
Contents lists available at ScienceDirect

International Journal of Fatigue

journal homepage: www.elsevier.com/locate/ijfatigue

Fatigue properties of AlSi10Mg produced by Additive Layer Manufacturing
Julius N. Domfang Ngnekoua,b, Yves Nadota, Gilbert Henaffa, Julien Nicolaia, Wen Hao Kanc,
Julie M. Cairneyc, Lionel Ridoszb
a Institut Pprime, Département de Physique et de Mécanique des Matériaux, ENSMA-CNRS-Université de Poitiers, 1 avenue Clément Ader, Téléport 2, 86960 Chasseneuil-
Futuroscope, France
b Zodiac Aerospace, 61 rue Pierre Curie, 78370 Plaisir, France
cAerospace, Mechanical and Mechatronic Engineering, The University of Sydney, Australia

A R T I C L E I N F O

Keywords:
ALM
AlSi10Mg
Fatigue
Kitagawa
T6

A B S T R A C T

This work shows the impact of microstructure and defect on the fatigue life of an AlSi10Mg manufactured by
Additive Layer Manufacturing (ALM). Samples were manufactured via a laser powder-bed process: two con-
figurations (0° and 90°) are considered in order to evaluate the impact of the building direction on fatigue
properties. 3D X-Ray tomography was used to characterize the defect population. The microstructure was
characterized by considering four parameters: melt-pools, crystallographic grains, dendritic structure and pre-
cipitates. The fatigue properties were determined by establishing S-N curves for machined samples, with and
without T6 heat-treatment, at R=−1 under tensile loading. The size of the defect responsible for the fatigue
failure was determined in each sample so as to establish a relationship between the fatigue limit and the defect
size using Kitagawa-type diagrams. In order to study a broader range of defect size, artificial defects were
introduced using electro-discharge machining. The following observations are made: (i) after heat-treatment, the
boundaries of melt-pools and the dendritic structure are not visible. Si is organized into pure precipitates
homogeneously distributed over space and intermetallic Fe based compounds are observed in the form of
needles; (ii) The impact of building direction on fatigue life is seen only after T6 heat treatment; (iii) An im-
provement of the fatigue resistance is observed after T6, in spite of the presence of intermetallic needles; (iv) The
fatigue limit is controlled by the defect size both before and after T6 heat treatment, and it seems that the
influence of T6 decreases as the defect size increases.

1. Introduction

Additive manufacturing is considered to be a disruptive technology,
offering the possibility of producing topographically optimized parts
with a complex shape [1–6]. It is changing the nature of manufacturing
in fields such as biomaterial, automotive and aeronautical engineering.
In the aeronautical context, the introduction of such an innovative
process would require material qualification in which the control of the
fatigue resistance is crucial [7–9]. It is, therefore necessary to under-
stand the relationship between the microstructure inherited from the
manufacturing process and the fatigue behavior. The impact of the heat
treatment is also important. This information will enable the building
strategy to be optimized to maximize the local fatigue resistance. In this
work, the relationship between microstructure, the defect and the fa-
tigue behavior is addressed for the case of an AlSi10Mg alloy produced
by the Additive Layer Manufacturing (ALM) process.
Many studies on AlSi10Mg alloy have focused on the characteriza-

tion of specimens machined from built parts [10–14], and this has led to

a quantitative description of the microstructure along five characteristic
parameters: (i) the melt-pools, (ii) the dendritic structure, (iii) the
grains, (iv) the precipitation structure and (v) the defect population. It
has been observed that melt-pools, dendritic structure and grains are
strongly anisotropic depending on the building direction [14].
According to Domfang et al. [13], after a T6 heat treatment, the

