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Metal Matrix Composites (MMCs) represent a class of materials where a reinforcement phase is added to a
metallic alloy to enhance specific functional and mechanical properties. Initially developed for aerospace ap-
plications in the mid-twentieth century, MMCs have recently received renewed interest thanks to the possibility
of being processed by additive manufacturing processes. This study aims to investigate the fatigue and fracture
properties of the Al2618 alloy reinforced by 7.1 wt% TiB; particles, produced via the Powder Bed Fusion Laser
Beam (PBF-LB) process. The original gas-atomized Al2618 powder was initially pre-alloyed by 1.30 wt% of TiBy;
successively, the target 7.10 wt% TiB, content was achieved by high-energy mechanical mixing with additional
TiBy powder. The resulting MMC exhibited increased elastic modulus and tensile strength compared to the
unreinforced Al2618 alloy.

In the second part of the study, a comprehensive characterization of the fatigue and fracture properties was
carried out, further demonstrating the promising structural properties of the present MMC. Fracture toughness
(KIC) tests were performed with the crack plane along three different orientations. Fatigue crack growth prop-
erties were instead assessed in the primary vertical orientation; these data were used to interpret the fatigue
experiments conducted on net-shape specimens. Detailed fracture surface analyses, supported by computed to-
mography scans, enabled extensive characterization of the defects generated in this MMC pointing to the
complexity of manufacturing this material. Overall, this work provides a comprehensive characterization of the
structural performance of Al-based MMCs produced by PBF-LB, establishing a reference framework for researcher
and industry to approach damage-tolerance-based assessment on this class of materials.

1. Introduction expected to be further adopted for large-scale productions.

Currently, research efforts are directed toward the design and opti-

Additive Manufacturing (AM) of metallic alloys has experienced
rapid growth over the past decade, offering the capability to produce
geometrically complex components that are difficult, or even impos-
sible, to achieve through conventional manufacturing methods. Among
the various AM techniques, Powder Bed Fusion using a Laser Beam (PBF-
LB) has emerged as one of the most widely adopted processes across
multiple industrial sectors [1,2]. PBF-LB technique has recently reached
a technology maturity which guarantees the industrial production of
structural components with high printing quality, and it is therefore

mization of metallic alloys specifically tailored for the AM process [3].
These alloys combine superior physical and mechanical properties,
including high strength, low weight, and elevated thermal conductivity,
together with high AM processability, and are designed to meet the
stringent requirements of advanced applications, particularly in the
aerospace sector [4-9]. A complementary strategy for further improving
functional and mechanical properties involves the use of metal matrix
composites (MMCs) which have recently emerged as promising alloys
for AM applications. MMCs consists of a metal matrix reinforced with a

* This article is part of a special issue entitled: ‘FDMD 5’ published in International Journal of Fatigue.

* Corresponding author.
E-mail address: luca.patriarca@polimi.it (L. Patriarca).

https://doi.org/10.1016/j.ijfatigue.2026.109566

Received 7 November 2025; Received in revised form 16 January 2026; Accepted 10 February 2026

Available online 12 February 2026

0142-1123/© 2026 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0009-0008-3653-7543
https://orcid.org/0009-0008-3653-7543
https://orcid.org/0000-0002-0824-8348
https://orcid.org/0000-0002-0824-8348
https://orcid.org/0000-0002-8000-6108
https://orcid.org/0000-0002-8000-6108
https://orcid.org/0000-0001-9615-2938
https://orcid.org/0000-0001-9615-2938
mailto:luca.patriarca@polimi.it
www.sciencedirect.com/science/journal/01421123
https://www.elsevier.com/locate/ijfatigue
https://doi.org/10.1016/j.ijfatigue.2026.109566
https://doi.org/10.1016/j.ijfatigue.2026.109566
http://creativecommons.org/licenses/by/4.0/

L. Mariotti et al.

International Journal of Fatigue 208 (2026) 109566

Fig. 1. Powder feedstock production sequence with wt% of TiB, [20] and final composite microstructure after manufacturing.

fraction of specific reinforcement with higher mechanical properties (i.
e. elastic modulus, strength, etc). MMCs for AM process can be obtained
by adding micro- or nano- sized ceramic particles (such as borides,
carbides, oxides, nitrides or a combination of those) into a metallic
matrix [10-15]. Among all the MMCs, Aluminium-based Matrix Com-
posites are generating a large interest especially for the excellent me-
chanical, lightweight and wear properties [16].

MMCs can be produced through a variety of techniques, such as
powder metallurgy, friction stir processing, induction melting, and cold
spray deposition [17,18]. However, the fabrication of MMCs using
conventional technologies presents several challenges. Firstly, these
materials require complex manufacturing processes to achieve a ho-
mogeneous dispersion of the reinforcement particles. Moreover, the
presence of hard and abrasive ceramic reinforcements makes conven-
tional machining difficult. As it will be shown in the present paper, one
possibility to overcome these limitations is given by the AM technologies
[19], specifically the PBF-LB process. Successful PBF-LB processing of
MMCs requires careful preparation of the feedstock powder. In a pre-
vious investigation, the authors of the present work developed and
compared different techniques for producing Al2618-based feedstock
powders incorporating approximately 7 wt% TiB, particles [20,21].
Referring to the so-called in-situ approach, ceramic nanoparticles were
synthesized through the precipitation of ceramic compounds directly
within the molten alloy during atomization or printing, via controlled
chemical reactions between alloying elements. However, this method
may be unsuitable for powders which require a high fraction of rein-
forcement [22,23]. Alternatively, the ex-situ approach involves the
external synthesis of ceramic particles, which are then mechanically
incorporated with the metallic matrix powder. Various techniques are
used to attach the ceramic particles to the metal powder, including
mechanical methods (blending, milling), electrochemical deposition,
and physical approaches (plasma coating) [24]. In the case of ex-situ
approach, the powder feedstock preparation is inherently challenging:
strong interparticle bonding between metal and ceramic particles is
essential to prevent detachment of the reinforcement particles during
sieving and powder reuse. Additionally, achieving a homogeneous dis-
tribution of the reinforcement in the feedstock powder is crucial, as it
directly ensures uniform dispersion in the final printed composite [18].

In the present work, the Al2618 + 7.1 wt% TiB, MMC powder was
produced leveraging both in-situ and ex-situ approaches. The feedstock
produced with this novel technique was successfully used to fabricate
standard specimens for material characterization via PBF-LB: tensile,
fracture toughness, fatigue crack growth and fatigue samples. Subse-
quently, a comprehensive static and fatigue characterization of the MMC
was carried out to address the gap in the literature, which currently lacks

investigations covering a broad range of mechanical and microstructural
aspects of MMCs. The resulting material property dataset is crucial for
evaluating the potential adoption of the studied MMC in targeted en-
gineering applications and for implementing damage-tolerance-based
approaches to design. The study also focuses on the type of defects
that are seen to influence and determine the fatigue performances of the
manufactured parts. Detailed high-resolution X-ray computed tomog-
raphy (XCT) scans were performed on the fatigue specimens before
testing. The defects maps were generated for bulk, subsurface and sur-
face critical defects providing a unique set of defect populations for
interpreting the fatigue failures in this MMC. Finally, a structural
assessment based on the damage tolerance approach was demonstrated
to be suited for predicting the fatigue life of MMC [25-27].

