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GRAPHICAL ABSTRACT

Friction stir processing improves both fatigue life in general and fatigue crack growth rate in particular
due to its porosity reduction effect, not achieved by SRHT, delaying crack nucleation, and its marked
impact on ductility.

Study of post-treatment influence on fatigue resistance of AlSi10Mg LPBF material
Wohler SN curve ]

Fatigue crack growth rate curve
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ABSTRACT

Numerous efforts have been devoted to produce reliable additive manufactured (AM) materials for struc-
tural applications. However, the critical fatigue issue poses a significant hurdle in relation to the nature of
this production method. Despite the relative flexibility of the laser powder bed fusion (LPBF) AM process,
there exists a limitation in the possibility of tailoring parameters to obtain a satisfactory combination of
porosity and surface roughness for adequate fatigue resistance. This quandary arises interest for post-
treatments that could help overcome this limitation. Friction stir processing was proved to be a viable
solution to improve fatigue behaviour of LPBF AlSi10Mg in the present work. Indeed, thanks to this
post-process that reduces overall porosity and eliminates critical defects while keeping a satisfactory fine
microstructure and static mechanical behaviour, fatigue resistance of the material was significantly
enhanced. In contrast, the other studied post-process, stress relieve heat treatment, did not reduce poros-
ity, which remained the main factor behind fatigue crack nucleation, cyclic life of the material being thus
little affected with respect to the as built state. Furthermore, both post-treatments decreased fatigue
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crack growth rate by an order of magnitude. This is interpreted as being due to plasticity induced crack

closure and crack branching.

© 2021 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Fatigue resistance is a very important aspect in parts subjected
to mechanical loads since failure under cyclic loading, occurring at
a lower stress than under static forces, is often a more critical and
limiting factor [1,2]. In the case of transport applications, where
the presence of dynamic loads is ubiquitous, fatigue life plays a
central role in part design.

Additive manufacturing (AM) is gaining momentum as a key
tool to help in the development of more optimal parts in various
fields [3]. In structural applications AM represents a valuable con-
tribution stemming from design flexibility [4]. Metal AM can also
give rise to the creation of lighter structural parts in the transport
industry, especially in the aerospace field. Aluminium-based AM
alloys are particularly suitable for this purpose, laser powder bed
fusion (LPBF) and AlISi10Mg being a popular process-material cou-
ple [5].

LPBF AlSi10Mg presents good static mechanical behaviour with
relatively low density. The rapid solidification characteristic of the
AM process results in a very fine microstructure and significantly
high strength, which, coupled to the design flexibility advantage,
should make this alloy a good candidate for lightweight structural
applications [6]. The as built (AB) material has however a limited
ductility, but, more importantly, the fatigue resistance is compro-
mised by a defect characteristic to the AM process, porosity [6-
10]. This remains the main shortcoming hindering a better fatigue
life, ahead of anisotropy or residual stress influences [5,11-14].

Different solutions have been explored to improve fatigue resis-
tance of LPBF AlSi10Mg, ranging from parameter optimisation
[15,16] to post-treatments. The typical heat treatments applied
to this alloy are the stress relieve heat treatment (SRHT) and the
T6 treatment [17]. SRHT is usually performed at 270-300 °C for
90-120 min [18,19]. The reduction in residual stresses can have
an impact on the fatigue behaviour of a certain part, but this does
not imply a positive influence of heat treatments on the fatigue
resistance from the material viewpoint [14,20-22]. Other possibil-
ities can be the hot isostatic pressing (HIP) or friction stir process-
ing (FSP) thermomechanical treatments. HIP is performed in a
dedicated oven, where heat and pressure are applied simultane-
ously to the manufactured part. Unfortunately this post-process
has not produced satisfactory results on AM aluminium alloys so
far [14,22-25]. FSP, derived from friction stir welding (FSW), con-
sists on traversing the area of interest of the part to be treated with
a non-consumable, rotating cylindrical tool, composed of a shoul-
der with a pin at the end [26]. FSP has shown more potential for
overall mechanical behaviour improvement [7,23,27,28].

