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A major concern about parts produced by laser powder bed fusion (L-PBF) are intrinsic defects or porosities that
are difficult to overcome by simply optimizing the process parameters. As these defects and porosities play a
crucial role in the mechanical behaviour, especially in fatigue, additive manufactured parts are often subjected to
thermo-mechanical post-treatments. To this end, this work proves Friction Stir Processing (FSP) to be an effective
post-treatment to drastically reduce the porosity level. FSP leads to an improvement of 60 % of the technical
fatigue strength and by two orders of magnitude of the fatigue life of L-PBF Scalmalloy® specimens. The fatigue
performances obtained on FSPed and heat-treated specimens are equivalent or even better than the best fatigue
life reported in the literature, whatever their L-PBF conditions and post-treatments, while avoiding Hot Isostatic
Pressing. However, FSP reduces the beneficial effect of the conventional strengthening heat-treatment applied to
L-PBF Scalmalloy®, lowering the high tensile strength for which the alloy is normally reputed. Advanced
characterisation by X-ray microtomography and Transmission Electron Microscopy allows us to reach a better
understanding of the involved phenomena: drastic reduction of the biggest defects and heterogeneous nucleation

of Sc- and Zr-rich precipitates on grain boundaries and dislocations.

1. Introduction

Scalmalloy® has been recently successfully developed and patented
by APWorks, an Airbus subsidiary, with the aim of achieving, and even
surpassing, the mechanical properties of high-strength wrought Al al-
loys, while being easily processable by additive manufacturing (AM)
techniques, e.g. laser powder bed fusion (L-PBF) [1,2]. It is based on a
hypereutectic Al-Mg alloy, with the addition of Sc and Zr, and takes
advantage of the specificities of L-PBF, such as the high cooling rate, in
order to retain more Sc and Zr into solid-solution than the solubility limit
and further enable strengthening precipitation [3,4]. The addition of Sc
and Zr, that will precipitate as nano-sized Als(Sc,Zr) under appropriate
(post-)processing conditions, will at the end induce a refined micro-
structure, an improved strength, better thermal stability and corrosion
resistance, together with a good weldability [5,6]. These nano-
precipitates are known to be made of AlsSc surrounded by a shell of
Zr, coherent with the Al matrix, and present at the grain boundaries as
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well as inside the grains [2,7,8]. Furthermore, the addition of Zr pro-
vides a slower coarsening of the AlsSc precipitates, thus improving their
thermal stability [9,10]. Jones et al. reported experimental values
around 20 nm for the transition size where the Al3Sc nano-precipitates
lose coherency with the Al matrix [11]. In the same vein, Royset et al.
approximated it to 21.5 nm assuming that the misfit over the whole
precipitate critical diameter equals the Burgers vector of the Al matrix
[9].

Royset et al. reported three different origins for the Al3Sc precipitates
in Al-Sc alloys, that will at the end play different roles [12]. This could
be extended to the Al3(Sc,Zr) phase. Primary Als(Sc,Zr) particles form
during the solidification step, after casting or welding, and promote the
heterogeneous nucleation of the Al-matrix grains, hence their refined
size [9,13]. In additive manufacturing, these particles are especially
present at the border of the melt pools where the solidification front is
slower, thereby promoting refined and equiaxed grains at the melt pool
boundaries [13-15]. Sizes of primary Al3(Sc,Zr) are reported in
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literature to be between 50 nm and 1 um and their morphology depends
on the cooling rate and the initial melt temperature [9,14,15]. Secondly,
Al3(Sc,Zr) dispersoid-like phases may form during high-temperature
post-treatments (homogenisation, hot-rolling or extrusion) with sizes
ranging from 20 to 100 nm. These dispersoids will have a stabilising
effect on the (sub-)grain structure, giving improved recrystallization
resistance and superplasticity [12]. Third, nano-sized Als(Sc,Zr) will
precipitate  during  low-temperature ageing  post-treatments
(250-350 °C) and hinder the movement of dislocations by a precipi-
tate shearing mechanism, leading to a major strength improvement
[9,17,18]. Most literature mentioned their sizes in the range of 2-6 nm
[9,15,16]. However, Kuo et al. measured the size of Al3Sc precipitates to
vary between 12 and 20 nm in L-PBF Scalmalloy® depending on the
duration of the 325 °C-heat-treatment, from 4 to 48 h respectively [17].

While the optimisation of the microstructure and the static me-
chanical properties of the Scalmalloy® has already been discussed in
depth in the last decade, the fatigue behaviour was less studied.
Muhammad et al. and Nezhadfar et al. worked with various L-PBF Al
alloys and compared their mechanical performances depending on the
build orientation and surface condition, either as-built or machined
[19,20]. Scalmalloy® proved to have the highest strength, without
compromising ductility, as well as among the higher fatigue resistances,
especially in vertical direction and whatever the surface condition
[19,20]. Awd et al. compared the properties of Scalmalloy® produced
by L-PBF and by Laser Metal Deposition [21]. They concluded that L-PBF
leads to higher tensile strength and longer fatigue life due to smaller
grains (induced by higher cooling rate) and less metallurgical porosities
[21]. On a close Al-Mg-Sc-Zr alloy, Qin et al. concluded that the L-PBF
alloy has almost similar tensile properties as the wrought 7075-T651
alloy, while reaching only 85 % of its fatigue strength [22]. Muse-
kamp et al. studied also various surface conditions for L-PBF Scalmal-
loy® [23]. It clearly appeared that as-built specimens, even with
optimised contour parameters, have a lower fatigue life than turned and
shot-peened specimens. Lower roughness and compressive residual
stresses at the surface are stated as the main factors in improving fatigue
life, respectively [23]. On another close Al-Mg-Sc alloy (Al-5024), He
et al. discussed the influence of a two-step over aging heat-treatment
versus Hot Isostatic Pressing (HIP) [15]. In their case, HIPed speci-
mens show comparatively the highest ultimate tensile strength and the
best fatigue life [15].