The paper is structured as follows. Section 2 (Materials and methods)
outlines the novel approach developed to produce the initial powder
feedstock and details the experimental procedures adopted for micro-
structural and mechanical characterization. Section 3 (Results and Dis-
cussion) presents the experimental outcomes of tensile, fracture
toughness, fatigue crack propagation and fatigue tests. The same section
also reports the XCT analyses, providing a quantitative description of the
location, shape and size of critical defects. The results are discussed and
compared with data available in literature for other additively manu-
factured (AMed) MMCs and conventional aerospace Al alloys. Particular
emphasis is placed on assessing the competitiveness of the investigated
AMed-MMC relative to alloys such as Scalmalloy® and AlSi10Mg, spe-
cifically regarding improvements in stiffness and structural perfor-
mance. This section also addresses the main challenges related to the
processability of this MMC.

2. Materials and methods
2.1. Powder feedstock production

The complete production sequence of the feedstock powder is
described in Fig. 1. This process was selected and optimised in a previous
work after a comparison among four different feedstock production
techniques based on the static mechanical properties of thin-walled
specimens [20]. The study shown that the pre-alloying by gas atomi-
zation (in-situ technique) is particularly promising for the static prop-
erties. However, the resulting TiB, content remained limited (2.6 wt%).
Higher weight fractions of TiB, reinforcement were obtained by high-
energy mechanical mixing the Al2618 powder and the TiB, powder.
For the material in the present study, we combined the two procedures,
reaching the final TiB, content of 7.1 wt%. The final microstructure
exhibits both micro- and nano-sized TiB; particles resulting in different
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Table 1
Chemical composition and properties of the pre-alloyed Al2618 powder (wt%)
provided by the manufacturer.

Chemical composition [%]

Cu Fe Mg Ni Si Ti Zn B Al

2.5 1.2 1.8 1.2 0.2 2.1 0.01 0.4 Balance
Powder properties

Particle size D10 (ISO 13320) 28.6 pm

Particle size D50 (ISO 13320) 43.3 pm

Particle size D90 (ISO 13320) 66.0 pm

powder chemical composition and ceramic reinforcement content
compared to the previous work [20].

More in detail, the pre-alloyed Al2618 powder was produced by
means of the gas atomization process, and its properties are reported in
Table 1. The presence of 2.1 wt% of Ti and the 0.4 wt% of B promoted
the formation of approximately 1.3 wt% of in-situ TiBy particles. These
particles are visible in the SEM image of the cross-section of a powder
particle in the first step in Fig. 1.a. The pre-alloyed powder was suc-
cessively mixed with 5.7 wt% of ex-situ TiB, particles [28] through a
high-energy mechanical mixing process. The TiB, particles, character-
ized by an average diameter of 2 pm, were produced by Treibacher
Industrie AG [29]. These TiB, particles adhered to the pre-alloyed
powder, as shown in the SEM image in Fig. 1.b. The mixing was effec-
tive, and it resulted in a uniform dispersion of the ceramic particles with
a total ceramic reinforcement content of 7.1 wt% considering both in-
situ and ex-situ contributions. The uniformity in the ceramic disper-
sion is then reflected in the final product after the functionalised powder
is AM processed, as shown in the composite final microstructure of
Fig. 1.c.

2.2. Specimen production

A dual-laser PBF-LB printer (SLM280, SLM Solutions) was employed
to produce the specimens shown in Fig. 2.a, including their quantities
and printing orientations. Optimization of the printing parameters was
carried out by varying laser power, hatch distance, scan speed, and layer
thickness to ensure maximum density of the manufactured specimens.
The set of parameters that allowed to achieve the highest material
density (99.6%) is summarized in Fig. 2.b.

The geometries of the specimens for mechanical testing are shown in
Fig. 2.c. All dimensions were chosen in accordance with the appropriate
standard [30-34]. Single Edge Bending (SEB) specimens were selected
for fatigue crack growth (FCG) tests to be used on a resonance flexural
machine which can ensure high testing frequencies (up to 60 Hz) and
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thus reduce the testing time especially for the threshold tests. Further-
more, the SEB geometry also enables to cover a large spectrum of load
ratios R, both positive and negative ones. Compact Tension (CT) ge-
ometry was selected for fracture toughness evaluation. CT geometry
allows accessibility to the lateral specimen surface during the test for in-
situ Digital Image Correlation (DIC) measurements. In both SEB and CT
geometries, the thickness was defined to guarantee a dominant plain
strain condition for the crack front. The notches were manufactured
using Wire Electrical Discharge Machining (WEDM) to improve geo-
metric tolerances and obtain a narrow notch tip (approximately 200 pm
in diameter) which enhances crack nucleation. Axial threaded speci-
mens with 5 mm diameter in the gauge section were designed to perform
tensile and fatigue tests. Their lengths, respectively of 84 and 80 mm,
were set to the lower limit of the standard to reduce usage of the powder
feedstock. For fatigue specimens, a circular cross section of 5 mm in
diameter and 19 mm gauge length provides a sufficient volume of ma-
terial which has statistical relevance for establishing the defect distri-
bution. Fatigue specimens were left in net shape condition with a final
sandblasting surface treatment performed using corundum at a pressure
of 6 bar. This surface treatment was chosen because it is more repre-
sentative of the operational conditions of many industrial components
produced by PBF-LB. In fact, this treatment is often employed as it can
improve the intrinsic limitations of the AM process in terms of surface
roughness and surface flaws which can lead to fatigue failure [35].

The vertical orientation with respect to the building plate was
selected for the FCG, fatigue, and tensile specimens because it exhibited
the poorest tensile performance compared with the D and H orientations
in a preliminary phase of the research. Consequently, it represents the
lower bound of the material properties and introduces a desirable level
of conservatism into the resulting material data package [36]. An
exception was made for the CT specimens, for which three orientations
were investigated: Vertical (V, 90°), Diagonal (D, 45°) and Horizontal
(H, 0°) in order to evaluate the influence of the microstructure on the
fracture toughness. All the specimens were subjected to T5 heat treat-
ment (HT), consisting of direct aging at 180 °C for 2 h followed by air
cooling. The details related to the HT selection and microstructural
analysis are described in a previous work [20].