From a practical standpoint, FSP is a very promising approach to
improve mechanical behaviour [7,23,27,28| because it can be
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applied locally and at surface level (see Fig. 1), at the precise loca-
tion where superior load bearing is needed, in contrast to other
options, such as HIP. This has also been attempted on other metal-
lic materials [29-31]. This is particularly convenient in multifunc-
tional part production. As a matter of fact, an advantage of AM is
the possibility of integrating several parts in a single one. In that
case, FSP can be applied in the regions that will be subjected to sig-
nificant mechanical stresses, i.e. regions of stress concentration.
Furthermore, taking into account the necessity of a surface finish-
ing step to ensure good fatigue resistance, FSP can be very ade-
quately implemented, since it can be performed in the same
machining centre in what could be considered a single post-
processing step.

A more precise example of application of FSP in AM can be low
tolerance holes for part attachment (see Fig. 1). To achieve the
accuracy these features require, machining can be needed. In this
case, the use of FSP would be possible and recommended. The fol-
lowing sequence would be applied: FSP to obtain a zone with good
mechanical behaviour; machining of the hole in this zone; surface
finishing. This would result in a zone surrounding the hole that will
experience significant mechanical load, but will bear it thanks to
the improvement provided by the FSP and the good surface quality.
The intended enhancement is therefore in the frame of fatigue or
cyclic loading.

There is a significant number of fatigue studies on LPBF
AlSi10Mg [5], with however limited success in the way of fatigue
life improvement. It is often the case that the presence of notably
large pores, of equivalent diameter attaining ranges of hundreds
of microns [32-34], drastically affects fatigue behaviour, compro-
mising the analysis and the applicability of eventual conclusions
to other examples not presenting such a high level of defects. Note
that porosity smaller than 50 ym in equivalent diameter can
already have a critical influence on fatigue crack nucleation, jeop-
ardising fatigue life [7].

Larrosa et al. [14] achieved up to 65 % porosity reduction by HIP
preceded by T6 treatment, but neither this nor the T6 treatment
alone, which even increased porosity slightly, managed to improve
fatigue life. Schneller et al. [22] obtained no enhancement after
SRHT and only a modest 21% improvement with HIP, in contrast
to the 374% and 74% increase in fatigue strength for HIP post-
treated Scalmalloy and 17.4PH steel, respectively. The HIP post-
processing did not reduce void expansion in LPBF AlSi10Mg as sig-
nificantly as in the other two materials (—13%, —92% and —96%,
respectively). Uzan et al. [24] even reported a reduction of fatigue
life after HIP and attributed it to the marked microstructure coars-
ening and thus significant strength loss. A potential solution to this
deleterious effect of HIP could be a subsequent heat treatment, but,
besides the issue of increased post-processing complexity, it can
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Fig. 1. Figurative additive manufactured multifunctional part that can be enhanced by post-treatment. The left zone has a heat dissipation role while the central and right
zones are subjected to mechanical loads. Zones of stress concentration (in orange) can be friction stir processed to obtain superior mechanical properties locally. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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also bring about pore reopening due to the inefficient sealing effect
of the HIP treatment (observed both in LPBF AISi10Mg [35] and
Ti6Al4V [36] and electron beam melting Ti6Al4V [37]), further jus-
tifying the pertinence of the search for alternatives.

Studies on cyclic behaviour of LPBF AlSi10Mg have been aimed
at total fatigue life, without distinguishing between crack nucle-
ation and growth. Limited research on the latter aspect has been
performed [17,38,39]. Di Giovanni et al. [17] indeed focused on
fatigue crack growth (FCG), which they found to be facilitated by
the presence of the Si-rich interconnected network in the AB mate-
rial. This network was concluded to offer an easier propagation
path. An influence of the melt pool mesostructure was also
observed. A decrease of the FCG rate was achieved thanks to the
elimination of these two detrimental features after a T6 treatment
and its globularisation and homogenisation effects [17]. Xu et al.
[39] reported better fatigue resistance when the direction of crack
growth is along (or differing 15° from) the build platform direction
and linked fatigue crack propagation differences to the presence
and orientation of the melt pool border.

In this work the fatigue of LPBF AlSi10Mg is studied. Constant
amplitude S-N and crack growth curves have been obtained. A
comparison between the AB and post-processed states (SRHT and
FSP) allows to elucidate the different factors (porosity, microstruc-
ture) influencing fatigue life. Both post-treatments reduce fatigue
crack growth by an order of magnitude, presumably due to the
more important plasticity induced crack closure and crack branch-
ing phenomena. FSP produces a very significant porosity reduction
effect in an efficient and reliable way that other techniques, such as
HIP, fail to achieve. This results in crack nucleation delay and total
fatigue life improvement even above ten times.