More recently, Schimback et al. tuned the Scalmalloy® L-PBF process
parameters to reach a transition mode, between keyhole and heat con-
duction, with an optimised penetration depth of the melt pools leading
to less material inhomogeneities [24]. Combined with a HIP post-
treatment, this led to a significant improvement of the fatigue proper-
ties with a technical fatigue strength of 360 MPa after 3 x 10 cycles
[24]. Last year, Raab et al. compared the fatigue properties of heat-
treated and HIPed Scalmalloy® in rough-surface, machined and chem-
ically milled states [25]. They concluded that both machining and
chemical milling, to a lesser extent, improve the fatigue performances
thanks to roughness reduction leading to later crack initiation on the
surface [25].

Friction stir processing (FSP) has been recently proved as an effective
post-treatment for AlSi1OMg L-PBF parts when aiming for fatigue life
improvement [26,27]. The basic principle and a schematic of FSP are
provided in Supplementary materials, Fig. S1. FSP induces significant
porosity reduction, such as lack-of-fusion defects, especially of the
largest ones (>50 um) [26], extending significantly the fatigue nucle-
ation stage, hence the total fatigue life [27]. Results on L-PBF stainless
steel 316L have also been reported [28], where FSP led to a homoge-
nisation and refinement of the microstructure (from bimodal to unim-
odal grain size distribution), an enhancement of the hardness, yield
strength and UTS, but at the expense of the ductility. On L-PBF Mg al-
loys, Deng et al. showed that FSP induces a drastic reduction of porosity,
refined and homogenised microstructure, and an improvement of the
ductility [29]. Following the same concept, FSP has also been
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investigated as an interlayer treatment during wire-arc additive
manufacturing (WAAM) [30,31]. He et al. showed for example that
interlayer FSP in WAAM Al-Si alloys eliminates the pores, breaks the Al
dendrites and Si-rich eutectic network, and thereby improves both the
ductility and fatigue life [30].

In view of this introduction and literature review, the present work
considers applying FSP as a post-treatment for L-PBF Scalmalloy® parts,
aiming at improving significantly their fatigue life, while avoiding the
use of HIP. To the authors knowledge, FSP post-treatment has never
been applied to L-PBF Scalmalloy®. On the one hand, reaching better
fatigue properties would open up the field of industrial applications for
this alloy. Particular attention will also be paid to static mechanical
properties, as Scalmalloy® generally achieves renowned high strength
after appropriate strengthening heat-treatment. On the other hand,
confirming the efficiency of Friction Stir Processing as a way of
improving fatigue life of AM parts would also make it attractive for
applications to other metallic materials, i.e. not just Al alloys.

2. Materials and experimental methods

All the specimens in this work were produced by Laser Powder Bed
Fusion. L-PBF has been performed by AnyShape company (Belgium) on
an EOS M290 equipment with the Scalmalloy® powder provided by the
Toyal Group company. The composition of the powder is provided in
Supplementary materials, Table S2. The L-PBF parameters have been
optimised in order to minimise porosities. The layer thickness was set to
30 um and a heated building plate was used. The exact parameters are
confidential and the property of AnyShape company.

Friction stir processing has been performed as a post-treatment on a
FSW-LM-AM-16-2D machine (Tra-C industries) equipped with a 5 mm
thick 40CMD8 steel backing plate. L-PBF Scalmalloy® plates were 5 mm
thick and the FSP advancing direction was perpendicular to the L-PBF
building direction in order to minimise the height of the L-PBF plates,
hence manufacturing time (see Fig. S1). A H13 steel tool has been used.
It has a 20 mm diameter shoulder engraved with spiral and a threaded-
tri-flat pin of 4.4 mm in length and 5 mm in diameter. The tool was tilted
by 1°, with respect to the vertical axis, in the direction opposite to the
advancing direction. FSP was applied in one single pass and parameters
were specifically optimised for this tool and material (see Table 1).

A classical stress relief heat-treatment, further referred to as HTO, is
used as another post-treatment or in addition to FSP treatment, and is 4
h at 320 °C under air, followed by air cooling.

Conventional metallographic study and characterisation have been
performed by optical microscopy (Olympus DSX 510) and Scanning
Electron Microscopy — SEM (Zeiss Ultra 55). Grain sizes were evaluated
based on the linear intercept method. X-ray microtomography (RX So-
lutions XL, France) was performed with a voxel size of 2.5 ym, meaning
that porosities with diameters <2 voxels, hence 5 ym, are not detected
with this measurement. Data pre-processing and volumetric analyses
have been done on 1 mm cubic volumes with the AVIZO software
(ThermoFisher, France). The edge-preserving bilateral smoothing filter,
with kernel size of 5 cubic pixel, has been applied before the analysis to
the reconstructed 3D micro-CT images, to reduce the noise. Watershed
based algorithm combined with top-hat tool for detecting dark areas in
the image, allowed for semi-automatic segmentation of the internal
porosity, followed by the global pores volume fraction calculation as
well as individual pore space analysis. For Transmission Electron Mi-
croscopy — TEM, thin foils have been prepared in three steps: mechanical
grinding down to 35-45 pm, electrolytic polishing in a solution of 75 %

Table 1
Optimised FSP parameters.

