
Novel Aluminum Alloy Tailored for Additive Manufacturing: Structural
Characterization and Qualification Perspectives

Downloaded from: https://research.chalmers.se, 2025-12-04 19:22 UTC

Citation for the original published paper (version of record):
Arena, M., Mehta, B., Tirelli, T. et al (2024). Novel Aluminum Alloy Tailored for Additive
Manufacturing: Structural Characterization and
Qualification Perspectives. Applied Sciences, 14(11). http://dx.doi.org/10.3390/app14114647

N.B. When citing this work, cite the original published paper.

research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology. It
covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004. research.chalmers.se is
administrated and maintained by Chalmers Library

(article starts on next page)



Citation: Arena, M.; Mehta, B.; Tirelli,

T.; Ambrogiani, P.; Castaldo, M.;

Bengtsson, S.; Nyborg, L. Novel

Aluminum Alloy Tailored for

Additive Manufacturing: Structural

Characterization and Qualification

Perspectives. Appl. Sci. 2024, 14, 4647.

https://doi.org/10.3390/

app14114647

Academic Editor: Guijun Bi

Received: 25 April 2024

Revised: 12 May 2024

Accepted: 22 May 2024

Published: 28 May 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

applied  
sciences

Article

Novel Aluminum Alloy Tailored for Additive Manufacturing:
Structural Characterization and Qualification Perspectives
Maurizio Arena 1,* , Bharat Mehta 2,3 , Tommaso Tirelli 4 , Paolo Ambrogiani 4, Martina Castaldo 1,
Sven Bengtsson 2,5 and Lars Nyborg 2

1 Magnaghi Aeronautica of MA Group Company, Engineering & Research Unit, Via Galileo Ferraris 76,
80146 Napoli, NA, Italy; mcastaldo@magroup.net

2 Department of Industrial & Materials Science, Chalmers University of Technology, Rännvägen 2A,
41296 Göteborg, Sweden; bmehta@kth.se (B.M.); sven.bengtsson@hoganas.com (S.B.);
lars.nyborg@chalmers.se (L.N.)

3 Department of Materials Science and Engineering, KTH Royal Institute of Technology, Brinellvägen 23,
10044 Stockholm, Sweden

4 Aidro S.r.l., 21020 Taino, VA, Italy; tommaso.tirelli@aidro.it (T.T.); paolo.ambrogiani@aidro.it (P.A.)
5 Höganäs AB, Bruksgatan 35, 26339 Höganäs, Sweden
* Correspondence: marena@magroup.net

Featured Application: The paper demonstrates key structural characteristics of a novel aluminum
alloy conceived for AM-based components in the aviation frame.

Abstract: The recent advances achieved in additive manufacturing (AM) technology demonstrate the
potential to realize customized metal components, ensuring weight reduction opportunities. These
benefits make AM attractive for high-cost aerospace applications, especially where high geometric
complexity is required. In the context of an EU research scenario, the H2020 MANUELA (Additive
Manufacturing Using Metal Pilot Line) project promotes the development of new technologies for
design optimization by enabling the application of novel materials in AM. This paper illustrates
recent advances in a new aluminum alloy (Al-HS1) with high strength emphasizing all of the
characterization steps at the coupon level. This material has been employed in the re-engineering of a
conventional hydraulic manifold using a powder bed fusion-laser beam (PBF-LB) process. Both the
simulations and structural tests allowed for proving its compliance and technological maturity with
industrial standards and applicable airworthiness requirements.

Keywords: hydraulic manifolds; material qualification for AM; metal additive manufacturing