2. Experimental methods

The initial additive manufactured material, in the form of
150 x 35 x 5 mm plates, was produced with an EOS M290 laser
powder bed fusion machine, using AlSi10Mg aluminium alloy
powder. The following manufacturing parameters were used:
Power = 370 W; laser advance speed = 1300 mm/s; layer
thickness = 30 um; hatch spacing = 0.19 mm, rotation angle
between layers = 67°. These parameters were priorly optimised
by the machine manufacturer for the AlISi10Mg alloy [18].

Post-processing performed on the LPBF material consisted in
either SRHT at 300 °C during 2 h under argon atmosphere and fur-
nace cooling or FSP. The latter was performed on a Hermle UWF
1001H milling machine using an H13 steel tool with a 20 mm
diameter scrolled shoulder, a 4.6 mm long and 6 mm diameter
threaded triflute pin [40], a tilt angle of 1°, a rotation speed of
1000 rpm and an advancing speed of 500 mm/min or 1000 mm/
min.

Samples were extracted from said plates before and after post-
treatment for microstructural characterisation. To perform scan-
ning electron microscopy (SEM) the surface of the specimens was
finely polished and etched with HF 0.5 vol% solution.

To determine the static behaviour of LPBF AlSi10Mg under the
four studied conditions, tensile testing was done on round samples
conforming to ASTM E8/E8M — 15a standard (see Fig. 2 for geom-
etry reference), with a loading speed of 1 mm/min.

Constant amplitude uniaxial tensile (R = 0.1) fatigue tests were
performed following ASTM E466 — 15 standard, on a 10 kN load
cell Instron ElectroPuls E10000 test instrument, with a frequency
of 30 Hz. Since the aim was to characterise the material properties,
small round specimens (Fig. 2) were machined from the LPBF
plates, thus decreasing the residual stress level and its possible
influence. With the same intention, the samples were mechanically
polished down to a R, ~ 0.1 um, hence avoiding the surface rough-
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ness influence on fatigue life. The sample geometry was already
validated in preliminary experiments [7]. Tests were stopped if
failure had not occurred after 2-10° cycles.

FCG testing was performed on 3.5 mm thick compact tension
(CT) samples following ASTM E399 — 12%3, E561 — 15a and E647
— 15 standards, on a 25 kN MTS Bionix servohydraulic test system,
also with R=0.1 and f =30 Hz. 1 mm pre-cracking was made under
a maximum force of 800 N and camera monitoring. The force was
reduced to 600 N for the actual FCG testing. The orientation of the
FSP specimens can be observed in Fig. 2, the AB and SRHT having
an orientation differing 90° with respect to the pictured FSP orien-
tation to study the supposed more favourable case (i.e. crack prop-
agating in the building direction (the z axis)) [17,39]. The two
surfaces of the samples were finely polished to avoid the effect
of roughness on fatigue behaviour. A clip-on extensometer was
used to periodically acquire the extensions at maximum and min-
imum forces during the experiment. The side surface of the CT FCG
specimens was also monitored during the test with a camera
equipped with a VS Technology VS-TCH6-65 lens, allowing track-
ing the crack and measuring its growth. The experiment was
divided into the following two steps: A precrack of 1 mm length
was obtained through cyclic loading, pausing the loading at inter-
vals to check the precrack length; then, maximum and minimum
forces of 600 N and 60 N were applied during the subsequent crack
growth test.

Microscopy characterisation was carried out on fatigue samples
after failure to further study the fatigue mechanisms of LPBF
AlSi10Mg in the different conditions.

3. Results
3.1. Microstructure: Si-rich eutectic phase

The microstructure for the four studied conditions can be
observed in Fig. 3. The AB material presents a fine Si-rich eutectic
phase forming a network surrounding the o-Al cells (see Fig. 3a).
The detail of Fig. 3a shows the fine Si precipitates that are found
inside the a-Al cells. A comprehensive analysis of the connectivity
of the microstructure of these same samples can be found in Santos
Macias et al. [41]. In the same paper, the 3D structure of the Si-rich
eutectic network in the coarse melt pool and heat affected zones
has been detailed.