Rotation Advancing speed Rotation speed Force control
[mm/min] [rpm] [kN]
Clockwise 500 1000 8
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methanol-25 % nitric acid at a temperature close to —3 °C, under 12.5 V
and with a current density around 6.4 mA/mm?, and finally ionic pol-
ishing (~0.9 keV, 26 pA, between 10 and 20 min). Thin foils were
observed by high resolution scanning transmission electron microscopy
(HR-S/TEM) using a ThermoFisher Titan Themis 300TR microscope.
Scanning TEM (STEM) observations were carried out with an acceler-
ating voltage of 300 kV. High angle annular dark field (HAADF) images
were recorded and Fast Fourier Transform — FFT could be obtained. The
microscope has also a super-X windowless 4 quadrant SDD (silicon drift
detector) detection system for the STEM-EDX (Scanning Transmission
Electron Microscopy — Energy Dispersive Spectroscopy) mapping and
several annular dark field detectors.

Microhardness tests were performed following ASTM E384-17
standard with a EMCO-test durascan 70 G5 equipment (Vickers, 300
gf, 10 s, indents every 500 pm in both directions). Uniaxial tensile tests
were performed following ASTM E8/E8M-15a standard (dimensions are
provided in Supplementary materials, Fig. S3). Round tensile specimens
were extracted by machining from as-built L-PBF cylinders and in the
stir zone of FSPed plates (parallel to the FSP advancing direction, see
schematic in Supplementary materials, Fig. S4). The entire useful zone
of the specimens is therefore located in the stir zone. Two specimens per
condition were tested. The gauge length was 20 mm and the test speed
was 1 mm/min. Total fatigue life tests were performed following ASTM
E466-15 standard (dimensions are provided in Supplementary mate-
rials, Fig. S3). Round fatigue specimens have been machined from as-
built L-PBF cylinders and in the stir zone of FSPed plates (parallel to
the FSP advancing direction, similarly to tensile specimens) and pol-
ished with diamond paste to reach R, < 0.1 um. Force controlled with
constant amplitude fatigue tests (tensile-tensile, R = 0.1) were carried
out on a MTS Bionix 25 kN servohydraulic testing machine until com-
plete separation of the half-specimens. The frequency was set at 30 Hz. If
specimens remained unbroken, fatigue tests were stopped between 3 x
10% and 1 x 107 cycles and qualified as run-outs, according to DIN EN
6072. Among unbroken specimens, four of them have been retested at
higher stress levels and failed before 10° cycles, as required by DIN EN
6072. Total life tests were fitted with the Basquin’s law (see Eq. (2.1)
where A6 = Gmax —0min is the stress amplitude, Ny is the number of cycles
to failure and b and C [MPa] are material constants), while excluding
run-outs.

Ao =C-(Ny)’ @D
3. Results
3.1. Microstructure characterisation

At low magnification, Fig. 1(a) shows the mesostructure of L-PBF +

HTO Scalmalloy® on a cross-section parallel to the L-PBF building di-
rection (Z). The material heat-treated with HTO will be the reference in
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the present work. Like in as-built material [7,13], the typical super-
position of melt pools is visible with melt pool borders appearing in
darker grey (some examples are highlighted with the dashed white arcs
in Fig. 1(a)). Those borders of melt pools are characterized by smaller
equiaxed grains (mean diameter = 0.97 pm), while the grains in the
centre of the melt pools are elongated (mean length = 21.1 um, mean
width = 2.5 um). This bi-modal grain size distribution is attributed to
differences in terms of temperatures and cooling rates during the L-PBF
process, in turn influencing the nucleation of primary Als(Sc,Zr) pre-
cipitates [13,15]. In addition, a darker secondary Mg-rich phase is
concentrated at grain boundaries, hence present in a higher volume
fraction at melt pool borders. Fig. 1(b), taken at a melt pool border,
highlights the Mg-rich phase at grain boundaries (white circle), but also
inside the grains to a lesser extent (blue arrows). Literature reported this
kind of particles to be either Al-Mg-oxides, typically MgAl,04 [13], or
A13Mg2 [32]

Fig. 2(a) shows a typical cross-section of L-PBF + FSP+HTO Scal-
malloy®. The FSP stir zone is highlighted in the centre of the cross-
section and has a width slightly larger than 5 mm (which corresponds
to the pin diameter). No more melt-pool structure can be observed in
that stir zone. Fig. 2(b) shows that the grains in the stir zone are equi-
axed with a monomodal size distribution (mean diameter = 1.1 pm).
This homogeneity in the meso- and micro-structure could be attributed
to dynamic recrystallization, as it is recognised as the dominant mode of
microstructural change in the stir zone [33,34]. It is worth noting that
the relative L-PBF/FSP orientations (parallel or perpendicular to each
other), as well as the application or not of the HTO treatment after FSP,
have no impact on the final meso- and micro-structures in the stir zone
(see Supplementary materials, Fig. S5).