melt-pool boundaries are no longer visible via optical microscopy
(without etching) due to the reorganization of the Si phase which
provides the surface contrast. Takata et al. [14] observed no influence
of T6 heat treatment on the crystallographic anisotropy. Brandl et al.
[15] demonstrated the impact of microstructure anisotropy, T6 and
platform temperature on fatigue behavior. According to these authors,
the impact of the anisotropy from the sample build orientation on the
fatigue strength is observed when the building platform is maintained
at 30 °C. By coupling a platform temperature of 300 °C and a post-fab-
rication T6 heat treatment, they found no difference between different
growth directions. Maskery et al. [16] evaluated the impact of a T6
heat-treatment on the fatigue performance of samples with an as-built
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manufactured surface and showed that the T6 treatment improved the
fatigue limit. Aboulkhair et al. [17] also showed that the T6 heat
treatment improves the fatigue resistance but only to a small degree. As
the additive manufacturing process involves numerous parameters that
potentially affect the microstructure and the residual stresses, it is im-
portant to bring up the material to a standardized microstructure so
that one material can be compared to another. In that purpose, for
aluminum alloys, the microstructure following a T6 heat treatment can
be considered as a reference for this type of process.
However, only a few studies so far have quantified the specific

impact of defect size on the fatigue limit. Beretta and Romano [18]
recently published a literature survey on this topic, analyzing the im-
pact of defect size on fatigue limit by means of Kitagawa-type diagrams.
The fatigue limit obtained on machined samples fatigued at R=−1
was compared to the one determined for a cast Al-Si alloy with different
Secondary Distance Arms Spacing values (SDAS). It appears that the
ALM material is a little more tolerant to defects than the cast alloy. At
R= 0.1, according to Romano et al. [19], and based on results on
machined surfaces [20,21], the selectively melted AlSi10Mg is as de-
fect-tolerant as the equivalent cast heat-treated alloy. According to
Maskery et al. [16], when ALM samples are tested with an as-built
surface, the relative drop in fatigue resistance could reach 40%.
In this work, the impact of defect size on the fatigue limit is studied

for as-machined samples with and without T6 heat treatment, by de-
coupling the effect of the microstructure anisotropy. The approach

consists of the evaluation of the fatigue resistance of XY and Z ma-
chined samples with or without T6. Firstly, the S-N curves at R=−1
are established, and thereafter the fatigue limit is quantified by a step-
by-step method as a function of defect size. After the identification and
characterization of the critical defect on the fracture surface, the
Kitagawa diagram is plotted and discussed for the materials being
studied.

2. Experimental details

2.1. Material and samples

Specimens were fabricated by the ALM method using a pre-alloyed
powder with an average particle size of 30 µm. Two distinct produc-
tions from two different machines, labeled P1 and P2, are considered in
the present study. The chemical competition used in both P1 and P2
powder are in accordance with the DIN EN 1706:2010 standard.
For the P1 production, the fabrication was operated under deliber-

ately sub-optimal parameters. The layering in such a case is performed
by means of a scraper. All P1 specimens have been machined from XY
bars built on an aluminum platform maintained at 150 °C. In order to
release the stresses induced by the process, one hour post-processing
heat treatment was performed at 210 °C.
For P2 production, the bars were fabricated by operating the ma-

chine under standard optimized parameters. The layering stage of the

Nomenclature

UTS ultimate tensile stress (MPa)
YS yield stress (MPa)
A% elongation to failure (%)
Ra arithmetic roughness (µm)
W mass composition (%)
DAS Dendritic Arm Spacing (µm)
SDAS Secondary Dendritic Arm Spacing (µm)
Α Basquin coefficient
R load ratio

D
ten

1 fatigue limit for alternating tension at R=−1 (MPa)

Nf number of cycle at failure
Basquin slope

n stress amplitude at step n (MPa)
n 1 the stress amplitude at step n−1 (MPa)
max maximum stress in load direction (MPa)

s sphericity factor (between 0 and 1)
A D3 area of the envelope of the defect on the fracture surface

(µm²)
V D3 volume of the defect (µm3)

area defect size defined by Murakami, measured on the fracture
surface (µm)