Both SRHT and FSP post-processing produce a breakdown and
globularisation of the Si-rich network, as can be appreciated in
Fig. 3b-d. Some coarsening occurs (more significant in the FSP case)
in the Si-rich phase and in the Si precipitates, but a good fineness
level is preserved, especially in comparison to T6 or HIP post-
treatments [14]. A detailed study of the microstructure and dam-
age mechanisms of the SRHT and FSP at 500 mm/min states com-
pared to the AB condition can be found in Zhao et al. [28]. The
microstructure after FSP is finer for the 1000 mm/min tool advanc-
ing speed case compared to the 500 mm/min one.

3.2. Tensile properties

The true stress - strain curves for the four different states are
depicted in Fig. 4. The high strength of the AB material imparted
by its very fine microstructure is decreased due to microstructure
coarsening after the post-treatment. The Si-rich network con-
tributes to the strength of the AB LPBF AlSi10Mg with its load bear-
ing capacity [42], but it is also a favourable site for early crack
nucleation and propagation, limiting ductility [28]. The breakdown
and globularisation of this phase after post-processing effectively
eliminate the easy coalescence path, allowing the more ductile
o-Al matrix to govern the material behaviour, leading to a very sig-



Juan Guillermo Santos Macias, C. Elangeswaran, L. Zhao et al.

Materials & Design 210 (2021) 110084

¥

Friction stir processing tool track

X
/ Tensile testing specimen

5 |

\ >

N

Wohler fatigue tgsting specimen

|'\R40|

20

Building direction

CT FCGspecimen |y
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nificant increase in ductility, as discussed and demonstrated by
Zhao et al. [28]. The differences between the FSP performed at
500 mm/min and 1000 mm/min can be linked to the Si-rich parti-
cle size and distribution. The latter presents smaller particles,
hence the higher mechanical strength, but less separated, thus
leading to earlier damage coalescence and lower ductility.

3.3. Wohler fatigue curves and fractography

The Wohler curves are presented in Fig. 5. The straight lines cor-
respond to the Basquin’s fitting law

Ao =C-N} (1)

where A = Gmax - Gmin, Ny = Number of cycles to failure and b
and C [MPa] are material constants, provided in Table 1.

The SRHT does not result in a significant change in total fatigue
life of the LPBF AlSi10Mg material. Contrastingly, FSP brings a very
significant enhancement. Furthermore, the two different FSP
parameter sets seem to yield a very similar behaviour, which high-
lights the robustness of the process, since a significant variation of
parameters would not compromise the total fatigue life improve-
ment as long as they lead to a defect-free material. The strength
difference between FSP at 500 mm/min and at 1000 mm/min is
therefore limited enough to have a notable impact on fatigue per-
formance, so only the former was further analysed. In this case,
only a limited number of Wohler curve points (four data points)
were obtained for the FSP at 1000 mm/min condition since the
similarity with FSP at 500 mm/min was clearly very high and a
comparison between the various states (AB, SRHT and FSP) is
already feasible. Undoubtedly, from an industrial point of view
more data points would be needed, but that is not the aim of this
work, although it is pertinent in future research, as is the analysis
of FSP parameter effect.

Fracture surfaces of fatigue samples tested to obtain the Wohler
curves were observed using SEM. In all cases the crack responsible
for failure initiated from the surface. In the AB and SRHT specimens
relatively large (@eq ~ 50 pm) lack of fusion defects could clearly be
identified as the cause of crack initiation (see Fig. 6a,b). In the FSP
samples no clear defect could be identified (Fig. 6c).
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Fig. 5. Wohler curves for LPBF AlSi10Mg AB, SRHT at 300 °C for 2 h and FSP at
500 mm/min and 1000 mm/min states. The straight lines correspond to Basquin’s
law fitting of the data from failed samples. The arrowed points represent run-outs.
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3.4. Fatigue crack growth and fracture path observations

Taking into account the similar fatigue resistance of the mate-
rial after FSP at 500 mm/min or at 1000 mm/min, only the former
was used for further fatigue experiments. CT FCG testing was
therefore performed on LPBF AlISi10Mg AB, SRHT and FSP at
500 mm/min samples. Two tests per condition were performed,
with a satisfactory reproducibility, as can be appreciated in Figs. 7
and 8, which respectively depict the crack length growth curves
derived from clip-on extensometer reading and camera imaging
and the FCG rate curves obtained from treatment of the clip-on
extensometer data. For the AB condition, the crack propagation
direction for the AB I specimen was from the top to the bottom
of the plate it was machined from (along the negative z axis direc-
tion in Fig. 2), and the opposite for the AB Il sample (i.e. following
the building direction). No significant difference is found between
these two AB specimens. For the SRHT samples, the sense was the
same as for AB 1.