2.3. Residual stress measurements

In-depth Residual Stresses (RS) were evaluated on one fatigue
specimen to assess the stress state following the T5 heat treatment and
the sandblasting process. The RS measurement under the surface is a
destructive process and a single specimen was therefore used due to the
limited total number of fatigue specimens that were preferably

Fig. 2. a) quantity and printing orientation (Vertical, V; Diagonal, D; Horizontal, H) for the printed specimens; b) printing parameters; c) specimens’ geometries and

most relevant dimensions.
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employed in the definition of the SN curve. The RS measurements were
taken by means of a X-Stress 3000 AST Stresstech X-ray diffractometer
equipped with a 1.5 mm diameter collimator and Cr radiation at 30 kV.
The siny method was employed using a fixed diffraction angle of 20 =
139.3°. The angular scanning aperture was set to + 40° with a total of
five tilts. RS were performed from the free surface till 400 pm depth with
measurements every 50 pm step. Electrolytic polishing carried out using
a Struers LectroPol-5 system operating at a voltage of 35 V was used to
remove the superficial material. The electrolyte solution consisted of
94% acetic acid (CH3COOH) and 6% perchloric acid (HC104); polishing
times were adjusted for each specimen to achieve the target depth. RS
were measured along the directions 0° and 90° with direction 0° aligned
with specimen axis and thus with the loading direction. Additional
surface measurements (non-destructive) were also taken on other two
specimens in directions 0° and 90° to confirm the surface RS data.

2.4. Mechanical testing

2.4.1. Tensile tests

Tensile tests were performed according to the ASTM E8/E8M stan-
dard [33] on an MTS Alliance RT100 electro-mechanic tensile machine
employing a 25 mm base extensometer. The machine was equipped with
a 100 kN load cell and a 2 mm/min displacement rate was applied until
complete specimen rupture. Two tensile specimens were dedicated to
elastic modulus (E) measurements. An MTS 651 environmental chamber
equipped with liquid nitrogen cooling was employed to set the target
temperature on the specimen. Each specimen was subjected to ten quasi-
static loading and unloading cycles between 10% and 40% of the yield
stress with a displacement rate of 1 mm/min. The temperature was
varied between —50 °C to + 150 °C with steps of 25 °C. This range was
chosen as it is representative of temperatures typically encountered by
aluminium components in aerospace applications. For each tempera-
ture, E was evaluated with a linear least square fitting on each loading
and unloading segment and an average value was calculated.

2.4.2. Fracture toughness tests

Fracture toughness tests on CT were performed according to the
ASTM E399 [30] standard under an MTS Landmark RT100 servo-
hydraulic machine. Three specimen orientations were investigated:
vertical (crack plane parallel to the building direction), diagonal (crack
inclined at 45° to the building direction) and horizontal (crack
perpendicular to the building direction). The crack opening displace-
ment (COD) was measured using an MTS extensometer with a base of 5
mm. A pre-cracking at load ratio R = 0.1 was performed to achieve a 12
mm crack length with a final max stress intensity factor K;;qx of 4.3 MPa

\/ m. A displacement rate of 1 mm/min was applied during the tests
until complete specimen failure. Following the tests, images of the
fracture surfaces were captured using an optical stereo microscope with
8x magnification lens to measure the final crack length and correct the
toughness data. The Kj; (Kj size independent) approach, described in the
ASTM standard, was used to obtain a K; value less sensitive to the size of
the specimen.

The microstructure was examined on three CT specimens after
testing to further analyse the crack propagation path. The specimens
were sectioned transversely to the crack plane, focusing on the central
region of the fracture surface, where plane-strain conditions dominate.
The samples were mounted in epoxy resin and polished using abrasive
papers up to 2400 grit. Final polishing was carried out using 6 pm and 1
pm diamond suspensions before etching with Keller’s reagent. Micro-
structural observations were performed using an optical microscope at
100 x magnification.

2.4.3. Fatigue crack growth tests
Fatigue crack growth tests were conducted on SEB specimens with a
resonance flexural Cracktronic Rumul machine which has a maximum
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mean bending moment of 80 Nm and a maximum bending moment of
160 Nm. A compression pre-cracking (CP) stage was performed in all the
specimens at room temperature. The minimum load required for the pre-
cracking was chosen employing an elasto-plastic numerical analysis. An
amplitude bending moment Ma = 11.5 Nm and a mean bending moment
Mm = -11.5 Nm were chosen as load that generates an extension of the
plastic region at the notch tip of approximately 50 pm. The CP was thus
conducted with a minimum equivalent Stress Intensity Factor (SIF) of

K¢ — _3 MPay/m and a maximum of K¢ = 0 MPay/m.

The CP stage helps in obtaining a closure-free crack starting from the
EDM notch. More specifically, the tensile RS caused by the compression
yielding in the region of the notch leads to a crack nucleation. The crack
propagates in the yielded region until the driving force becomes lower
than the threshold [37-42]. Compression Pre-cracking Load Reduction
(CPLR) tests were performed to evaluate the crack growth threshold
(AKh,1.c) while Compression Pre-cracking Constant Amplitude (CPCA)
tests to assess the Paris region of the propagation.

Load ratio R = 0.7 was investigated with one CPLR and two CPCA
tests to obtain the full Paris-Erdogan curve. R = 0.7 is the load ratio
commonly referred as the effective one, that is when the crack is fully
open and the crack closure mechanisms do not influence the crack
propagation rate. Therefore, it can be considered a reference load ratio
in the definition of the Paris-Erdogan curve because it represents the
upper bound of the crack growth rates [43]. Furthermore, characterizing
the R = 0.7 is particularly important in our case because the T5 treat-
ment cannot fully mitigate the manufacturing induced tensile residual
stresses which can increase the effective R. One CPLR and one CPCA
tests were performed at R = 0, while for R = —1 the priority was given to
the threshold values, therefore only two CPLR tests were performed. The
crack propagation during the tests was monitored with a 5 mm base
Rumul clip-on gauge applied to the specimen notch. Actual initial and
final crack lengths were evaluated on the fracture surfaces with the
optical stereo microscope. The data processing and crack length
correction with actual measurements were completed following pre-
scriptions contained in ASTM E647 [31].

2.4.4. Fatigue testing

Fatigue tests were performed as prescribed in ASTM E466-21 [34] at
room temperature with a frequency of 50 Hz and load ratio R = —1 for
all the specimens. Eight out of twenty-eight specimens were used to
estimate the experimental fatigue limit (Aoy,) with a reduced staircase
method as prescribed in the BS ISO 12107:2003 standard [44]. The
runout criterion was set at 10’ cycles and failures were assessed after
complete rupture of the specimens. Specimens which reached 10 cycles
were subsequently retested to analyse the defects at the fracture origins
but test results were not used to fit the SN curve.

The line representing the SN curve was obtained by fitting the finite
life region of the experimental data with Equation (1), in accordance
with ASTM E739 [45]:

N = AeSE (@)

The parameters for the data fitting were determined using the maximum
likelihood estimation method (MLE) on the logarithmic transformation
of Equation (1) as:

log(N) = log(A) + B e log(S) (2)

Assuming a gaussian distribution for the dependent variable log(N) with
mean value expressed by Equation (2) and a constant standard deviation
ologn [46]. The scatter on the fatigue limit was calculated from the linear
interpolation log(S)-log(N) line as: 61og10(40w) = Clogion) /B-

A field emission Scanning Electron Microscope (SEM, Zeiss EVO
50XVP Thermionic with the Oxford Inca Energy 200 X-ray microanalysis
(EDS) detector) was used to capture images of the fracture surfaces after
the fatigue tests. The fractographies were analysed through ImageJ
software to properly identify and measure the defects leading to failures.


astm:E8
astm:E399
astm:E647
astm:E466
astm:E739
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Fig. 3. a) tensile tests results in T5 heat treatment at room temperature; b-g) fracture surfaces at different magnifications; h) elastic modulus variation with tem-
perature compared with literature data on forged Al2618 in T6 heat treatment [49].