X-ray tomography has been performed on L-PBF Scalmalloy® to
evaluate the influence of HTO and FSP post-treatments on the porosity
level (Fig. 3 and Table 2). Fig. 3(a,c) presents 3D reconstructions of the
1 mm°>-volumes, where porosities appear in blue. Fig. 3(b,d) shows
typical stacks of 50 projections. The volume fraction of porosities in the
as-built and heat-treated conditions equals 0.1036 % and 0.1046 %,
respectively, both in the lower half of the range reported in literature
(0.06-0.15 % [35]). It is worth noting that these values, based on
volumetric analyses of tomography measurements, are hardly compa-
rable to porosity levels calculated based on 2D cross-sectional imaging,
which can lead to much higher densities. Under the present tomography
measurement conditions (voxel size = 2.5 um), one can conclude that
the heat-treatment has no significant effect on the porosity level (see
detailed comparison with as-built material in Supplementary materials,
Fig. S6). On the other hand, FSP has a huge effect on porosities. Only five
porosities are detected in the 1 mm square cube of FSPed material
(giving a volume fraction of 0.0001 %), while no porosity at all is
detected in the FSP+HTO Scalmalloy®. Table 2 summarises the X-ray
tomography results and compares also the (volume-weighted) mean
equivalent diameters of the measured porosities. The mean equivalent

Fig. 1. (a) Optical micrograph of the overall mesostructure of L-PBF+HTO Scalmalloy® material (HTO = 4 h 320 °C). Dashed white arcs highlight some melt pool
borders. (b) SE SEM micrograph of a typical melt pool border zone with equiaxed grains in the same material. Mg-rich phases at a grain boundary (GB) or inside
grains are indicated by the white circle and the blue arrows, respectively. Z is the L-PBF building direction.
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Base material FSP stir zone

Fig. 2. (a) Cross-section by optical microscopy of L-PBF + FSP+HTO Scalmalloy®. (b) SE SEM micrograph of the stir zone. The L-PBF building direction (Z) and the
FSP advancing direction are shown. The dashed black curves indicating the stir zone are only “guide to the eye”.
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Fig. 3. X-ray tomography results showing 3D reconstructions and stacks of 50 projections: (a-b) of heat-treated L-PBF Scalmalloy® and (c-d) of FSPed material.

Table 2
Summary of X-ray tomography results for L-PBF Scalmalloy® in as-built con-
dition and with various post-treatments. FSP refers to analyses in the stir zone.

As-built HTO FSP FSP+HTO
L-PBF
Number of porosities [/] 1574 1142 5 0
Total volume fraction [%] 0.1036 0.1046 0.0001 /
Mean equivalent diameter 9.1 +3.7 10.6 + 7.7 + /
[um] 4.2 1.2
Volume-weighted mean 15.4 16.4 8.1 /

equivalent diameter [um]

diameters are quite similar in the three conditions, although slightly
lower in FSPed material. In particular, the standard deviation decreases
after FSP. The volume-weighted mean equivalent diameters are calcu-

lated with the following formula: dmeanvor = Y (di* \%4 /v ) . The higher
tot

values in as-built and HTO conditions highlight the presence of a sig-
nificant amount of bigger porosities (equivalent diameters up to 35 um),
in comparison to FSP condition. Now remember that the 2.5 pm voxel
size does not allow to capture the presence of smaller porosities which
would affect these mean values.

TEM analyses were also performed in order to characterise the
Al3(Sc,Zr) precipitates. It confirms their presence in the L-PBF + HTO
material at a scale below SEM resolution (averaged size around 15 nm),
as already observed in literature [9,17,18]. Fig. 4 shows that bigger Sc-
Zr-rich precipitates were also identified by EDX analyses with size
around 40 nm. These ones are mainly located at grain boundaries.

Coherent precipitates are also found by high resolution TEM in the
Scalmalloy® post-processed by FSP regardless of whether the HTO
treatment is applied or not (e.g. in Fig. 5 and Fig. 6). They have size
ranges from 20 to 40 nm. The HAADF image in Fig. 6(b) emphasizes the
crystallographic coherency between the matrix and the precipitate. Both
Fig. 5(b) and Fig. 6(c) present the associated FFT, where additional
diffraction spots, forbidden for Al, are circled only in yellow. It confirms
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Fig. 5. HRTEM analyses of L-PBF + FSP Scalmalloy®: (a) HAADF image of a precipitate coherent with the Al matrix, (b) associated Fast Fourier Transform (FFT).

ZA=zone axis.

that the precipitates have the crystallographic structure of AlsZr and are
thus expected to be Al3(Sc,Zr).

EDX mappings on FSPed material (Fig. 7, Fig. 8, and Fig. 9) reveal
that Sc- and Zr-rich precipitates are highly agglomerated, either along
grain boundaries (Fig. 7) or in the close vicinity of Fe-Mn-Si-rich pre-
cipitates, themselves highlighted by the red arrows on all three figures.
It is worth noting that, at the scale of the TEM observations, no obvious
differences have been observed between the FSPed (Fig. 7 and Fig. 8)
and the FSPed + HTO conditions (Fig. 9).

3.2. Static mechanical properties

In terms of mechanical properties, Fig. 10 compares the micro-
hardness maps performed on cross-sections of FSPed Scalmalloy®
without and with additional HTO heat-treatment. As in Fig. 2, the FSP
stir zones are in the centre of the cross-sections and the base materials
are at the extremities. The intermediate zones are referred to as the
thermo-mechanically affected zone (close to the stir zone) and the heat
affected zone (close to the base material) in literature. However, a
detailed description of these intermediate zones and the related phe-
nomena is out of the scope of the present paper. Table 3 summarises the
mean hardness values for the as-built material and with the various post-
treatments. First, the application of the HTO heat-treatment to the base
L-PBF material leads expectedly to a significant increase of the hardness
(+40 HV). Second, FSP gives no hardness improvement in the stir zone
in comparison to as-built base material. Third, HTO applied after FSP has
no influence on the hardness in the FSP stir zone.