The CT FCG testing allows to measure the crack length during its
propagation (see Fig. 7). This was done in two ways, with the clip-
on extensometer and with the side camera imaging of the surface
crack, obtaining a good correlation between the two methods. A
difference of an order of magnitude can be appreciated in fatigue
life before and after post-treatment, with the FSP material present-
ing the highest number of cycles to failure.

The straight lines in Fig. 8 represent the Paris’ law fitting of the
data

da m
aN= A(AK) (2)
where nominal values (i.e. not corrected for closure) of AK have
been used. The values for A and m are given in Table 2. The A and m
parameters are within an expected range for LPBF AlSi10Mg, see Di
Giovanni et al. [17]. It is important to note that the condition for
linear elastic fracture mechanics (LEFM, ASTM E647 — 15 standard)
is verified everywhere for the as built material and only for AK < 15-
MPa-m"/? for the SRHT and FSP samples. The LEFM invalid region is
not part of the Paris regime (see Fig. 8) and is thus not affecting the
results in Table 2. However, in that region the calculation of AK
should be considered invalid.

The fatigue crack growth rate is reduced by an order of magni-
tude through post-processing, be it SRHT or FSP. At the beginning
of crack propagation the FSP material presents a slightly lower
crack growth rate than the SRHT. Since the crack propagation
acceleration is slightly higher for the FSP specimens, the rate even-
tually becomes a bit higher for the FSP in comparison to the SRHT
at the end part of the stable crack growth stage.

The camera imaging also allows to characterise the fatigue
crack behaviour at a mesoscopic scale. Surfaces of CT FCG samples
showing the advancing crack are pictured in Fig. 9. Two parallel
yellow lines spaced 100 pm help to visualise and compare crack
deviation. The melt pool structures present in the AB and SRHT
conditions are visible in Fig. 9a,b. The fatigue crack is very slightly
deviated by the melt pool borders in the AB and SRHT states
(Fig. 9a,b). Such deviation does not occur after FSP, since its
homogenisation effect eliminates the melt pool structure (see
Fig. 9c).

Microscopy characterisation of the CT FCG samples crack area
was performed to elucidate the crack path in relation to the
microstructure. The crack zone corresponding to a AK level around
9 MPa-m'/? (Paris regime) can be observed in Fig. 10a-c. The post-
processed materials present a rougher crack path and more
branching cracks. Examples of these secondary cracks can be
observed in more detail in Fig. 10d-f. They vary in length, being
around 1 um for the AB samples, a few microns in the FSP case
and reaching several microns in the SRHT condition. Slight damage
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Table 1

Parameters of Basquin’s law.
Parameters of Basquin’'s law AB SRHT FSP 500 FSP 1000
C [MPa] 750 840 411 373
b -0.1 -0.12 —0.04 —0.03

20 um

Fig. 6. SEM fractography micrographs of the fatigue crack nucleation sites for LPBF AlSi10Mg under AB (a), SRHT at 300 °C for 2 h (b) and FSP at 1000 rpm and 500 mm/min (c)
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Fig. 7. FCG for LPBF AlSi10Mg under AB, SRHT at 300 °C for 2 h and FSP at 500 mm/
min conditions. The continuous curves are derived from clip-on extensometer data
and the dotted ones from crack imaging.

nucleation at the AB Si-rich network can be appreciated at the
vicinity of the crack in Fig. 10d. Damage nucleation on Si-rich par-
ticles and decohesion of Si-rich particles and o-Al matrix events
can be observed in Fig. 10f, indicating that damage in the post-
treated specimens is more significant.