Fig. 1. (a) Position and orientation on the building platform of bars from which fatigue specimens are machined, (b) Fatigue test specimen geometry, one bar
corresponds to one specimen.
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process is also performed by means of a scraper. P2 bars were built in
two directions, namely XY and Z as defined in Fig. 1a. The platform was
maintained at 200 °C and the recommended two hours stress relaxation
treatment was performed at 300 °C.
The bars built in both P1 and P2 productions suffer from surface

integrity effects such as the roughness and an expected population of
under-layer defects due to edge lasing [22,23]. Thus, for both P1 and P2
productions, the fatigue test specimens were machined (MA) from these
bars in order to avoid the aforementioned process-induced surface ef-
fects. The fatigue test specimen geometry is shown in Fig. 1b. The

samples were tested in the as-machined condition, with no surface
polishing. After machining, some specimens were subjected to a T6 heat
treatment under the conditions listed in Table 2. Table 3 indicates the
different conditions in which the samples where produced and heat-
treated.
In order to characterize the material, cubic samples were removed

from the bars using electric discharge machining (EDM) and polished
along three orthogonal directions using SiC paper (1000, 2000, and
4000 grades) and then with diamond suspensions (3 µm and 1 µm size).
Microstructural characterization of these cubic samples was carried
before and after heat treatment (HT). The surfaces were then observed
using an optical microscope without etching. The chemical composition
and the microstructure of the samples were studied using a JEOL-
7001F-TTLS (with operating voltage of 5–30 kV) high resolution scan-
ning electron microscope (SEM), equipped with secondary and back-
scattered electron detectors and energy dispersive X-ray spectrometer
(EDS). So, the composition of the specimen at the surface was quanti-
fied using EDS. As reported in Table 1, the composition determined is in
accordance with the DIN EN 1706:2010 standard. Using EDS technique,
the non-detection of some elements, especially that of Fe and Mn,
confirms that the materials are within the recommended specifications
as they would have been detected if they were in amounts exceeding
their allowable limits. The local structure of the material was studied by
transmission electron microscopy (TEM) using a JEOL 2200FS equipped
with an omega filter. TEM samples were prepared using focused ion
beam (HELIOS-Dual Beam) equipped with an electron backscatter dif-
fraction (EBSD) detector.
In order to characterize the crystallographic orientation of grains,

each sample was first cold-mounted in epoxy resin and ground by using
SiC abrasive papers. Those samples was then fine polished using 3 µm
and 1 µm diamond suspensions followed by OP-S colloidal silica sus-
pension. The morphology and orientation of Al grains were character-
ized by EBSD technique. Each EBSD scan was conducted on a Zeiss
Ultra field emission gun scanning electron microscope equipped with an
EBSD detector was used for the EBSD scans using the following con-
dition: an accelerating voltage of 20 kV, a step-size of 0.8 µm, an
aperture of 120 µm, and a scan area of 600 µm×600 µm. The indexing
rates for all scans were above 90%. The data analysis was carried out
using Oxford Instruments HKL Tango and Mambo software. Each da-
taset was cleaned by applying wild spikes and 3-nearest neighbours
once. A 10° misorientation angle and a grain boundary completion
angle down to 0° were both used to define grain boundaries. If a section
(s) of a grain was found to lie outside the borders of the

Table 1
A comparison of the DIN EN specifications of AlSi10Mg and the composition of
the studied alloy measured by EDS.

Al Si Fe Mg Mn Zn T

DIN EN 1706:2010 Bal 9–11 <0.55 0.2–0.45 < 0.45 < 0.1 < 0.15
W% EDS measure Bal 9.55 0.4

Table 2
T6 conditions.

Steps Temperature (°C) Duration (h) Environment

Solid solutioning 540 8 Air
Quenching 20 Water
Tempering 1 20 24 Air
Artificial ageing 160 10 Air

Table 3
Designation of each individual fatigue specimen is used in this paper, de-
pending on the production number, the orientation and whether or not a T6
treatment was applied.

Production Platform
temperature
(°C)

Post
process
heating
(°C)

Orientation T6 Designation Ra

P1 150 210 XY No P1-XY-MA /
P2 200 300 XY No P2-XY-MA 0.7

Yes P2-XY-MA-T6 1.2

Z No P1-Z-MA 1.0
Yes P2-Z-MA-T6 1.0

Fig. 2. Optical dark field microscopy 3D reconstructions of the microstructure after surface polishing, without etching, (a) without heat treatment (b) after T6.
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600 µm×600 µm EBSD scan area (i.e. the grain is incomplete), its
grain size was then approximated by multiplying the calculated grain
size by a factor of 2 (if it intersects one border), or a factor of 4 (if it
intersects two borders).
Finally, in order to characterize the defect population, two cylind-

rical specimens of 3mm diameter and 10mm length were machined
from the gauge section of the fatigue test samples. These samples were
analyzed by X-ray UltraTom® tomography with the following config-
uration: a 150 kV source with a resolution of 5 µm per voxel. The
analysis of the defect distribution in the bulk of the samples was carried

out with the commercial software Avizo®.