Table 4 summarises the static mechanical properties of L-PBF Scal-
malloy® without and with additional HTO and FSP post-treatments
(tensile curves are provided in Supplementary materials, Fig. S7). All
the specimens present a ductile-type fracture surface with dimples
(typical fracture surfaces are provided in Supplementary materials,
Fig. S8). Applying HTO on the as-built material provides an expected
significant improvement of the strength (both yield and UTS) due to the

formation of Al3(Sc,Zr) secondary nano-precipitates. This is however at
the expense of the elongation that decreases by 40 %. The yield strength
and the ultimate tensile strength of FSP and FSP+HTO specimens present
close values, not so far from the properties of the as-built material. As-
built, FSP, and FSP+HTO specimens have also similar ductilities with
elongations at fracture in the range 0.18-0.24.

3.3. Fatigue behaviour

Fig. 11 compares the Wohler curves and Basquin’s law fits, according
to Eq. (2.1), for HTO and FSP + HTO fatigue specimens. The HTO curve
presents a quite classical shape with run-out tests for maximal stress
levels below 200 MPa. At first, FSP+HTO specimens resulted in mainly
run-out tests. Ten tests, with maximal stress levels between 220 and 320
MPa, have reached 107 cycles without failure (one has been stopped at 6
x 10° cycles due to technical issue). Four tests performed at maximal
stress of 320 or 340 MPa led to broken specimens. In a second phase,
four unbroken specimens have been retested at higher stress levels (340,
360, and 380 MPa) and broke before 10° cycles. It is worth noting that
the stress levels required to lead to failure in FSP+HTO specimens are
close or even above the yield strength of the material (322.3 MPa, see
Table 4).

Fig. 12 and Fig. 13 present typical fracture surfaces of broken fatigue
specimens and shows that the fracture initiation sites are located on or
very close to the surface, whatever the specimens (it is true for all the
broken specimens of the present work). Each specimen has one single
initiation site. In Fig. 12(a-b) corresponding to HTO specimens, the
initiating defects may be identified as inhomogeneities or oxides, with
square root of defect area of 41 and 109 um, respectively, and located at
the close vicinity of the surface (<30 pum). As suggested by Raab et al.
[25], these kinds of defects used to be volume defects which, although
rare, were brought close to the surface during machining of the fatigue
specimens. Fig. 13(c-e) corresponds to FSP+HTO fracture surfaces. In
Fig. 13(c) and (e), the presence of particles can be guessed at the
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Fig. 6. HRTEM analyses of L-PBF + FSP+HTO Scalmalloy®: (a and b) HAADF images of a precipitate coherent with the Al matrix. Note that the thin foil deteriorates
under the beam, resulting in whitish areas on the submicrometric precipitates observed at high resolution. (c) Associated Fast Fourier Transform (FFT).

ZA=zone axis.

Fig. 7. TEM analyses for L-PBF + FSP Scalmalloy® focusing on a grain boundary: (a) HAADF image and (b-f) corresponding Sc Ky, Zr K,, Fe K,, Mn K,, and Si K, X-
ray maps, respectively. The red arrows in (a) highlight Fe-Mn-Si-rich precipitates.

initiating points (square root of particle area around 8.5 um in Fig. 13
(). In Fig. 13(d), no initiating defect can be clearly identified but one
can still conclude that fracture initiation took place on the surface.

It is worth noting from Fig. 12 and Fig. 13 that the fracture surfaces
of HTO and FSP+HTO specimens are different. In HTO specimens
(Fig. 12), the area of fracture initiation and slow crack growth (stage I)
with a smooth surface is small and difficult to determine precisely. In
stage II, the surface of stable crack propagation is rough, resulting from

the presence of many porosities or defects in volume (as detected from
X-ray tomography, Fig. 3(a-b)), acting as stress concentrators, from
which the crack front seems to propagate from one to the other. Stage III
presents also a rough surface and a final abrupt ductile failure.

On the other hand, in FSP+HTO specimens, the surface of slow crack
growth (stage I) presents a smoother aspect and is clearly recognizable
(see insets in Fig. 13(c-e)). In stage II, corresponding to stable crack
propagation, microscopic ductile striations are observed at higher
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Fig. 8. TEM analyses for L-PBF + FSP Scalmalloy® focusing inside a grain: (a) HAADF image and (b-f) corresponding Sc Ky, Zr K,, Fe Ky, Mn K,, and Si K, X-ray
maps, respectively. The red arrows in (a) highlight Fe-Mn-Si-rich precipitates.

Fig. 9. TEM analyses for L-PBF + FSP+HTO Scalmalloy®: (a) HAADF image and (b-f) corresponding Sc K, Zr K, Fe K,, Mn K,, and Si K, X-ray maps, respectively.
The red arrows in (a) highlight Fe-Mn-Si-rich precipitates.
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Base materials FSP stir zones

Fig. 10. Vickers micro-hardness (HVO0.3) maps of typical L-PBF + FSP Scalmalloy® cross-sections: (a) without HTO and (b) with additional HTO heat-treatment. The
same colour scale is used for both maps. The dashed black curves indicating the stir zones are only “guide to the eye”.

magnification with a mean interdistance between 0.23 and 0.45 pm, growth mechanism changes during propagation [36]. However, no such
similar to the values on a close alloy reported by He et al. (0.25 um [15]). variation was expected in the present experimental procedure. The
In Fig. 13(c-d), macroscopic beach or clamshell marks are visible in surface of unstable crack growth (stage III) presents then a rougher
stage II zone, that could be the sign for some load, environmental, or aspect, with at the end some last stage of abrupt ductile failure with
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Table 3
Mean hardness values for L-PBF Scalmalloy® in as-built condition and with
various post-treatments. FSP refers to mean values inside the stir zone.