4. Discussion
4.1. Fatigue crack nucleation

The AB LPBF AlSi10Mg material has a very good strength to
weight ratio, but the presence of porosity (see Fig. 6a) leads to early
fatigue crack nucleation, with a consequent limited fatigue resis-
tance. This porosity is inherent to the LPBF process, stemming from
lack of fusion or trapped gas during manufacturing [7,9,10,15,19].
The changes produced by an SRHT do not have a very significant
impact on fatigue, since the main culprit of the poor cyclic perfor-
mance, porosity (see Fig. 6b), is not affected. Indeed, the very sim-
ilar porosity level of AB and SRHT samples has been determined by
X-ray tomography analysis to be around 0.13% by Santos Macias
et al. [7] for samples with exactly the same process parameters.
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Fig. 8. FCG rate curves for LPBF AlSi10Mg in AB, SRHT at 300 °C for 2 h and FSP at
500 mm/min states. The straight lines correspond to the linear part of the curve and
were obtained applying a Paris’ law fitting to the data.

Higher stress concentration factor at surface or subsurface level
leads to fatigue crack nucleation in defects found in this superficial
region [43,44]. For good fatigue resistance it is thus essential to
achieve a superficial volume free of defects. In this sense, a good
surface roughness level can be obtained by surface finishing. How-
ever, the issue of superficial region porosity remains. A possible
solution is the FSP post-treatment.

FSP produces a very significant improvement in fatigue resis-
tance of LPBF AlISi10Mg (see Fig. 5). The very notable enhancement
has to be mainly linked to the porosity reduction effect of this post-
treatment. In fact, the porosity level is around 0.03% after FSP, and,
perhaps more importantly for fatigue crack nucleation, the volume
fraction of porosity of equivalent diameter above 5 um decreases
from 0.09% for AB and SRHT to 0.02% for FSP, and the maximum
pore size from 50 uym to 10 um [7]. Furthermore, other changes,
such as the microstructural globularisation, are also occurring with
SRHT, impacting strength and ductility, but without improving
fatigue life as it occurs with FSP [24]. Indeed, the very slight
decrease in fatigue resistance from the AB to the SRHT state could
be due to the lower yield strength.
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Table 2
Parameters of Paris’ law.
Parameters of Paris’ law AB SRHT FSP 500
I 11 I 11 1 11
A 5.8x10°° 4.2x10° 2.3x107 2.1x1077 1.2x10°8 1.5x108
m 24 2.6 3.1 3.2 4.5 4.3

Fig. 9. CT FCG specimen surface for LPBF AlSi10Mg under AB (a), SRHT at 300 °C for 2 h (b) and FSP at 500 mm/min (c) conditions. Yellow parallel lines spaced 100 um serve to
apprehend and compare crack deviation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

The effect of FSP post-treatment on the S-N curves seems to be
more important at low stress levels. One reason for this could be
that at relatively high stress levels damage in the FSP specimens
could act as fatigue crack nucleation sites, playing a similar role
to the initial porosity in AB or SRHT samples. Indeed, this phe-
nomenon does not have such a significant impact on the AB and
SRHT specimens because they already present critically large
porosity acting as fatigue crack nucleation sites. In the FSP case,
the largest Si-rich eutectic phase particles [7,28] or even large
Fe-rich intermetallics can fracture and nucleate damage under high
stress levels. Moreover, damage nucleation occurs at an earlier
stage in the FSP samples compared to the SRHT specimens since
they present larger Si-rich particle size [28]. Lower Ag does not
lead to such critical damage on the FSP material that would act
as fatigue crack nucleation sites.

The two different FSP conditions, 500 mm/min and 1000 mm/
min tool advance speed, allow to establish FSP as a robust and flex-
ible solution for fatigue resistance enhancement. Moreover, it is
interesting to see that the differences in static mechanical proper-
ties for the two FSP conditions patent in Fig. 4 do not seem to have
an impact on fatigue. This could mean that porosity and the fatigue
crack nucleation stage are more influential on the overall fatigue
life than the strength or ductility differences between the two
FSP conditions.

The fractography analysis of S-N samples reveals that cracks
leading to failure initiate from lack of fusion defects located at
the surface (see Fig. 6a,b). The FSP specimens do not show a clear

defect leading to fatigue crack nucleation (see Fig. 6¢). After FSP,
the large porosity is eliminated, removing the critical fatigue crack
nucleation cause. Thus, the onset of fatigue in the FSP material
could stem from oxides, Si-rich particles or Fe-rich intermetallics,
features that had a secondary relevance in the AB and SRHT sam-
ples, overshadowed by the large porosity. This confirms the impor-
tance of large porosity (i.e. @eq > 10 um) elimination for fatigue life
improvement [7].