2.2. Mechanical testing

Tensile tests were carried out in accordance with the standard NF
EN 10002-1, using an Instron 4505 load-frame with a displacement rate
of 0.22mm/min at room temperature. The elongation was measured by
an extensometer, with a gauge length of 12.5 mm. Two samples were
tested for each condition. Vickers micro hardness was also measured in
the core of each P2 samples as an average of 16 indentations under a

Fig. 3. (a) SEI image without mapping. EDS chemical maps of elements present in the alloy without T6. Distribution of (b) silicon (green), (c) aluminium (red), (d)
Magnesium (orange). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. EBSD observations of the grain orientation, (a) 3D observation before T6 heat treatment, (b) XZ image after T6 heat treatment.
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50mN load.
Fatigue tests were conducted at room temperature on a resonance

machine at a frequency of 80 Hz and a load ratio of R=−1. A 5 Hz
drop in frequency was considered as a criterion for failure detection.
This drop corresponds to a crack depth of half the diameter of the
specimen. The fatigue limit is defined as the amplitude of load, that is to
say, the maximum load minus the average load. In this study, a step-by-
step method described by Iben Houria et al. [24] was used to determine
the fatigue limit at 106 cycles. This is the only way to evaluate the
fatigue limit in presence of a natural defects. It is assumed that no
significant loading history effect is introduced by the loading steps
applied prior to the step leading to failure, as shown by Roy et al. [25]
for the case of a A356 cast Al-alloy. In order to plot a Kitagawa-type
diagram, the fatigue limit is determined for each specimen using the
following rules:

• when the specimen fails during the first step, a Basquin equation is

used to evaluate the fatigue limit. The parameters of Basquin
equation are determined via experimental points on the S-N curves
averaged by the least-squares method.

= A N·D
ten

f1 (1)

• when the specimen fails after one or several loading steps, the fa-
tigue limit is determined by a linear interpolation according to the
following equation:

= +
N
10

·( )D
ten f

n n n1 6 1 1 (2)

Residual stresses were quantified using the X-ray diffraction ac-
cording to the AFNOR NF EN 15305 standard. The measurement of
residual stresses were performed at the surface of samples after fatigue
loading. These measurement were carried out at the surface, in the axial
and circumferential direction. The point of analysis is furthermore
placed as far as possible from the fracture surface of the specimen. Four

Fig. 5. (a) TEM micrograph on T6 sample and EDS mapping of chemical elements. Distribution of (b) silicon (purple), (c) Iron (yellow), (d) aluminium (green), (e)
Magnesium (orange). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Defect characterization of P1 and P2 production. The top images give the special repartition of defects in observed zone while bottom show the number of
defect and sphericity distribution related to the equivalent diameter (a) P1 production, (b) P2 production.
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specimens were considered: two in the XY direction, and two in the Z
direction. For both pairs of samples, one was not subjected to a T6 heat
treatment.

3. Results

3.1. Microstructure

The microstructure of the P2 material was characterized along the
four main characteristic features, namely: the melt-pools (1), dendritic
structure (2), crystallographic grain (3), and silicon precipitates and inter-
metallic needles (4).

(1) The melt-pools, which can be geometrically described by their
length, width and height. These melt-pools reflect the imprint
generated by the laser beam during the melting of the deposited
powder. As shown in Fig. 2a, these melt-pools are strongly aniso-
tropic in shape. The mean dimensions of the melt-pool are (length:
600 µm, width: 150 µm and height in the Z direction: 80 µm). A
previous study of the melt-pool boundaries by Thijs et al. [10] re-
ported that the melt-pools consist of an heterogeneous distribution

of eutectic silicon in the alpha-phase of aluminum. In Fig. 2b it can
be seen that, after T6 heat treatment, the melt-pool boundaries are
no longer visible, presumably due to the demixing and coalescence
of silicon in the aluminum matrix at sub-eutectic temperatures.
According to Li et al. [26], a high solution-annealing temperature in
the range of 450–550 °C leads to coarse distribution of silicon par-
ticles, typically around 2–4 µm. Additional growth of these particles
was seen during artificial aging.