In particular, the image processing software was used to measure the
area of the killer defects by manually identifying their boundaries and it
was also used in measuring the depth of the defects as the distance be-
tween the theoretical circular external surface of the specimen and the
deepest point of the defect.

2.5. DIC measurements

DIC was employed on three CT specimens to obtain Tresca strain
maps on the lateral surface of the specimen at the tip of the crack. The
specimens were prepared by spraying white paint and successively black
paint to generate a random black and white speckle pattern on a rect-
angular area. The paints were deposited on the specimen surface using
an Iwata CM-B airbrush equipped with a 0.18 mm nozzle diameter.
Black spots diameter resulted of approximately 30 + 4 pm. Blue light at
45° on the sample surface illuminated the specimen to maximize the
speckle contrast. The images were captured every 500 ms during the
test using a 2 Megapixel Allied Vision Manta CCD optical microscope
equipped with a lens system produced by Optem. A field of view of
approximately 7.51 x 9.90 mm resulted in a final pixel resolution to
6.1 pum/pixel. The DIC analysis was completed with VIC-2D commercial
software while post processing of the strain data was performed through
specifically designed Matlab script.

2.6. XCT scan

All the fatigue specimens were scanned with a voxel size of 10 pm.
Four scans were carried out for each specimen to obtain a full

reconstruction of the entire gauge length. The voltage was set to 70 kV
and the current to 150 pA with an integration time of 333 ms. A physical
pre-filter consisting of a 0.1 mm copper plate was applied and 1200
projections were acquired. Given the 10 pm voxel size and the seg-
mentation method (triangle), the defect size with a 90% probability of
detection results to be 34 pm [47]. This resolution enables an accurate
reconstruction of the typical defects in the investigated alloy considering
that the minimum defect size from the maxima sampling resulted 90 pm.

3. Results and discussion

This section contains the results in terms of static and fatigue prop-
erties obtained in the present study for AM Al2618 + TiB; and a com-
parison with literature data of the base alloy Al2618 produced with
conventional manufacturing (forging, casting), along with data on AM
aluminium alloys which are commonly employed in advanced applica-
tions, especially in the aerospace field, such as Scalmalloy® and
AlSil10Mg. The comparison is useful to evaluate the potential adoption
of the present alloy for structural applications. The section also contains
a discussion on fatigue properties and on the process-induced defects
observed on the fracture surfaces and from the XCT data.

3.1. Static properties

See Fig. 3.a shows the tensile stress-strain curves of all the 14
specimens tested. The results demonstrate a good repeatability of the
yield condition, providing an average yield strength (Rpyz) of 345 MPa
with a narrow scatter of 4 MPa. The ultimate load (UTS) of 387 MPa and
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Fig. 4. a) K¢ values are reported for the different printing orientations H, V and D; b) DIC strain maps indicate the equivalent Tresca strain; ¢) SEM images of the

microstructure and the crack paths.

the elongation at fracture (emgx) of 2.4% show a larger dispersion as
these properties are more influenced by the natural presence of
manufacturing defects [25,27,48]. Typical manufacturing-induced de-
fects, such as lack of fusion or porosity, were identified from SEM images
of fracture surfaces, Fig. 3.b-g.

The values of elastic modulus are summarised in Fig. 3.h where E vs
temperature values are reported. The Al2618 + TiB, shows an elastic
modulus of 85.2 GPa at room temperature, while it maintains a value of
78.7 GPa at 150 °C. At low temperatures, E was found to be equal to 88.1
GPa (—50 °C). Overall, the average increment compared to the base
Al2618 forged alloy is approximately 13% [49]. The E data are well
aligned with the linear fitting represented by a black dashed line, and
the results can be particularly useful for thermo-mechanical simulation
or for the design of components subjected to environments with extreme
thermal variations (e.g. space).

Fracture toughness values obtained from the tests are reported in the
plot in Fig. 4.a for the three orientations (H, V, D). The H orientation
experienced the highest value of toughness having an average value of
23.9 MPa /m, while the V orientation showed an average value of 18.0
MPa /m and the D orientation displayed a value of 15.3 MPa /m.

Exploiting the DIC analysis, the equivalent Tresca strain maps were
obtained on the lateral surface (plane-stress loading condition) of the
specimens, see Fig. 4.b. The maps are compared considering the frame
on which the Pq load is applied to the specimens (P, is the load used to
compute the Kj¢ value [30]). The DIC maps highlight the strain accu-
mulation at the crack tips for the three orientations: blue colour in the
scale indicates the strain at yielding, ¢, = 0.58%, and it is indicated on
the scale bar with a red mark. The real crack path is represented with a
black line over the strain maps, and SEM close-ups show the micro-
structure in the early region of the crack (Fig. 4.c). The melting pools
typical of AM are clearly visible following chemical etching treatment
and they are highlighted in yellow in the proximity of the crack.

The crack path analysis highlights the anisotropic behaviour of the
material. In the V and D specimens, the crack preferentially propagates
along melt pool boundaries (MPBs), which act as microstructurally
favourable paths for crack growth. In contrast, in the H specimen the
crack is forced to cross the melt pools, intersecting the MPBs rather than
following them, leading to a higher resistance to crack propagation in
the H orientation [50]. Furthermore, the higher resistance of the ma-
terial to the crack advancement determines larger plastic deformation at
the crack tip [51]. This is confirmed by the DIC analysis where the
plastic region is significantly larger for the H orientation. Moreover, the
plastic regions at the crack tip, visible on the strain maps, tend to differ
depending on the printing orientation.

Regarding the comparison between the V and D orientations, the
measured fracture toughness values show no significant variation be-
tween the two conditions. Qualitative inspection of the crack paths
suggests that crack propagation in the D specimens is less tortuous than
in the V specimens. This reduced crack deflection may facilitate crack
advance and thereby contribute to the lower fracture toughness
observed for the D orientation (Fig. 4.a).

See Fig. 5.a shows the fracture toughness values collected for A12618
base and reinforced with TiB; (9 wt% similar to 7.1 wt% adopted in this
study) in T6 treatment and manufactured by casting, forged Al12618 in
T6 treatment with Circumferential-Longitudinal (CL) and
Circumferential-Radial (CR) orientations, AM AlSi10Mg in the three
orientations (V, D, H) in As Built (AB) and in T5 condition and AM
Scalmalloy® in T5 treatment [27,51-54].