As-built L- HTO FSP FSP+HTO
PBF
Mean hardness 116.1 + 4.5 154.6 + 117.9 + 119.1 +
[HV] 2.1 7.4 6.3

Table 4

Mean tensile properties for L-PBF Scalmalloy® in as-built condition and with
various post-treatments. FSP refers to tensile specimens machined inside the FSP
stir zone.

As-built L- HTO FSP FSP+HTO
PBF
Yield strength, 0.2 % 3374 + 502.8 + 349.3 £ 3223 +
[MPa] 5.2 1.8 3.9 1.0
Ultimate tensile 401.7 + 534.9 + 432.5 + 4219 +
strength [MPa] 7.5 0.8 3.1 3.0
Elongation at break [/] 0.22 + 0.13 + 0.19 + 0.22 +
0.01 0.01 0.01 0.02

dimples at a microscopic scale.
4. Discussion

4.1. Microstructure and static mechanical properties of L-PBF + HTO
specimens

Two families of Al3(Sc,Zr) precipitates were observed in the L-PBF +
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HTO Scalmalloy®: the primary and secondary Als(Sc,Zr) precipitates as
reported by Li et al. [18] and He et al. [15]. The larger precipitates with
a mean size around 40 nm are easy to identify with EDX. According to
Jia et al. [14] and He et al. [15], such large precipitates form prefer-
entially from the melt along grain boundaries. Smaller ones have a size
below 20 nm and result from homogeneous nucleation, i.e. continuous
precipitation, during appropriate heat-treatment (below 350 °C ac-
cording to Royset et al. [12]). They are scarcely observable by high
resolution TEM. However, they contribute most efficiently to hardening
[9,15,25].

Hardness values of as-built and HTO materials are close to the ones
reported in literature (as-built material: 104-106 HV [7,25], heat-
treated 325 °C, 4 h: 165 HV [25], heat-treated 350 °C, 4 h: 142 HV
[71), with an improvement by more than 30 % with HTO. The static
mechanical properties of as-built and HTO Scalmalloy® are also in good
agreement, although slightly higher in terms of yield strength and UTS,
than literature [7,17,24,25]. Schimback et al. [24] and Raab et al. [25]
reported the necking or reduction of area for as-built and heat-treated
(325 °C, 4 h) Scalmalloy®. In the present work, the mean reduction of
area is calculated at 45.1 % for as-built specimens, close to Raab’s value
of 42.9 % [25]; while the mean value for heat-treated specimens equals
18.6 % and is lower than the literature (26-30 % [24], 26-26.5 % [25]).
This might be associated to the higher strength of our specimens
favouring earlier void nucleation and thus lower fracture strains. In any
case, HTO induces an improvement of the strength at the expense of
ductility, but still keeps a good elongation at break of 0.13 in the present
work. As they did not observe any obvious phase transformation or grain
growth, Kuo et al. [17] emphasized that the evolution of the mechanical
properties with heat-treatment at 325 °C can mainly be attributed to the

400 Y -
— 300f
g 3x
2
é 2x
bE
200 |- )3
A HTO
@ FSP + HTO >
A
100 1 )
104 10° 108 107

Number of cycles to failure

Fig. 11. Wohler curves and Basquin’s law fits for L-PBF Scalmalloy® with only the HTO post-treatment (green triangles) or with FSP + HTO (black circles). The
arrowed points represent run-outs. The empty symbols represent run-out specimens that were retested at higher stress levels. 2x and 3x mean that 2 or 3 specimens
were tested and ran out at these stress levels. Letters refer to the specimens for which the fracture surfaces are shown in Fig. 12 and Fig. 13.

(a) 320 MPa — 4.0 *10* cycles

(b) 220 MPa — 1.0*10° cycles

8

500 pm o

Fig. 12. Typical fatigue fracture surfaces and fracture initiation defects of HTO specimens. Letters refer to the points of Fig. 11. The fracture surface of the run-out

tests cannot be observed.
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(c) 380 MPa — 2.1 *10* cycles

(d) 340 MPa — 1.1*10° cycles
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(e) 320 MPa — 3.1*10° cycles

Fig. 13. Typical fatigue fracture surfaces and fracture initiation defects of FSP+HTO specimens. Letters refer to the points of Fig. 11. The fracture surface of the run-

out tests cannot be observed.
size, volume fraction and distribution of precipitates.

4.2. Effect of FSP on the microstructure and static mechanical properties

When FSP is applied on L-PBF Scalmalloy®, it appears that Sc- and
Zr-rich precipitates form heterogeneously and preferentially:

i. On grain boundaries (Fig. 7);

ii. On dislocations (under string shape) due to the mismatch between
the Al matrix and Fe-Mn-Si-rich precipitates (Fig. 7, Fig. 8, and
Fig. 9).

