles representing the ΔK values in Figure 10 from the
present study do not vary in heat treatment or in post-
processing condition. It is apparent from the plot that the
slope of the line through the 1xx series points is less steep
than what was found in aggregating the points from the
literature. The slope through these points is 0.28, yielding
an n value of 3.5 for the AlSi10Mg specimens containing
surface defects in this work. In Equation (4), it is expected
that n=3 in the Murakami regime for predicting the
ΔKth. The literature data used here and the data from the
present work lie on either side of that value but do not
differ significantly. It is therefore reasonable to conclude
from Figure 10 that Equation (3) is valid for defects
of intermediate size in AM AlSi10Mg (100–1000 μm
in

ffiffiffiffiffiffiffiffiffiffi
area

p
).

As the size of defects increases further, it is expected
that there will eventually be a transition to a long crack
regime, as has been observed in other materials.24 In this
regime, the slope of the ΔKth versus

ffiffiffiffiffiffiffiffiffiffi
area

p
line will flat-

ten and n will approach infinity. The data points col-
lected in the present study may start to approach this
regime, as the 3.5 n value is larger than what would be
predicted from a pure analysis based on Murakami's
equations. This initial analysis suggests that treating
these data with a long crack model is not a valid

framework for fatigue analysis in AM AlSi10Mg and
using the Murakami approach is better. Only at very
large defect sizes more than 1 mm in

ffiffiffiffiffiffiffiffiffiffi
area

p
is it expected

to observe this transition, but this remains to be experi-
mentally determined. As mentioned previously, this rela-
tively large transition defect size may be due in part to
the low hardness of this material.

If Equations (2) and (3) are combined and the cyclic
stress range Δσ is taken as 2σw, an expression for the
fatigue limit σw can be determined:

σw =
1:43ðHV +120Þffiffiffiffiffiffiffiffiffiffi

area
pð Þ1=6

: ð5Þ

Note that this equation is valid only for surface cracks
and there is a different prefactor if interior cracks are
considered. Although this equation has most commonly
been used to predict the fatigue limit in steels, there
exists past work in which this equation has been
extended to aluminium. Murakami proposes an
unmodified version of Equation (5) and successfully
applies it to a 2017-T4 alloy.21 Recently, more extensive
work has shown that a modified version of this equation
can be used to determine fatigue limits for cast alumin-
ium alloy A356, in which the 120 value is changed to
75.34 The dependencies of Equation (5) are therefore
valid, but the exact values are subject to modification, for
aluminium alloys. Like ΔKth, the fatigue limit σw in MPa
is also determined by two parameters, the Vickers hard-
ness in kgf mm−2 and

ffiffiffiffiffiffiffiffiffiffi
area

p
in μm. Above this size, in

the long-crack regime, an invariant ΔKth can be assumed
and a long crack regime can be used to determine fatigue
behaviour. Below this limit, ΔKth varies with defect size
due to reduced crack closure effects resulting from the
limited wake of these small cracks. Equation (3)
can be rearranged to find the point at which this
transition occurs:

ffiffiffiffiffiffiffiffiffiffi
area

p
trans =

ΔKth,lc

3:3∗10−3ðHV +120Þ
� �3

: ð6Þ

The value of this transition size in μm is therefore
dependent on the long crack threshold SIF, ΔKth, lc in
MPa

ffiffiffiffi
m

p
, which is a constant material property, and the

Vickers hardness, HV in kgf mm−2. Immediately below
this transition size, the fatigue limit can be determined
from the Murakami-based Equation (5). Immediately
above this transition size, the fatigue limit stress ampli-
tude in the presence of large defects, σw, ld, is determined
according to

302 RHEIN ET AL.



σw,ld =
434∗ΔKth,lcffiffiffiffiffiffiffiffiffiffi

area
pð Þ1=2

: ð7Þ

This expression is generated from Equation (2),
substituting ΔKth, lc for ΔK and 2σw, ld for Δσ. On a double
logarithmic plot, there is therefore a change in slope from
−1/6 to −1/2 at

ffiffiffiffiffiffiffiffiffiffi
area

p
trans . However, dividing the fatigue

strength dependence into two regimes alone is incom-
plete as there is a critical defect size below which defects
can be considered nondetrimental and which is not cap-
tured by Murakami theory. Equation (6) can be modified
to estimate the lower bound of defect size at which the
size-dependent Murakami

ffiffiffiffiffiffiffiffiffiffi
area

p
parameter is no longer

a valid means of calculating the fatigue limit of a mate-
rial.24 This bound in terms of critical size is determined
by the effective threshold SIF range, ΔKeff, th in a similar
fashion to Equation (6):

ffiffiffiffiffiffiffiffiffiffi
area

p
critical =

ΔKef f ,th

3:3∗ 10−3ðHV +120Þ
� �3

: ð8Þ

4.2 | Fatigue limit as a function of
defect size

Although Vickers hardness is easily measured, it is rela-
tively difficult to obtain values for ΔKeff, th experimentally,
especially in aluminium alloys. As such, the endurance
limit of aluminium alloys in the very short crack regime
will not be considered here.

Having established Equation (5) and (7), it is possible
to interpret the data collected in this work in the light of
the two different fatigue limit regimes. The first regime is
a size-dependent regime in which the Murakami model
of nonpropagating cracks dominates. At larger crack
sizes, a long crack regime takes hold and Equation (7)
can be used to calculate the fatigue limit.