(2) The dendritic structure, shown in Fig. 3 (taken along the scanning
plane), is characterized by the size of the α-Al matrix surrounded by
eutectic silicon. The rapid solidification involved in the ALM pro-
cess does not allow the formation of a dendritic structure with
secondary arms, contrary to cast aluminum alloys. In this study, a
Dendritic Arm Spacing (DAS) was observed to be between 0.5 and
2 µm, which is significantly smaller than the characteristic SDAS
parameter in cast Al-Si alloys (30–100 µm depending on the cooling
rate). Previous studies have shown that this parameter has a large
influence on the fatigue behavior [25,27–31]. According to Wang
et al. [31], in the absence of defects a refined SDAS leads to the high
fatigue life.

(3) Fig. 4 shows that the morphology of the crystallographic grains is

Fig. 7. Influence of the building direction and T6 heat treatment on the tensile properties of ALM AlSi10Mg alloy.

Fig. 8. Micro hardness characterization of P2 material. Load and discharge curves. (a) no T6, (b) after T6.
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strongly anisotropic, and those grains were seem to grow epitaxially
towards the centers of the melt-pools, as previously observed by
Thijs et al. [10]. The grain growth was observed to encompass one
to three melt pools. In Fig. 4, the impact of T6 heat treatment can be
observed. The T6 heat treatment does not strongly affect the grain
structure; this observation is in agreement with the previous ob-
servations made by Takata et al. for AlSi10MgSi alloy prepared by
ALM [14] and by Wang et al. for cast A356 [31].

(4) Silicon precipitates and iron-rich needles are observed in the structure
after T6 heat treatment as seen in Fig. 5b and c. In fact, during the
heat treatment, the diffusion and segregation of Si and Fe atoms
occurs, leading to the formation of Fe-rich precipitates and Si
crystals randomly distributed in the Al-matrix. A thin foil was
analyzed using EDS technique, revealing that particles such as the
one exhibited in Fig. 5b contain 98% silicon (Si) and only 2% of
aluminum (Al). The same EDS technique reveals that needled-
shaped component on Fig. 5c contains on average 10% iron (Fe),
41% aluminum (Al) and 49% silicon (Si).

3.2. Defect population

The defect population was characterized using the computed X-ray
tomography. The sources images was segmented by gray level. The
defects was then extracted and analyzed. The top images in Fig. 7 show

that both P1 and P2 production leads to numerous and randomly dis-
tributed defects. P1 production contains 6666 defects while P2 contents
648 for the same volume sampled. It also suggested in Fig. 7 that the
defect shape can be different, so that for each defect, the shape was
quantified using a sphericity index defined as follows:

=s V
A

·(6 )D

D

3

3

1
3

2
3

(3)

A sphericity index of 1 represents the case of a pure spherical defect
[23]. The defect size is given by the diameter of the equivalent sphere.
Thereby, sphericity index was plotted as a function of the defect size for
P1 and P2 productions as shown in Fig. 6. The P1 production leads to
defects two times larger than the P2 production. Fig. 6 further indicates
that the process parameters used for processing both P1 and P2 samples
leads to the formation of mostly spherical defects, except for some large
defects where the shape is not represented by a sphere.

3.3. Tensile properties and hardness

Fig. 7 presents engineering stress-strain curves for the P1 and P2
productions. From these curves, the mechanical properties such as UTS,
A% and YS were derived and are reported in Table 5. For the non-heat-
treated materials, it is observed that the UTS value is higher for Z
samples compared to XY. After T6 heat treatment, the UTS shows a
scatter in the range of 300–345MPa, and, a strong reduction of the
ductility of P1 production is noticed. For non-heat treated samples, the
building direction strongly impacts the tensile elongation A% whereas
the yield stress (YS) is not strongly affected. For P2 production, after the
T6 heat treatment, there is no major difference in the ductility (A%) for
both XY and Z samples. In addition, an increase in hardness of the
material followed by an increase in yield stress is observed. This in-
crease of micro-hardness after the T6 heat treatment, diminishes the
work hardening capability of the material for P2 production, regardless

Fig. 9. Influence of the building direction, process parameters and T6 heat-treatment on the fatigue properties.