1. Introduction
1.1. AM in the New Technological Scenario

Rapid industrial advancements in technology are addressing innovative and simul-
taneously sustainable and cost-saving manufacturing solutions. Additive manufacturing
(AM) is a digital fabrication method involving the realization of three-dimensional objects
by building them layer upon layer and linked together one at a time. AM processes are
classified into the following categories based on the feedstock, layer deposition technique,
and raw materials: direct energy deposition (DED) [1–3], powder bed fusion (PBF) [4–7],
material jetting (PolyJet) [8], binder jetting [9], material extrusion [10], VAT photopoly-
merization [11], and sheet lamination [12–15]. AM is currently proposed as an alternative
technique for the 3D prototyping of geometrically complex shapes, creating or finishing
components and parts in many sectors [16–20], especially in aerospace and automotive
applications [21]. The main interest of the aerospace industry is oriented toward safe
weight optimization methods to maximize the payload and reduce gas emissions. The
aviation programs ACARE 2020 (Advisory Council for Aviation Research and Innovation
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in the EU) and Flightpath 2050 raise awareness of the need for “greening” via optimizing
aircrafts’ fuel consumption and CO2 and NOx emissions over the course of the next several
years [22,23]. The aviation sector should undergo demanding technological development to
meet these targets, such as by incorporating cutting-edge materials, design methodologies,
and manufacturing processes, all while maintaining rigorous standards for structural dura-
bility and safety. Currently, the main engineering task is the maximization of a material’s
efficiency while improving the functional and manufacturing complexity, which may not
always be achievable through conventional approaches. Establishing effective methods
to ensure that dfAM (design for additive manufacturing) strategies are developed is the
primary challenge faced by the industry. For this reason, worldwide standards are in place
to sustain the certification of these new manufacturing procedures, defining a comprehen-
sively accepted framework [24,25]. Several in-depth reviews have reported on the progress
in the AM sector, particularly focusing on aircraft and spacecraft applications [26–28]. The
benefits of AM have been investigated extensively in the aerospace industry for decades;
for example, Boeing [29–32], Airbus [33–38], Embraer [39], and General Electric [40,41] em-
ployed AM techniques for the manufacturing and repair of several parts. Spaces agencies,
such as NASA [42–45], Thales Alenia Space [46], and SpaceX [47], are currently exploring
the feasibility of utilizing AM igniters, injectors, and combustion chambers on their rocket
engines.

1.2. Materials for Metal AM in Aerospace

The range of materials suitable for AM is truly broad, from ceramics to metals and up
to advanced composites. The authors’ interest revolves around the utilization of metallic
alloys that have already been analyzed, as well as offering suggestions regarding the con-
siderable implications for aeronautical equipment [48]. Stainless steels are often selected for
many aerospace applications in which hardness and strength, especially at elevated tem-
peratures, are required. Different classes of stainless steels, including austenitic (SS316L),
precipitation hardened (PH), and martensite aged, exhibit good adaptability to the AM
processes. Depending on the environmental conditions for which they are conceived, these
metals can achieve high wear, corrosion, and oxidation resistances without specific surface
treatments [49–51]. For this reason, they are used across components in heat exchangers,
landing gear systems, hydraulic manifolds and actuators, engine and exhaust systems, and
structural joints. Titanium-based alloys (Ti-6Al-4V, Ti–8Al–1Mo–1V and Ti–10V–2Fe–3Al)
are ideal candidates thanks to their stability at high-temperatures and specific strengths
for use in critical parts, such as compressor blades, hydraulic valves, and structural brack-
ets [52]. They are used in cryogenic applications for rockets’ propellant tanks and are
electrochemically compatible if coupled with PMCs (polymer matrix composites), which
are extensively used in aerostructures [53]. Nickel-based alloys are, instead, preferred for
working at elevated temperatures, such as in the case of gas turbines and engine parts (e.g.,
Inconel 625 and 718) and for precision applications (Invar) [54]. However, steels present
the serious disadvantage of being inappropriate for weight-sensitive applications, while
titanium alloys, although with a better resistance-to-weight ratio, are much more expensive
and require longer lead times. The aerospace sector demands light-weight properties, with
appreciable mechanical characteristics, making aluminum (Al) alloys highly sought after.
Many Al alloys are not the best fit on their own due to solidification cracking and porosity
formation. This can be enhanced thanks to AM techniques that offer the possibility of
optimizing tailored materials for the proper end application. For example, AM-produced
parts in Al alloys (7A77, 6061-RAM2, AlSi10Mg and Scalmalloy©) can offer higher strength
and successful builds.