The K| values obtained in the present work (highlighted in red) are
well in line with those of cast A12618, both base and reinforced. On the
other hand, it is recognized that forging can improve the static proper-
ties of aluminium alloys [55]; in fact, the toughness of Al12618 + TiBy is
lower, as expected, than the values of forged Al2618. The trend of K¢
with the different printing orientations (higher performances for H,
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Fig. 5. a) Obtained K¢ for A12618 + TiB, compared to literature data with different orientations and manufacturing methods [27,51-53]; b) K¢ vs E map for A12618
+ TiB,, AlSil0Mg and Scalmalloy® with different orientation; c) Rpgs vs E map for Al2618 + TiB,, AlSilOMg and Scalmalloy® with different orienta-

tion [27,53,93,94].

lower for D and V orientation in the middle) is similar respect to AM
AlSil10Mg data and AM Al2618 + TiBy; this confirms the anisotropic
behaviour which is determined by the AM-induced microstructure, as
also confirmed in Fig. 4. The K¢ values for Scalmalloy® in V orientation
remain of the same magnitude of the present MMC alloy.

In general, K¢ values for Al2618 + TiB, appear particularly prom-
ising, especially considering that the industrial adoption of MMCs is
often hindered by their relatively low values of fracture toughness,
which might be reduced by the presence of ceramic particles [56-58].
The principal factors contributing to this reduction include the

microstructural barrier induced by the reinforcement particles on the
plastic slip of the metallic matrix, as well as the presence of the particle
clusters which reduce the local ligament. Other factors consider the
particle fractures, particle-matrix debonding, and stress concentrations
associated with irregular particle morphologies [53,59,60]. On this last
point, the use of nearly spherical reinforcement particles could be
beneficial in mitigating stress concentration and, consequently, in pre-
serving higher Kj¢ [61].

In Fig. 5.b an Fig. 5.c, the static properties derived from tensile and
fracture tests are compared with literature data using Kjc vs E and Rpgz

Fig. 6. a) Crack growth rate results on SEB specimens at different load ratios with Nasgro fitting; b) threshold values vs load ratio with Nasgro fitting.
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Table 2

Nasgro fitting parameters (AK in MPa\/m, crack length in m) [64].
C m p AK1 Cth+ Cth-
5.28e-10 2.49 0.5 1 -0.1 0.15

vs E diagrams. It should be noted that the amount of available data in
literature for generating a complete comparison of the mechanical
properties is limited. AM Al2618 + TiB, data of vertical specimens
(highlighted in red) are reported together with cast A12618 + TiB,, cast
Al2618, AM AlSi10Mg and AM Scalmalloy® data. The higher elastic
modulus of the AM Al2618 + TiBy emphasizes the potential adoption of
the present alloy in stiffness-demanding applications without sacrificing
fracture properties. A similar result is found for the Rpy2 vs E diagram
which shows that the higher elastic modulus makes the present MMC
competitive with alloys characterized by higher values of Rpgz.

The interest in alloys with high elastic modulus is increasing, as
materials with a high strength- and stiffness-to-weight ratio enable de-
signers to minimize structural mass while maximizing the usable
payload. In addition, higher values of elastic modulus reduce deforma-
tion, ensuring functional integrity and precise operation. Finally, ma-
terials with a high specific modulus increase natural frequencies,
thereby lowering the risk of resonance phenomena that may lead to
fatigue or catastrophic failure [16,62,63].

3.2. Fatigue properties

Results of FCG tests are summarized in Fig. 6.a in terms or crack
growth rate vs applied AK; threshold values AKy, ¢ resulting from the
four CPLR tests are reported in Fig. 6.b for the three tested load ratios.
The difference between the two AKy, ;¢ values at R = —1 can be mostly
attributed to the presence of residual stresses in the SEB specimens,
considering that they cannot be fully relieved by the T5 treatment. The
complete Paris curve obtained at R = 0.7 is plotted with red datapoints
and data obtained for R = 0 and R = —1 are plotted, respectively, in
green and blue colours. The effect of high tensile RS is clear from the
data on the Paris region at R = 0 which are completely overlapped with
the R = 0.7 curve and thus they indicate that the effective load ratio is
increased by the tensile RS. Therefore, a curve fitting option that
allowed the crack opening function to be bypassed (x = 5.845, Spax/
Stlow = 1.0) was used as suggested in the Nasgro user manual [64]. By
using this option, the crack opening function f is zero for negative load
ratios and equals R for positive load ratios (for all the details see [64]).

The curves in Fig. 6.a represent the Nasgro Equation (3) [64]:

‘M_CKHWV(H@)"

dN 1-R (1_@)4
Kc

the parameters C, m, p were obtained from the fitting of the FCG data,
see Table 2. The parameter q was set to zero as the FCG data were
limited to the stable crack propagation region. Table 2 also contains the
Nasgro parameters for the threshold fitting shown in Fig. 6.b (AK1,
Cth+, Cth-) [64].

The fitting curves for load ratios R = 0 and R = 0.7 are overlapped in
Fig. 6.a (continuous red line and dashed green line), while the blue curve
for R = —1 matches the threshold value at R = —1 (average value be-
tween the two repeated tests).

The crack propagation path and the local microstructure encoun-
tered by the crack tip were analysed for the specimen tested with the
CPCA procedure at load ratio R = 0. A cut-up sample was extracted and
analysed in the three regions along the crack path as highlighted (black
rectangles indicated with a red arrow) in the schematic of Fig. 7. The
cross-section under investigation corresponds to the central point of the
crack front, i.e. plain strain condition.
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Fig. 7. a,b,c) SEM images of the sectioned crack path at different locations.

See Fig. 7.a and Fig. 7.b show the interaction of the crack with a large
TiB, particle compared to the average dimension of the ex-situ rein-
forcement. It can be observed that the larger ceramic particles were
fractured by the advancing crack front. This is in line with other liter-
ature findings which observed that ex-situ particles are more prone to
crack compared to in-situ ones [65,66]. Plastic strain needed to fracture
a particle has been observed to reduce with the increment of the particle
size [67].

See Fig. 7.c highlights how the crack tends to propagate following
the particles locations as it propagates in the particle-matrix interface
[68]. This can be explained by the fact that high RS are concentrated at
the interface between the particles and the matrix due to CTE mismatch
[61]. Therefore, voids tend to form around the ceramic particles until
they start to coalesce, thereby accelerating crack propagation. The
propagation in the latter case can be described as driven by voids
coalesce.

The fatigue data are presented in the SN diagram in Fig. 8.a in terms
of stress range (40) and number of cycles to failure Ny (the numerical
results are contained in Appendix A). The estimated parameters of the
SN fitting are reported in Table 3 [45]. Table 3 also contains the
experimental fatigue limit (Aoy,) and the number of cycles to failure at
the knee-point of the SN diagram (Ni,).