Table 4
Residual stresses measurement.

Axial stress (MPa) Circumferential stress (MPa)

P2-XY-MA 4 8
P2-Z-MA −13 −11
P2-XY-MA-T6 −39 −55
P2-Z-MA-T6 −17 −26
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of the building direction. Likewise, the T6 heat treatment leads to a
large scatter in hardening. Fig. 8 shows that the indent size varies be-
tween 7 and 10 µm without heat treatment and is reduced to 5 µm after
heat treatment.

3.4. S-N curves

Fig. 9 presents the S-N curves for P1 production with only XY
samples that was subjected to the T6 heat treatment, and P2 production
with XY and Z samples, with and without T6. Symbols with arrows
indicates the fatigue limit determined at one million cycles by the step-
by-step method while each other symbols correspond to sample failure.
There is no significant difference on the fatigue resistance between the
P2-XY-MA and P2-Z-MA samples. A 20% increase in the fatigue limit is
observed for P2-XY-MA in comparison to P2-XY-MA-T6, while more
than 45% is observed for P2-Z-MA-T6 in comparison to P2-Z-MA.
Compared to P1-XY-MA, the fatigue limit of the P2-XY-MA samples is

improved by about 40%. Examination of the fracture surfaces, as shown
in Fig. 9, suggests that the significant increase in fatigue limit between
P1 and P2 is due to a reduction in the critical defect size. An increase in
the fatigue resistance is observed after T6 despite the presence of iron
needles, which is known to degrade the fatigue properties in cast Al-Si
alloys [38]. As P2 specimens contain the same type of critical defects
and negligible residual stresses (see Table 4), this improvement in fa-
tigue strength after heat treatment can be attributed to the strength-
ening of the matrix via the applied T6 treatment. However, it is also
observed that such a peak hardening treatment leads to a highly pro-
nounced difference in fatigue strength between XY and Z orientations.

3.5. Influence of defect size on the fatigue limit

The examination of the fracture surfaces as shown in Fig. 10, in-
dicates that the fatigue cracks always initiate from a defect. In order to
plot the corresponding Kitagawa-type diagram, the defect size was

Fig. 10. SEI images of fracture surfaces and initiation sites. (a) P1-XY-MA-T6, (b) P2-XY-MA, (c) P2-Z-MA, (d) P2-XY-MA-T6 and (e) P2-Z-MA-T6.
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assessed using Murakami’s parameter area( ) [39]. Based on Iben
Houria works [24], Fig. 11 explains in detail the criteria used to esti-
mate the defect size as a function of its location with respect to the free
surface and/or the presence of other defects in the vicinity of the
considered defect. Based on this approach, examination of the fracture
surfaces indicates that the P2 production introduces pore-type defects
ranging from 40 µm to 100 µm. These defects are all located at the
specimen surface or in sub-surface. The critical defect size measures by
the Murakami parameter is higher than the maximum defect size pro-
vided by the tomography analysis. This could be partially explained by
the fact that the criterion involve to quantify defect size on the fracture
surfaces includes the contribution of the ligaments especially in the case
of sub-surface defect.
In Fig. 12, the fatigue limit is plotted as a function of the critical

defect size derived from the observation on fracture surfaces. In order to
enlarge the scope of this study, artificial spherical defects were in-
troduced by EDM in specimens. For both non-treated and T6 treated
materials, this Kitagawa-type diagram confirms that the fatigue limit is
mainly sensitive to defect size. These data also confirm the contribution
of the anisotropy effect noticed on S-N curves in Fig. 9. The impact of
the T6 heat treatment is however less pronounced for larger defects.
The Fig. 12 also shows that for a given size of a natural or an artificial
defect, there is no influence of defect type on the fatigue limit, so that
the results obtained for artificial defects can be extrapolated to natural.