4.2. Fatigue crack growth

The second main aspect of fatigue life is the fatigue crack prop-
agation. The CT FCG testing shows that both post-treatments sig-
nificantly reduce the growth rate compared to the AB condition
(see Fig. 8). The slope of the Paris curve is however slightly higher
for the FSP condition compared to the SRHT.

Fatigue crack growth is a very complex and multimodal phe-
nomenon. It can be influenced by varied aspects such as cyclic
strain hardening, presence of oxides or residual stress fields [45-
49]. In the case at hand one factor that could account for the
improvement of FCG after post-processing could be plasticity
induced crack closure [45-47]. Looking at Fig. 4 it can be concluded
that for the post-treated materials, having a lower yield strength,
the size of the crack tip plastic zone will be larger for a given AK
value and crack closure should be more pronounced. This could
account for the slower fatigue crack growth of the SRHT and FSP
materials observed in Fig. 8 (nominal values for AK). A finite ele-
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Fig. 10. SEM micrographs of the crack zone of CT FCG samples of LPBF AlSi10Mg in AB (a,d), SRHT at 300 °C for 2 h (b,e) and FSP at 500 mm/min (c,f) states.

ment simulation of the CT FCG specimens (see supplementary
material section) confirms that the plastic zone in front of the crack
tip is smaller in the AB sample. The SRHT and FSP plastic zones are
much larger, the latter extending the furthest.

At a mesoscopic (i.e. melt pool level) scale the AB and SRHT CT
FCG specimens present slight crack deviation due to the presence
of the melt pool structure (see Fig. 9 and the videos provided as
supplementary material). This structure and its modest effect on
crack path are eliminated after FSP. This may explain the higher
slope m for the FSP case. The intermediate m value of the SRHT
condition could be explained by the fact that the melt pool struc-
ture is still present, but, due to a homogenisation effect, the differ-
ences between the regions (i.e. melt pool border and rest of the
melt pool) are not as marked as for the AB state. The melt pool bor-
der is constituted of the coarse melt pool (CMP) and heat affected
zones. The former is similar to the fine melt pool (FMP) zone of the
rest of the melt pool, but has a slightly coarser microstructure [28].
This means, as discussed by Zhao et al. [50], that the strength of the
CMP is lower than that of the FMP and the crack will thus progress
with more ease through the melt pool border, which explains why
it slightly deviates towards and follows it. Note the possible impor-
tance of the orientation of the FCG samples. In the studied case, i.e.
propagation along the building direction, the melt pools are ori-
ented in such a way that their borders promote crack deflection

and can have a toughening effect. If the propagation was perpen-
dicular to the building direction, then the melt pool borders could
act as paths promoting an uninterrupted easier crack advance as
discussed by Di Giovanni et al. [17], who observed faster crack
propagation in the direction perpendicular to the building direc-
tion. Furthermore, the crack growth sense does not seem to have
a significant influence on the results for the AB specimens (that
is, at least in the build direction plane). In AB I the crack propagates
downwards, towards the build platform end, whereas in AB II the
sense is upwards. This observation is also in agreement with the
conclusions of Di Giovanni et al. [17].

At a more microscopic scale, the crack path shows much more
crack branching for the post-treated samples (see Fig. 10a-c). On
the contrary, events of secondary cracking are scarce in the AB
specimens and their size is also very limited, not exceeding 1 pm
(see Fig. 10a,d). This is due to the high strength of the AB material,
which reduces damage in the surroundings of the crack. This is
coupled with the presence of the Si-rich network, which, being
more brittle than the a-Al matrix, drives the advance of the fatigue
crack, be it through damage nucleation in the network or through
decohesion of the Si-rich/a-Al phases interface.

The post-processed materials present more branching cracks
that consume energy and delay the fatigue crack growth (see
Fig. 10b,c) [46]. These secondary cracks are also of a larger size.
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The post-treated materials have lower strength, allowing for more
damage in the form of crack nucleation in particles and particle/-
matrix decohesion, as can be appreciated in Fig. 10f. Comparing
the two post-treatments, the FSP branching cracks are shorter. This
could stem from the difference in damage nature of the SRHT and
FSP materials, which was studied by Zhao et al. [28]. The former
presents smaller but more numerous damage events at a smaller
distance from each other. The latter, with bigger particles that
are more spaced out, presents larger damage events, which could
mean more energy dissipation and lower fatigue crack growth.
These nucleated cavities are however at a larger distance from each
other. Secondary cracks seem to grow more in the SRHT specimen,
where the distance between damage events is smaller.