1.3. Scope of the Study

Therefore, Al alloys are among the most appropriate metallic materials for modulating
their own physical properties in order to improve the structural and mechanical character-
istics. The shorter lead time, reduced processing costs, lower specific weight, and greater
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availability on the current global market—compared to other alloys—constitute key points
that the aeronautical sector considers in relevant strategic choices. In the context of seeking
more suitable and innovative solutions for AM, in this article, the authors outline the recent
findings on a novel Al alloy tailored for the powder bed fusion-laser beam (PBF-LB) process.
This study was conducted as part of the MANUELA (Additive Manufacturing Using Metal
Pilot Line) project funded by the European Union’s Horizon 2020 (grant agreement no.
820774); the material used was forAM® Al-HS1, which was developed for a PhD thesis
in collaboration with Höganäs AB, Sweden [55,56]. After a digression on the microstruc-
tural properties of this alloy and its mechanical characterization as a standard coupon,
the prospective of the material in question is demonstrated at the subcomponent level
for aeronautical applications. As already discussed in a previous paper [57], a hydraulic
manifold for landing gear applications was used as an adequate benchmark to substantiate
the applicability of AM technologies. Manifolds are actually devices with very complex
geometries developed to withstand both steady and cyclic pressure loads; for their intricate
design features, hydraulic fatigue is a crucial point because of the occurrence of abrupt
right-angle turns and very small radii in the internal ducts, which can potentially lead to
premature cracks. Considering this perspective, higher strength alloys, such as titanium or
steel, are often preferred for these items [58–60]. Additionally, the repeated high cooling
rates that the AM parts generally experience during fabrication affect the fatigue life due
to the presence of treating defects (in particular, microporosity and surface roughness).
The dfAM thermal operations encompass recurrent solid-state phase transitions, which
introduce residual stress and a crystallographic texture, usually consisting in epitaxial grain
growth along the building direction. On the other hand, the static mechanical properties of
AM metals are considered quite comparable to metallic components manufactured conven-
tionally. The advantages of AM with an emphasis on fatigue behavior were demonstrated
for a COTS (commercial off-the-shelf) Al alloy (AlSi10Mg) pursuing a typical step-by-step
aeronautical qualification roadmap [57]. Herein, the authors highlight the huge potential
of the novel high-strength Al alloys (Al-HS1 in particular) with respect to the same case
study product; this activity allowed for enriching the experimental results with an in-depth
characterization database. Following a typical building-block process, as shown in Figure 1,
the new alloy, realized from a powder, was first characterized at the level of standardized
coupons until its real validity was verified on a hydraulic subsystem for aeronautical
interests (Figure 2).
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Figure 2. Engineering end-to-end process addressed for Al-HS1 qualification.

The existing components in AlSi10Mg needed to be benchmarked, and, hence, it was
considered important to compare these properties, even though the compositions of the
materials are different. With respect to the standard AlSi10Mg, the new alloy has superior
static characteristics in the plasticization regime, with the ultimate strength and fatigue life
limits being comparable. The optimized version of the manifold was designed by AIDRO,
Italy; printed by Chalmers University of Technology, Göteborg, Sweden, using the EOS
M290 LPBF machine (Krailling, Germany [61]); and analyzed and qualified by Magnaghi
Aeronautica SpA, Italy. The qualification and certification processes demonstrate AM is
still challenging and point to the extent its adoption for primary structural components.
Current procedures are too time-consuming and costly; therefore, feasible technological
alternatives aimed at closing the gap between prototyping and industrialization maturity
are necessary.

2. Materials and Methods

Various AM metal powder suppliers have recently enriched their offerings with high-
strength Al alloys (for example, Elementum3D, M4P, and EOS); however, in most cases, the
TRLs declared by manufacturers are still rather low. In the frame of this project, the raw
material chosen was commercially available as forAM® Al-HS1, supplied in the form of
gas-atomized powder, from Höganäs AB, Sweden. The particle size distribution for this
material is 20–53 [µm]. The chemical composition of the powder is shown in Table 1.

Table 1. Chemical compositions of the materials used in this study [62,63]. All compositions are in
wt%. Fe and Si are considered impurities from the atomization process.

Alloy Chemical Composition

Al-HS1 Al 5 Mn 0.8 Cr 0.6 Zr 0.17 Fe 0.24 Si

AlSi10Mg Al 9.8 Si 0.33 Mg 0.15 Fe

The raw material was processed in a PBF-LB machine (EOS M290, EOS GmbH,
Krailling, Germany [61]) at Chalmers University of Technology, Sweden. All samples
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were produced with 370 [W] laser power, 1300 [mm/s] laser speed, 0.13 [mm] hatch
distance, and 0.03 [mm] layer thickness. A scan rotation of 67◦ was applied between con-
secutive layers. These processing parameters led to >99.7% relative density, as discussed
within [62,63]. All samples were cut directly from the build plate with a cold saw, and
10 [mm] side cubes were produced for the microstructural analysis. The bending fatigue
samples were printed as rectangular specimens of 95 [mm] × 12 [mm] × 6 [mm], which
were then machined into the dimensions as shown in Figure 3.
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the four-point bending test.