4. Discussion

In this work, the AlSi10Mg alloy elaborated by additive manu-
facturing were described using five characteristic parameters as pre-
sented in the Sections 3.1 and 3.2. This paper exhibits the impact of the
T6 heat treatment on the microstructure and it influence on the me-
chanical properties such as tension, hardness and fatigue.
Concerning the microstructure, it is observed a disappearance of the

melt-pools boundaries and the appearance of pure silicon precipitates
and iron contained intermetallic. In fact, these are the consequences of
the diffusion and coalescence of particles during the heating at high
temperature (540 °C) followed by a rapid quenching.

Looking to the tensile properties, as the value of A% is higher for P2
than P1, it is suggested that the loss in the elongation is due to the fact
that the P1 production contains much more number of defects than the
P2 production. This analysis is consistent with the findings of Kempen
et al. [40] who established that the ductility is related to the numbers of
defects determined from the analysis of fracture surfaces. Furthermore,
according to the theoretical models such as the one proposed by Rice
and Tracey [41], the higher the number of defects leads to the higher
probability of coalescence of these defect i.e. in A% values. As it is well
known that the T6 heat treatment impacts the mechanical properties of
aluminum [42], this papers brings the fore the fact that after T6 heat
treatment, there is a global increase of A% and all the results of P2
production are equivalent regardless the building direction. This last
might be due to the microstructural homogenization due to the T6 heat
treatment, as it can be seen in Fig. 2. This explanation suggests that that
the obtained microstructure annihilates the potential crystallographic
grain impact, as the Fig. 4 shows a strong anisotropy of the grains.
Concerning the micro hardness, a significant increase is noticed on

average, which is due to the structural hardening cause by the T6.
Table 5 shows that the data present a large scatter after T6 heat
treatment. Fig. 5 shows coarse Si particles surrounded by Al. As the
silicon is harder than aluminum [43], the presence of those silicon
particles surrounded by aluminum explains the fact that the value of
micro-hardness differs in the material. The resulting scatter is more
important for T6 material than non T6 one, because for T6 material, Si
particles are coarser and also the surrounded Al, which would increase
the probability to indent in pure Al or in Si.
In terms of fatigue, it was observed that the T6 heat treatment leads

to an increase in the fatigue resistance, which is a function of the
building directions. According to Brandl et al. [15], the fatigue im-
provement due to T6 HT is the consequence of the spheroidization of
eutectic silicon particles that would limit crack initiation and propa-
gation. However, according to Aboulkhair et al. [17], the T6 HT would
reduce the hardness, which would in turn account for the improvement
in ductility and fatigue behavior. However, in the present study, it was
observed that a T6 HT leads to a 20% increase in hardness for P2-XY
samples, which can be correlated to a 20% increase in the fatigue limit.

Fig. 11. Definition of the defect size depending on its location relative to the free surface, D1 and D2 are the diameters of a circles that encapsulates the corre-
sponding defect.
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TEM analysis illustrated in Fig. 13 shows that dislocations are locked by
the Si precipitates and even intermetallic particles that appear after the
T6 heat treatment. It is therefore suggested that these precipitates and
intermetallic needles are not sheared by the fatigue crack.
Even though the T6 heat treatment increases the fatigue strength, it

further reveals an influence of the building direction which is not yet
fully explained in the literature. As shown in this study, the T6 heat
treatment makes all the sources of anisotropy in microstructure dis-
appear except the grains. Fig. 14 presents a sketch to explain the dif-
ferences in fatigue resistance observed between XY and Z after T6. In
fact, during fatigue in Z T6 specimen, the initiation phase could be
enhanced by the fine grain size, contrary to XY T6. This phenomenon is

still valid without T6 but Z as the eutectic silicon particles make easier
the fatigue crack propagation [30], the presence of a silicon that dec-
orates the melt-pools boundaries should be taken into account when the
T6 is not performed. As a consequence, all things equal otherwise, the
impact of melt-pools on the fatigue life could be studied as the SDAS in
cast AlSi alloys. The reduction in fatigue strength would therefore be
controlled by the size of the melt pools. Thus, prior to T6 heat treat-
ment, in Z specimens, the beneficial effect of the grain morphology
could be counterbalanced by the presence of the large melt-pools.
Despite the significant role of the microstructure on the fatigue

behavior, it has been shown that the defect size is the first order
parameter that controls the fatigue limit. Given that engineering parts