These are known to be heterogeneous nucleation or discontinuous
precipitation and reported to be arranged in a fan-shaped patterns by
Royset et al. [9,12]. Jia et al. [37] also reported that Sc diffuses first to
sites with structural defects, like dislocations, during a heat-treatment at
475 °C.

With sizes ranging from 20 to 40 nm, Al3(Sc,Zr) precipitates appear
still mainly coherent with the matrix, contrarily to literature where the
loss of coherency is reported for diameter around 20 nm [9,11,18]. One
may hypothesise that the lower static mechanical strength after FSP (in
comparison to HTO specimens) is due to the agglomeration of Als(Sc,Zr)
precipitates rather than to their growth. Indeed, when evaluating the
contribution to strength of precipitates, it is inversely proportional to
their mean interdistance: opr.jx1/l, where lis the particle spacing in the
glide plane [38]. Hence, if the precipitates interdistance increases due to
heterogeneous distribution, their contribution to strength decreases.
Anyway, it is worth noting that FSP post-treatments imply heating cycles
at temperatures above the critical temperature at which the strength-
ening mechanisms are reported to lose efficiency in various Sc,Zr-
enriched Al alloys: 350-375 °C [18], 370 °C [12], 400 °C [7]. Indeed,
typical peak temperatures between 0.75 and 0.9 x Ty, are reached
during FSP of Al alloys [33,34].

The addition of HTO to FSP material has no influence on the Als(Sc,
Zr) precipitates. Coherently, the hardness and strength of both materials
are roughly similar.

4.3. Fatigue properties

As aluminium alloys do not have a true fatigue strength, literature
defines the technical fatigue strength via the run-outs at 107 [22,23] or
3 x 107 cycles [24,25]. For L-PBF+HT Scalmalloy®, literature reports
values around 100 MPa [22,23], while the HIP treatment seems to
improve the technical fatigue strength (to 215-230 MPa [25], or up to

360 MPa [24]). In the present work, HTO specimens were stopped from
3 x 10° cycles, giving a technical fatigue strength at 200 MPa (see
Fig. 11) and a fatigue to yield ratio of 0.40. The present fatigue strength
is significantly higher than the values reported for heat-treated Scal-
malloy® [22,23] and even close to the values reported by Raab et al.
after HIP [25].

The FSP post-treatment after L-PBF and before HTO leads to a huge
improvement of the fatigue life of Scalmalloy® in comparison to HTO
specimens (see circles in Fig. 11). The FSP+HTO specimens were mostly
stopped after 10 cycles, giving a technical fatigue strength between 300
and 320 MPa. 320 MPa test results are highly scattered (several orders of
magnitude), which is commonly observed when reaching high cycle
fatigue conditions, close to the material fatigue limit [39,40]. Above
320 MPa, we are close to the yield strength of the material estimated at
322.3 MPa (see Table 4), giving a fatigue to yield ratio between 0.93 and
0.99. However, Santos et al. [26] obtained a technical fatigue strength
higher than the yield strength for L-PBF + FSP AlSi10Mg.

Table 5 summarises the Basquin’s fitting parameters, as defined in
Eq. (2.1) and used in Fig. 11 to fit the Wohler curves. The fatigue
strength coefficient C is related in some way to the strength of the ma-
terial, while the fatigue strength exponent b corresponds to the slope of
the Wohler curve on a log-log scale and reflects the sensitivity of the
material to cyclic loading. When fitting Basquin’s law to the FSP+HTO
results, the number of broken specimens remains limited, which may
affect the quality of the fit. It should also be noted that most of them are
probably at the onset of plasticity, which is the limit of validity of Bas-
quin’s law.

Several versions of the Basquin’s law exist in the literature. For a
purpose of comparison, the fitting parameters found in literature were
recalculated according to Eq. (2.1) and correspondences are detailed in
Supplementary materials, Table S9. In HTO condition, C is in the range
given by Muhammad et al. [19]: 2116 MPa for as-built and 2548 MPa for
machined conditions, after heat-treatment in any case (4 h at 325 °C).
The absolute value of b is slightly higher than Muhammad’s values (b =
—0.17 and —0.14 for as-built and machined conditions, respectively),
meaning that the present material seems a bit more sensitive to cyclic
loading. Considering that Muhammad’s fatigue conditions were quite

Table 5
Parameters of Basquin’s fitting law, defined in Eq. (2.1).
HTO FSP+HTO
C [MPa] 2158 423
b /] —0.195 —0.026
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different (uniaxial fully-reversed strain-controlled tests with R = —1 on
non-polished specimens [19]), the comparison appears satisfactory.
After FSP+HTO, a strong decrease of C is observed, in comparison to
HTO material, that could be linked to the difference in yield strengths
(see Table 4). On the other hand, it is interesting to highlight that b drops
to —0.026 reflecting that FSP leads to a very low sensitivity to cyclic
loading. In terms of comparison, Santos et al. found a close value of
—0.03 on AlSi10Mg post-processed by FSP [27]. It is worth noting that
Santos et al.’s conditions for the fatigue tests were similar to the present
conditions (constant amplitude uniaxial tests with R=0.1 on polished
specimens [27]).