The 95% bilateral scatter band was calculated using ojogv and it is
reported in Fig. 8.a. Failures, retested failures, and runouts are indicated
using different symbols in the SN diagram in Fig. 8.a. A runout at stress
range 190 MPa was observed and reported with a red dot, the same
specimen was successively retested at 240 MPa experiencing a failure at
almost 8 ¢ 10° cycles (red square). This unexpected longer life at a high
stress level compared to the fatigue limit was explained by analysing the
fracture surface. For this specific specimen, the defect at the origin of the
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Fig. 8. a) SN diagram expressed in stress range of the specimen tested in AM Al2618 + TiB,; b) SEM image of typical killer defect ¢c) SEM image of internal killer

defect; d) SEM image of shallow killer defect.

Table 3
Parameters of the SN fitting.
logi0(A) B OlogN Niim [cycles] Aoy, [MPa]
11.835 —3.024 0.1692 459,889 110

failure was a small volumetric defect (a SEM image is reported in Fig. 8.
c). For all the other specimens, the killer defects were detected on the
specimen surfaces (SEM images of a typical surface killer defect is re-
ported in Fig. 8.b). As a matter of fact, it is well known that most of the
failures in fatigue of AM materials are triggered by surface or near-
surface defects, which have a higher SIF for the same size and stress
applied [35,69,70]. Moreover, specimens in which failure initiates from
an internal defect have been demonstrated to generally yield a longer
life [71-73].

A third type of failure was observed for the specimen displayed with
the orange data which was characterized by a failure driven by a surface
shallow defect (shown in Fig. 8.d). This test result will be analysed more
in depth in the following considering also the measured in-depth RS.

The size of the defects at the origin of the failure were evaluated
based on SEM fractographies. The defects sizes are expressed in terms of
Murakami parameter \/area [74], and the average killer defect size was
found to be 311 pm; all the values are reported in Fig. 9.a in a Gumbel
probability plot.

From the fracture surfaces, the depths of the killer defects were also
evaluated by measuring the maximum depth of the defects with respect
to the external specimen surface, as schematized in Fig. 9.b. The average
defect depth is 277 pm; the depths are fitted with a log-normal

distribution shown in blue in Fig. 9.c (average and standard deviation
are also reported). On the same plot, the measured RS in axial direction
(0°) and circumferential direction (90°) of the fatigue specimens are also
shown with the black colour. It should be noted that the in-depth RS
values refer to a single specimen, however, their trend is aligned with
stress profiles measured on similar AlSi10Mg sandblasted specimens
[75]. The RS values measured on the surface (reported in red) refer to
three different fatigue specimens and they demonstrate to be similar and
consistent.

Considering the axial component of the RS, i.e. the component
aligned with the load direction and thus having the greatest impact on
fatigue life, the plot is divided in a compressive RS region (in green) and
a tensile RS region (in red).

As expected, the sand blasting process induces superficial compres-
sive RS. It can also be noticed that the tensile stresses are relatively high
compared to the stress levels of the SN, in fact, they reach almost 300
MPa at 400 pm depth. Moreover, the plot shows that almost all the killer
defects have the deepest point on the tensile RS region, thus experi-
encing a higher local load ratio with respect to the nominal R = —1. On
the other hand, the shallow defect, as shown in Fig. 9.c, is completely
embedded in the compressive RS region which granted the longer fa-
tigue life compared to the specimens tested at the same stress range, as
highlighted observing the orange data in Fig. 8.a.

Despite the large average defect size and the high tensile RS, the
scatter of the fatigue data on the SN diagram remains limited in the 95%
scatter band. Moreover, to complete the analysis and reinforce the
previously described FCG results, the Paris curve fitting (Fig. 6.a) was
employed in life predictions using the integration of the Nasgro model
(the bypass option previously described in the Nasgro fitting was used).
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Fig. 9. a) killer defects Gumbel plot with fitting; b) schema of the considered
killer defect depth c) overlapping of the defects’ depths with the measured RS.

The effect of RS on the life was evaluated by introducing the axial (0°)
RS profile shown in Fig. 9.c in the Nasgro SC35 crack model which al-
lows to account for a univariant axisymmetric stress profile by means
proper weight functions for the SIF solution [64]. The El Haddad
parameter ./area, was used in the Nasgro material model and it was
obtained for the different stress ratios with the El Haddad formulation
containing the theoretical endurance limit for defect-free material
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(estimated as Aoy = 0.8 UTS for R = —1 and calculated with the
Goodman line for R = 0 and R = —1), the obtained AKy, ;¢ from the CPLR
tests and the crack shape factor Y = 0.65 for surface defects [76,77]. For
the two load ratio under investigation, R = -1 and R = 0, \/area, was
found to be approximately the same as 48 pm.

Using the defined Nasgro model with RS implementation, the SN
diagram was estimated by considering the 50% and 99% percentiles of
the Gumbel defect distribution reported in Fig. 9.a, y/areasgy, = 311 pm
and +/areaggy, = 812 pm, respectively. The 99% percentile represents
the defect with a return period of 100 (the defect size that is exceeded
once over 100 defects). In the analysis, given the \/area of the percen-
tiles, the average aspect ratio (AR) of the killer defects which results in
1.74 was used to determine the crack depth a to be used in the Nasgro
SC35 geometry definition (semi elliptical crack on a circular section):
asoy, = 330 pm and aggy, = 880pm.

Fig. 10.a shows the estimated SN curves against the experimental
data of the fatigue results. The predicted SN for the 50% percentile
defect was obtained with and without the RS effect. It is clear how the SN
without RS overpredicts the fatigue life, while the SN with the effect of
RS properly models the experimental points. The SN for the 99%
percentile defect represents the lower bound of the data points.

Fig. 10.b shows the comparison of experimental vs predicted life
using Nasgro with and without accounting for RS. In the plot, together
with the unitary line in black continuous line, the factor 2 error band is
present with black dashed line. While the life predictions without RS are
overestimating the experimental life with several points outside the
error band, the model with RS shows a good accuracy, with all data lying
within the error bounds. The effect of the compressive RS on the local
load ratio is properly considered by the Nasgro model that predicts an
almost exact life for the shallow defect (orange squared mark). This
confirms the validity of the employed approach, the need of accounting
RS in the predictions and the quality of the calibrated material model in
performing life predictions at specimen level.

3.3. Defects analysis

Porosities were evaluated from XCT scans from the unfiltered volume
data using the Dragonfly software. A triangular thresholding method was
applied to the volume’s histogram to segment the porosities [78].
Fig. 11.al shows the SEM image of a typical killer defect found on the
fatigue specimens with a \/area = 318 pm similar to the average killer
defects size. The same defect is illustrated in Fig. 11.a2 identified from
the XCT data by applying the porosity analysis.

For the fatigue life calculations, the projected area of the defects onto
a plane perpendicular to the specimen axis was used to compute the

Fig. 10. a)SN prediction using Nasgro model on the 50% and 99% percentiles of the killer defects distribution; b) experimental vs predicted life for Nasgro model.
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Fig. 11. al, a2) same killer defect captured by SEM fracture image and XCT scan porosity analysis; b) typical porosity analysis resulted from the fatigue specimens
XCT scans; ¢) block maxima sampling schemas for core, sub-surface and outer defects distributions.