Fig. 12. Kitagawa type diagram showing the impact of defect size on the fatigue limit after or not heat treatment for two building direction XY and Z.
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elaborated by ALM process will have to admit a certain size of defect, it
is then necessary to get further insights into the relationship between
the fatigue limit and the defect size. With this aim, the Kitagawa dia-
gram is plotted in log-log scales. Furthermore, in order to compare to
classical damage tolerance approach, the LEFM prediction is calculated
by assuming that defect is equivalent to a pre-existing crack. The fa-
tigue limit is related to the stress intensity factor threshold ΔKth by the
following equation:

=
Y

K
a

1 th
(4)

where Y is the shape factor of the crack, a is the defect size defined by
the area parameter. The assumption of a semicircular crack front
shape is considered here, so that Y is supposed to be constant and equal
to 0.64. The fatigue limit is then calculated by considering a threshold
value Kth=2MPa×m1/2 obtained from da-dN/ΔK experimental
curves test on a P2-Z-MA sample. Fig. 15 exhibits the fatigue limit as a
function of the defect size and compared to conventional cast alloy
[18,24,25,27,28,42]. Fig. 15 suggests that the deviation from LEFM

predictions is larger at smaller defect sizes, meaning that small natural
defects such as those encountered in this study cannot be considered as
a crack propagating in mode I with a long crack threshold of Kth of
2MPa×m1/2. A short crack correction should be applied.
Compared to conventional cast alloys, Fig. 15 shows that for defect

sizes below 100 µm, the ALM material is more resistant to fatigue.

5. Conclusions

This work describes the role of microstructure and defect on the
fatigue life of an AlSi10MgSi alloy prepared by Additive Layer
Manufacturing. The alloy was characterized and described using the
following microstructural parameters: the melt-pools, the dendritic
structure, the grains then, the precipitation and intermetallic particles,
and the process inherited defects.
Due to T6 heat treatment, the diffusion of silicon in the matrix leads

to the disappearance of the dendritic structure and melt-pools bound-
aries. At the same time pure silicon precipitates and Fe-contained,
needle-shaped intermetallic particles are formed.
For non-heat treated machined samples, the tensile properties such

as the ultimate tensile strength and ductility are strongly affected by the
building direction while the T6 heat treatment tends to annihilate this
effect and considerably increase the yield strength and ductility.
Concerning the fatigue, two building directions was studied, with and
without T6 heat treatment. In that way, the following conclusions can
be drawn:

(1) Regardless if material where or not subjected to the T6 heat treat-
ment, the defect size is the first order parameter that controls the
fatigue limit.

(2) For non-heat-treated material, there is no impact of the building
direction on fatigue resistance.

(3) After a T6 heat treatment, a significant effect of building direction
on fatigue life is noticed to the benefit of Z specimen.

(4) Whatever the building direction, the T6 heat-treatment improves
the fatigue resistance, especially at small defect sizes.

Table 5
Tensile properties and micro hardness.

YS (MPa) Rp 0.02
(MPa)

UTS (MPa) A% µHV

P1-XY-MA-T6 / / 320 1.05 /
/ / 320 1.1 /

P2-XY-MA 210 172 325 11 136 ± 28
208 175 330 11

P2-Z-MA 195 145 350 8 136 ± 24
195 145 350 8

P2-XY-MA-T6 275 / 330 14.3 178 ± 53
285 / 345 15.7

P2-Z-MA-T6 280 200 300 14.7 180 ± 50
255 225 330 15.2

Cast A356-T6
[32–40]

210–300 / 220–330 0.3–4.3 /

Fig. 13. TEM bright-field image of a thin foil removed from bulk T6 and fatigue tested specimen. (a) A matrix with a high dislocation density, (b) a twinned crystal of
silicon containing no dislocations, (c) an intermetallic that is also dislocation-lean.
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