As already observed on AlSi10Mg [27] and confirmed by X-ray to-
mography (see Fig. 3 and Table 2), the huge enhancement of the fatigue
life after FSP is attributed to the disappearance of the biggest porosities/
defects, intrinsically present in most L-PBF materials, and usually
responsible for fatigue crack initiation [41]. In the present work, no
porosity at all are detected in the FSP-+HTO material (voxel size = 2.5
um), while many porosities with equivalent diameters higher than 30
um are observed in the as-built and HTO conditions. As reported by Raab
et al. [25] and observed in the present work, fatigue always initiated on
(sub-)surface defects, which confirms that surface initiation is roughly
speaking the rule in machined AM fatigue specimens. It enhances the
interest of FSP to be applied at the surface of bigger/more complex parts
or close to stress concentration zones (e.g. around notches) in order to
efficiently remove the most critical initiating porosities/defects. Both in
Raab’s work [25] and in the present HTO specimens, the surface defects
initiating fatigue fracture were identified as lack-of-fusion defects, oxide
inclusions or microstructure inhomogeneities, these defects being vol-
ume defects before machining but brought at or close to the surface by
the specimen machining step. As used by Schimback et al. and Raab
et al,, the present defects have ,/ared,; parameters (square root of
effective defect area) between 48.5 and 128.5 um, in the same range as
the values reported in literature: 11.0-130.4 ym [24] and 17.7-62.9 pm
[25]. All Raab’s fatigue specimens being HIPed [25], one can conclude
that HIP is not a straightforward post-process to remove these kinds of
intrinsic L-PBF defects. In addition, a similar conclusion was already
reached by Santos et al. [42] on L-PBF AlSi10Mg where defects/poros-
ities only partially closed after HIP and tended to reopen again under
fatigue loading. To our knowledge, the fatigue performances obtained in
the present work on FSP+HTO specimens are significantly better than
the best fatigue life reported in literature for L-PBF Scalmalloy®,
whatever their L-PBF conditions and post-treatments (HT+in-process
contour strategies, turning or shot-peening [23], HT [22], HT or HIP
[24], HT and HIP with or without chemical milling [25]). Only Schim-
back et al. [24], with a specific transition-mode L-PBF process (between
keyhole and heat conduction modes) and further HIP, reached very
recently fatigue properties that appear as interesting as the present
work, reporting a technical fatigue strength of 360 MPa for a yield
strength of 495 MPa. Their specific transition mode resulted in deeper
melt pools, hence more chance of re-melting prior L-PBF defects (e.g.
porosities or materials inhomogeneities), reducing potential crack
initiation sites [24]. It is interesting to note that Schimback et al. [24]
obtained a higher yield strength but a lower fatigue to yield ratio (0.75
vs 0.93-0.99) in comparison to the present work.

To conclude this section, it is worth emphasizing that FSP+HTO
Scalmalloy® has a significantly improved fatigue life in comparison to
HTO specimens (increase of the technical fatigue strength by at least 60
% and of the total life by more than two orders of magnitude), while
having a lower yield strength by 36 %. This improvement is well high-
lighted by the rise of the fatigue to yield ratio: from 0.40 to 0.93-0.99,
and by the strong decrease of the absolute value of the fatigue strength
exponent b: from —0.195 to —0.026, reflecting a very low sensitivity to
cyclic loading after FSP.
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5. Summary

After AlSi10Mg [26,27], Friction Stir Processing is confirmed as a
very effective post-treatment to greatly improve the fatigue life of L-PBF
Scalmalloy® parts: increase by 60 % of the technical fatigue strength,
improvement by two orders of magnitude of the total fatigue life, and
decrease by an order of magnitude of the fatigue strength coefficient.

However, the driving mechanisms for better yield strength and better
fatigue life in L-PBF Scalmalloy® are not the same. While the yield
strength improvement is governed by appropriate precipitation of nano-
sized Al3(Sc,Zr), the total fatigue life seems mainly influenced by the
presence/absence of big porosities or defects. On the one hand, the
outstanding fatigue life obtained in the present work is explained by the
severe stirring occurring during FSP, involving a disappearance of the
biggest L-PBF porosities/defects, typically larger than 10 um. This was
confirmed by X-ray microtomography results and the identification of
the initiating defects on fatigue fracture surfaces. On the other hand, FSP
hinders precipitation strengthening, responsible for the high yield
strength when L-PBF Scalmalloy® is adequately heat-treated (after 4 h
at 320 °C, oy.yro = 502.8 MPa). Indeed, TEM observations demonstrated
that Al3(Sc,Zr) precipitates are present in L-PBF + FSP (+HTO0) Scal-
malloy® but are agglomerated heterogeneously along grain boundaries
or on dislocations, e.g. in the close vicinity of Fe-Mn-Si-rich precipitates.
Under this condition, it appears that Al3(Sc,Zr) are not efficient to
strengthen the material even if a precipitation heat-treatment (HTO) is
applied after FSP (6y.psp+HT0 = 322.3 MPa). Consequently, FSP applied
to L-PBF Scalmalloy® results in a lower yield strength but better fatigue
life compared to HTO material. A compromise would therefore be
necessary between yield strength and fatigue life, probably depending
on each application. Nevertheless, Friction Stir Processing is envisioned
to give fatigue results as interesting as the ones obtained recently by
Schimback et al. (who combined a specific transition-mode L-PBF pro-
cess with HIP [24]), while avoiding the use of HIP in the present work.

Finally, this research opens the door for the application of FSP to
other L-PBF alloys or on complex L-PBF parts, more specifically to hinder
the failure risk in zones of stress concentration, e.g. around fastening
holes. Indeed, Friction Stir Processing can be applied not just in straight
lines, but following 2D or even 3D patterns by welding robots. In
addition, the juxtaposition of several FSP passes is currently under study
to widen the processed zone.
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