Murakami parameter y/area [74]. An example showing the porosity
results in terms of \/area and position of the defects is reported in
Fig. 11.b.

From the porosity maps, the Block Maxima (BM) sampling was used
to establish the maxima distribution of defect sizes [79]. A first division
among all the flaws was adopted: volumetric defects, i.e. those defects
that are not exposed to the atmosphere (core and sub-surface defects in

Fig. 11.c), and surface defects (outer defects in Fig. 11.c), which are
instead exposed to the atmosphere. While the porosity analysis is
effective for volumetric defects, the outer defects are difficult to be
automatically processed as they are exposed to the external air. The
problem was addressed through the erode-dilate built-in tool of Drag-
onfly software, which was manually calibrated for each fatigue specimen
[801.

Fig. 12. a) Estimated maxima defects distributions for core (red), subsurface (blue) and outer (green) compared to killer defects (black); b,c,d) Compactness/
Sphericity/Size diagrams for the core, subsurface and outer compared with the killer defects reconstructed from the XCT data.
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Fig. 13. a) laser path on the single layer and indication of the laser start phase shift 6; b) angle 6 on a sample of 20 layers; c) killer defect formation on a layer with 6
=~ 0; d1, d2) typical killer defect compared with contour path and layer thickness dimensions.

The BM on outer defects was performed extracting the maximum out
of a Sy surface that was found dividing into eight angular sectors of 45°
the external specimen surface, each sector is extending over the entire
gauge length as shown in Fig. 11.c (Sp = 18.6 mm?).

As illustrated in Fig. 11.c, the volumetric defects were further sub-
divided into two volumes: the core region and the sub-surface region.
The sub-surface region consists of an external shell with a thickness of
300 pm containing the defects that are in the contour region of the laser
path and not exposed to the atmosphere. The core, instead, corresponds
to the central cylinder of the specimens where the laser follows the
hatching passages. These two different volumes were sectioned in the
same sampling volume of Vo = 10.13 mm®. This value was chosen to
guarantee a correct representation of the maxima distribution and to
obtain enough maxima data for the Gumbel fitting.

Aiming to compare the three defect distributions (outer, sub-surface
and core) with particular focus on the defect size, it is important to
extrapolate each distribution with respect to a specific reference volume
V* or surface S*. Starting from the maxima distribution obtained on BM
volume Vj or surface Sy, the distribution of the maximum defects on a
different volume V* or surface S* can be obtained as:

Fmax\V".S"‘ = [FMax\Vg,So] " 4)
F is the cumulative distribution function of the maxima and n is defined
as n = V*/Vy for the core and sub-surface defects, while n = S*/S, for the
outer defects [79]. Equation (4) was applied to the core and sub-surface
distributions to estimate the maxima defect distributions for the volume
where killer defects were detected. This reference volume V* corre-
sponds to an external shell along the specimen gauge section with a
thickness of 500 pm that is the maximum depth of the killer defects. For
the outer defects Equation (5) was applied taking the reference surface
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$*=298.3 mm?, which is the external surface of the specimen in the
gauge region. The estimated statistical distributions for core, sub-surface
and outer defects are reported on the Gumbel probability plot in Fig. 12.
a together with the killer defects detected from fractography analysis
(see also Fig. 9.a).

The volumetric defect distributions (core and sub-surface) are com-
parable with a slightly higher average defect for the core \/areaco. =
164 pm compared to /@rédsps suface = 140 pm. On the other hand, the
killer defects belong to a completely different population characterized
by a larger average defect of ,/aredjjers = 311 pm. This population is
well captured by the maxima distribution of the outer defects (in green)
which has an average defect size of \/ared,uer = 389 pm and the same
slope.

To further analyse the differences between the three maxima distri-
butions, Fig. 12.b-d show the defect size as./areareported with
compactness and sphericity parameters for all defects. Compactness and
sphericity were selected as simple shape descriptors for the defects and
are defined as:

()

Compactness = Vdefect/ Vspherecirci)mcribed

SphenClly = Ssphereequivolwne / Sdefect (6)

Viefect is the volume of the defect, Vipherecircimscribed i the volume of the
sphere that is circumscribed to the defect, Sgep. is the area of the
external surface of the defect, Sgnereequivoume the area of the external
surface of the sphere having the same volume as the defect.

On the three-dimensional plots the black dots represent the recon-
structed killer defects obtained on the porosity analysis of the XCT data.
While for the core and sub-surface defects the killer population appears
completely separated having lower sphericity and compactness, the
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Fig. 14. a) SN diagram comparison with AlSi10Mg T5 and Nasgro estimation with the average size of core defects detected using the CT scan analysis; b) comparison

of long crack thresholds AKy, 1 at different load ratios [81,83-86].

outer defect population perfectly matches the shape of the killer defects
in the sphericity/compactness plane. This confirms that the performed
BM sampling on the outer defects results in a good estimation of the
critical defects distribution from XCT data and thus it can be used in
fatigue life prediction.

The analysis of shape and size of the killer defects demonstrated that
these defects are significantly larger than the volumetric and sub-surface
counterparts, as discussed in Fig. 12.a. An hypothesis on the formation
of such anomalies was formulated based on the analysis of the contour
strategy and laser path during printing. The process parameters for the
contour of this AM Al2618 + TiB, alloy were optimised based on the
surface quality of the final parts, and a double contour laser passage was
adopted. Each contour laser passage has a starting-ending point as
shown in Fig. 13.a which is the point on the powder bed where the laser
is switched on and it shuts down after the contour passage. The angular
coordinates of the starting-ending points are randomly selected by the
adopted slicing software. The relative angle between the starting-ending
points of the internal contour passage and of the external contour pas-
sage is defined in Fig. 13.a as phase shift angle 6. This angle 6 was
extracted from the slicing file of the SLM machine in the printing layers
nearby the killer defect location (4 10 layers along the height of the
vertical specimens). It is observed that in several cases an almost zero
phase shift was present in one or more layers as illustrated in the
example of Fig. 13.b. This indicates the possible correlation between the
superposition (0 = 0) of the starting-ending points of the two contour
passages with the formation of the killer flaw, as schematically repre-
sented in Fig. 13.c. The superposition can create a heat accumulation
due to the longer time the laser remains in the same spot. This variation
from the optimised energy density can affect the powder melting and the
following solidification process. This hypothesis is strengthened by
considering the typical shape and size of the killer defects. Fig. 13.d1
and Fig. 13.d2 show that the typical depth of the defects corresponds
with the depth of the double contour passages; furthermore, the height
of the defects is comparable with one or two layer thickness. These
process-induced defects demonstrate that there is a significant margin of
improvement in fatigue performances (by reducing the size and the
number of flaws) of the studied AM Al2618 + TiBy printed with the
selected process parameters.