Other mechanisms, such as the aforementioned cyclic strain
hardening, could play a role in fatigue crack growth. Significant
strain hardening can contribute to crack closure [48,49]. However,
in the present case no conclusions can be drawn on the effect of
this aspect due to the lack of cyclic data. The same goes for other
phenomena, like residual stress fields, which can be present in
the studied material and in AM parts in general [51], but will be
significantly modified and reduced in the preparation and machin-
ing of the fatigue testing specimens.

Comparing the FSP and SRHT conditions, the slope is different in
Fig. 8, the FSP curve is stiffer (hence lower propagation speed at the
beginning and higher at the end). In the FSP samples crack initia-
tion occurs later, and initially crack growth is slower. Some of
the reasons for the difference of crack growth nature in the FSP
state could be the following:

- Absence of melt pool border and its possible crack growth rate
delaying effect, hence the higher acceleration in the FSP case

- Absence of critical large porosity [7], which delays early stage
crack growth. The presence of porosity could have a more sig-
nificant impact at the beginning of crack growth since these
defects, of significantly larger size than the Si-rich eutectic
phase, could be more sensitive to the initial and relatively low
stress concentration.

- Presence of larger size Si-rich eutectic phase in the FSP material
[28]. At an early stage, it is smaller than the porosity defects,
but as the crack and the stress intensity grow, this phase (smal-
ler for the AB and SRHT cases) will have an increasing impact,
eventually leading to crack growth acceleration.

It should be noted that, especially in the presence of significant
porosity, which is the case of AB and SRHT states, the essential part
of fatigue life is dictated by fatigue crack nucleation. Fatigue crack
growth only accounts for a small fraction of total life. Thus, even if
fatigue crack growth is slower for the SRHT case, its impact on total
life is quite limited. Furthermore, yield and ultimate tensile
strength are lower for the SRHT material compared to the AB. This
could have an effect on nucleation, since the material surrounding
a defect or porosity would undergo larger plastic deformation and
thus lead to the critical fatigue crack earlier. In the FSP case, the
improvement of fatigue crack growth rate, combined with the
smaller initial defect size, will lead to more propagation cycles.
On the other hand, the nucleation stage will also be longer, due
to smaller initial defect size, and, probably, proportionally more so.

5. Conclusion

The fatigue properties of LPBF AlISi10Mg in AB, SRHT and FSP
states have been studied. The following main points can be high-
lighted as findings of this research:
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- In AB and SRHT conditions fatigue cracks initiate from lack of
fusion defects. The SRHT treatment has no positive effect on
the total fatigue life of the material.

- The reduction of porosity and the elimination of the larger pores
through the FSP post-treatment, achieved with two different
tool advance speeds, leads to a very significant improvement
of total fatigue life. FSP is especially flexible and adequate to
treat parts locally, only in the zones where specific mechanical
behaviour is needed, i.e. typically in regions of stress concentra-
tion. FSP can be implemented in the surface finishing step, in
contrast to the HIP alternative, which is besides still to be pro-
ven as a viable solution for AM Al alloys.

- The fatigue crack growth rate is decreased by an order of mag-
nitude after SRHT or FSP. The following three possible reasons
have been proposed:

i) Increased plasticity induced crack closure for the SRHT and
FSP materials compared to AB reducing the SRHT and FSP
crack growth rate.

ii) Very slight crack deviation by the melt pool borders in the
AB and SRHT samples, which would be in favour of a slower
crack growth rate in the SRHT and AB materials, but its mag-
nitude seems limited. This could however partially explain
the slightly lower Paris law exponent of the SRHT sample
compared to FSP.

iii) Increased crack branching in the FSP and SRHT samples
reducing the SRHT and FSP crack growth rate. This phe-
nomenon seems more important in the SRHT material than
in the FSP condition and could contribute to the Paris law
exponent difference more notably than the previous reason.

FSP can be postulated as a very robust and flexible solution to
improve fatigue resistance thanks to its porosity reduction effect,
with a certain tailorability of static mechanical properties.
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