The average Vickers hardness measurements for the
different groupings of specimens are shown in Tables 3
and 4.

From Tables 3 and 4, it is found that the average
Vickers hardness across all of the specimens is 130 with a

standard deviation of 7. Therefore, the hardness-
dependent equations above should use a value within
this range in order to determine the bounds of the differ-
ent fatigue limit regimes.

As crack growth was not monitored directly, the exper-
iments conducted in this work did not explicitly obtain a
value for ΔKth, lc. Past work has demonstrated that ΔKth, lc

is approximately 3MPa
ffiffiffiffi
m

p
in cast AlSi11 and ap-

proximately 3.6 MPa
ffiffiffiffi
m

p
in AlSi7Mg at R= −1 .35,36 It

is expected that this will not vary significantly with
differing R ratios and so bounds of 3 and 4MPa

ffiffiffiffi
m

p
were

established for ΔKth, lc in this optimization analysis.
The total data for all the tests that were either run-out to
>107 cycles or tested to failure are shown in Figure 11.
The run-outs are denoted by red circles, and the tests
completed to failure are denoted by green squares. It is
expected that the run-out tests reside beneath the fatigue
limit and that failed tests reside above the fatigue limit.
All run-out tests had their cyclic stress amplitudes
increased such that they eventually failed. Therefore, the
killer defect size of both run-out tests and tests that were
completed to failure can be found.

By dividing the dataset into two distinct regimes
according to Equations (5) and (7), the lines in
Figure 11 can be optimized such that the number of
failed tests above and run-out tests below the fatigue
limit line is maximized. This has been done with an
evolutionary algorithm. Because of the overestimation
of the fatigue limit, a scaling factor was also applied to
the equations governing the three regimes as a part of
this optimization. For each step in the evolutionary
algorithm, this scaling factor and ΔKth, lc were allowed
to vary while all other parameters were held constant
until optimized values were found. The optimal scaling
factor to fit the data to the three regimes described
above is 0.67.

The first regime (Murakami) is where the dependence
of the fatigue limit on defect size begins. In this evolu-
tionary optimization, it is found that this domain of this
regime is relatively small, from 26 to 93 μm in

ffiffiffiffiffiffiffiffiffiffi
area

p
.

This stands in contrast to some past work on lower hard-
ness materials and the ΔKth analysis of Figure 10, in
which this regime extends into the 100s of μm.33 There

TABLE 3 Vickers hardness measurements for 100 and 136 series

100-1 100-2 100-4 136-1 136-2 136-4 136-10

HV 142 136 127 137 134 130 140

TABLE 4 Vickers hardness measurements for 102 and 107 series

102-1 102-2 102-3 102-4 107-1 107-2 107-3 107-4

HV 125 122 122 137 136 130 131 140

RHEIN ET AL. 303



are a few reasons behind this discrepancy. In the
Kitagawa optimization of Figure 11, the run-out data are
included which biases the optimal slope lower, increasing
the domain of the long crack regime and decreasing the
value of

ffiffiffiffiffiffiffiffiffiffi
area

p
trans . It is notable that by fitting this long

crack regime line, the hardness and
ffiffiffiffiffiffiffiffiffiffi
area

p
trans values can

be used to calculate ΔKth, lc according to Equation (6).
For this fit, a ΔKth, lc value of 3.74 MPa

ffiffiffiffi
m

p
is obtained,

which is relatively close to the values obtained in AlSi11
and AlSi7Mg by Stanzl-Tschegg, et al.35,36 Ultimately, this
optimization analysis results in 80% of the data points in
Figure 10 being correctly binned above or below the
fatigue limit. If only the Murakami equation is employed,
the largest this value reaches is 57%, suggesting that a
long crack regime is an appropriate model for defects
with 93 μm in

ffiffiffiffiffiffiffiffiffiffi
area

p
and above.

5 | CONCLUSIONS

The fatigue behaviour of AM AlSi10Mg was investigated
for different build parameter conditions in the context of
a defect-driven Murakami model. It was found that

1. In the 220–370W range, higher laser power decreases
the size of killer defects. These smaller killer defects
in turn affect the fatigue behaviour, significantly
increasing lifetime.

2. Of the build parameters considered, layer thickness
during fabrication is the largest driver of defect size
and distribution. Smaller layer thickness yields
improved fatigue performance at a given stress level.

3. Plotting ΔK as a function of
ffiffiffiffiffiffiffiffiffiffi
area

p
for all killer sur-

face defects observed yields good agreement with data
from the literature and suggests that Equation (4) can
be used to model ΔK.

4. Extending a two-regime model to all data points,
including run-out tests, suggests that a long crack
regime dominates for defects above 93 μm in

ffiffiffiffiffiffiffiffiffiffi
area

p
.
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NOMENCLATUREffiffiffiffiffiffiffiffiffi
area

p
square root of Murakami area parameterffiffiffiffiffiffiffiffiffi

area
p

critical lower bound on defect size in Murakami
regimeffiffiffiffiffiffiffiffiffi

area
p

trans transition defect size between Murakami
and long crack regimes

CDF cumulative distribution function
HV Vickers hardness
j relative defect size rank
ΔK stress intensity factor
ΔKth;eff effective threshold stress intensity factor

range
ΔKth threshold stress intensity factor
ΔKth;lc threshold stress intensity factor in long

crack regime
n total number of initiating defects
Δσ applied stress range
σw fatigue limit
σw;ld fatigue limit in the presence of large defects
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