3.4. Prospects for improving material performances

See Fig. 14.a shows the comparison between the SN diagram of the
present AM Al2618 + TiB; (black line representing the fitted data) and
the sandblasted AlSi10Mg T5 data (blue line) [81], both at load ratio R =
—1. The AlSi10Mg data are here taken as a reference example of a
consolidated aluminium alloy produced by PBF-LB. The comparison
supports evaluating the detrimental effect of the critical flaws in fatigue
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properties and the fatigue limit for the studied AM Al2618 + TiB, [82].
The AlSi10Mg alloy displays fatigue lives up to one order of magnitude
longer, this is mainly attributed to an average size of the killer defects of
129 pm in terms of \/area, less than half of the present A12618 + TiB,
(311 pm). Assuming the average size of the core defects (\/areacre =
164 pum) as the critical defect in the present Al12618 + TiB,, the corre-
sponding SN diagram can be estimated considering the fitted NASGRO
model described in Fig. 6 (the RS profile was considered in the SC35
crack geometry [64]). The resulting SN diagram (red line in Fig. 14.a)
indicates the potential fatigue properties could reach those of the
AlSi10Mg, especially in the short-life regime (<10° cycles) where the
higher yield and ultimate tensile stresses provided by the TiB, rein-
forcement are particularly beneficial.

A final comparison is provided in Fig. 14.b considering the fatigue
crack growth threshold AKy, ¢ for different load ratios [81,83-86]. The
present AM Al2618 + TiBy alloy is compared with different AM
AlSi10Mg and AM Scalmalloy® datasets. The AM Al2618 + TiB, data
are highlighted in the light grey region. For R = 0.7 and R = 0, AKw,1¢
are comparable with the other alloys. On the other hand, at R = —1, the
AM Al2618 + TiB, threshold is similar to the AlSi10Mg (as-built and T5
conditions), but lower than the Scalmalloy®. An important aspect to be
considered in this comparison is that the crack growth threshold is
strongly influenced by the presence of residual stresses. Fig. 9 shows the
residual stress measurements for the fatigue specimens, which are
particularly high towards the centre of the specimen. This observation
remarks the fact that the potential relaxation of these detrimental tensile
residual stresses could offer an additional margin of improvement for
the fatigue performance of this alloy. The present study has evaluated
the T5 condition which represents the thermal treatment optimised in a
previous work of the authors for static properties [20], and that can be
easily adoptable for large components. Other heat treatments, such as
the T6 (solid solutioning step followed by an artificial ageing), could be
investigated as thermal treatments at temperatures higher than the
current T5 are beneficial for reducing the residual stresses and therefore
improving the fatigue performances.

Another aspect that must be considered in the evaluation of the fa-
tigue properties is the presence of a relatively high fraction of TiB,
ceramic in the AM Al2618 + TiB; alloy that tends to influence the FCG
properties. Wang et al found that fatigue cracks tend to propagate faster
by increasing the TiB vol% in a MMC with Al A356 matrix and in T6
condition [68]. Moreover, the same result was obtained by other similar
works in literature using different alloys [87-90]. Uniformity in ceramic
particle distribution also plays an important role in reducing the fatigue
crack growth rate [65].

A final remark concerns the potential adoption of the Al2618 + TiBy
alloy for high-temperature applications. The elastic modulus values re-
ported in Fig. 3 highlight the significant influence of TiB, reinforcement
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on the alloy’s static properties. Moreover, the A12618 matrix itself ex-
hibits promising mechanical behaviour at temperatures up to 200 °C
[91,92]. Investigating the static and fatigue performance of the A12618
+ TiBy alloy under elevated-temperature conditions represents a
promising direction for future research and applications.

4. Conclusions

This study presents a comprehensive static and fatigue character-
ization of Al2618-based MMC reinforced with in-situ and ex-situ TiBy
particles. The paper demonstrates the promising mechanical perfor-
mances of the AM Al2618 + TiB; alloy and its potential application in
structural components. The main conclusions can be summarized as
follows:

e The two steps powder production (in-situ and ex-situ methods) are
effective in achieving a uniform TiB; particles dispersion in the final
matrix of printed samples, also thanks to the solid adhesion of the
p-size ceramics to the Al2618 particles. The absence of particles
clusters helps in reducing the manufacturing induced flaws which
are detrimental for the mechanical properties.

For the investigated vertical printing orientation, the yield stress is
improved by 20% relative to the base Al2618, while the most sig-
nificant improvement is achieved for the elastic modulus which in-
creases by 13.2% compared to base Al2618, reaching up to + 30%
respect to reference aluminium alloys for AM process (AlSi10Mg and
Scalmalloy®); the high elastic modulus can be particularly useful in
applications requiring high stiffness and can contribute to weight
reduction and improved vibration control.

The high ceramic reinforcement content does not significantly
degrade fracture toughness, which remains only slightly lower than
that of AlSi10Mg and Scalmalloy®.

The crack propagation data were used to fit the Nasgro model which
was then used to perform fatigue life predictions at specimen level.
Precise fatigue life predictions were obtained thanks to the integra-
tion of the residual stresses profile in the model.

XCT scan analysis revealed the presence of peculiar population of
killer defects, likely originating from the contour laser path. The
selection of the AM contour parameters is demonstrated to be crucial
for this type of alloys, and it can influence the formation of detri-
mental defects. The predicted SN diagram considering the core
average defect size highlights the potential competitive fatigue
properties of the material with a refined contour parameters and thus
a reduction of typical defects size; in fact, the predicted SN diagram
shows values comparable to those of AlSi10Mg.

Future developments should consider the thermal treatment, espe-
cially in relation to the relaxation of residual stresses: a T6 heat
treatment which can release the residual stresses induced by the AM
process can be a promising route for further investigations.
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Table 4
Results of fatigue testing.

Specimen ID Ac [MPa] Load step Test result N¢ [cycles]

D1 100 1 Run Out 10,000,000
240 2 Failure 78,990

D2 240 1 Failure 68,931

D3 110 1 Run Out 10,000,000
240 2 Failure 80,524

D4 110 1 Run Out 10,000,000
240 2 Failure 29,566

ID5 240 1 Failure 58,744

ID6 412 1 Failure 7,206

D7 344 1 Failure 18,392

D8 288 1 Failure 14,059

ID9 240 1 Failure 56,766

ID10 120 1 Failure 229,103

D11 120 1 Failure 335,797

D12 120 1 Failure 376,940

D13 150 1 Failure 178,252

ID14 150 1 Failure 173,078

ID15 190 1 Failure 169,726

ID16 100 1 Run Out 10,000,000
205 2 Failure 68,430

D17 110 1 Failure 387,932

ID18 110 1 Failure 410,177

ID19 120 1 Failure 325,707

ID20 240 1 Failure 13,734

D21 190 1 Failure 114,455

1D22 150 1 Failure 230,078

1D23 190 1 Failure 85,302

1D24 84 1 Run Out 10,000,000
200 2 Failure 259,121

D25 190 1 Run Out 10,000,000
240 2 Failure 7,927,877

ID26 150 1 Failure 253,299

D27 150 1 Run Out 10,000,000
240 2 Failure 76,046

ID28 150 1 Failure 244,765
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