The samples for characterization were prepared by cutting them along the building direc-
tion (Z), followed by grinding and polishing, in line with the procedure described in [62]. After
polishing, a final step using an OP-S silica suspension was used. All of the samples’ preparations
were conducted using a Struers TegraPol 31 machine. Light optical microscopy was conducted
using a Zeiss Axioscope 7 microscope, and the stereo optical microscopy was performed using
a Zeiss stereo discovery V.20 microscope. Microstructural characterization was conducted on a
Zeiss Gemini 450 SEM equipped with a field-emission gun source. The SEM was fitted with an
Ultimax energy-dispersive X-ray spectroscopy (EDX) detector from Oxford Instruments, which
enables elemental mapping of microstructures at submicron resolutions. A voltage of 5 [kV]
and probe current of 1 [nA] were used. For mechanical testing, most of the samples were heat
treated to achieve precipitation hardening. A direct aging heat treatment was conducted by
introducing the samples in a resistance furnace, with a secondary thermocouple close to the
samples to ensure temperatures of ±2 ◦C. Samples were treated at 375 ◦C at a heating rate of
10 ◦C/min, followed by air cooling. The bending fatigue tests were conducted on 30 samples,
which were printed along the building direction (Z), heat treated at 375 ◦C for 8 h. The samples
were tested in a four-point bending test rig at Höganäs AB, Sweden. The load ratio was set
to fully reversed bending (R = −1.0). The test sequence used the so-called staircase method of
evaluation. This method determines the average fatigue strength, i.e., the level at which 50% of
the specimens survive until the run-out limit (which was set to 2 × 106 cycles) was reached. In
addition to the staircase samples, a few specimens were tested in the low cycle regime. These
points suggest reasonable indication of how steep is the Wöhler curve (S–N curve). Furthermore,
the runouts were distributed in the X-direction for visibility later. They were all stopped at
around 2 × 106 cycles. The final hydraulic manifold was heat treated at 375 ◦C for 14 h, which
represents the peak hardened condition of this material.

3. Microstructure and Mechanical Properties

Optical microscopy (OM) conducted on the cube samples cut along the building
direction show nominally fully dense samples (see Figure 3). A density of around 99.8%
was achieved following the analysis using ImageJ v1.54 software. Each OM-stitched map
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represented ~100 [mm2] area, with each image taken with a 10× objective lens; thus, each
pixel represented a feature of ~1 [µm]. Automatic thresholding was conducted in ImageJ to
establish the number of pores. After the OM, the sample was then introduced in an SEM
and was shown to possess a fine microstructure overall, with nanometric precipitates rich
in Mn, as shown in Figure 4. The primary strengthening contribution comes from even
finer L12-type Al3Zr nanoprecipitates (not reported). The sizes of these precipitates were on
average <5 [nm] [64,65]. These fine precipitates increased the yield strength from 250 [MPa]
in the as-printed condition to ~350 [MPa] in the heat-treated condition (+40% increase).

Appl. Sci. 2024, 14, x FOR PEER REVIEW 6 of 18 
 

characterization was conducted on a Zeiss Gemini 450 SEM equipped with a field-emis-
sion gun source. The SEM was fitted with an Ultimax energy-dispersive X-ray spectros-
copy (EDX) detector from Oxford Instruments, which enables elemental mapping of mi-
crostructures at submicron resolutions. A voltage of 5 [kV] and probe current of 1 [nA] 
were used. For mechanical testing, most of the samples were heat treated to achieve pre-
cipitation hardening. A direct aging heat treatment was conducted by introducing the 
samples in a resistance furnace, with a secondary thermocouple close to the samples to 
ensure temperatures of ±2 °C. Samples were treated at 375 °C at a heating rate of 10 
°C/min, followed by air cooling. The bending fatigue tests were conducted on 30 samples, 
which were printed along the building direction (Z), heat treated at 375 °C for 8 h. The 
samples were tested in a four-point bending test rig at Höganäs AB, Sweden. The load 
ratio was set to fully reversed bending (R = −1.0). The test sequence used the so-called 
staircase method of evaluation. This method determines the average fatigue strength, i.e., 
the level at which 50% of the specimens survive until the run-out limit (which was set to 
2 × 106 cycles) was reached. In addition to the staircase samples, a few specimens were 
tested in the low cycle regime. These points suggest reasonable indication of how steep is 
the Wöhler curve (S–N curve). Furthermore, the runouts were distributed in the X-direc-
tion for visibility later. They were all stopped at around 2 × 106 cycles. The final hydraulic 
manifold was heat treated at 375 °C for 14 h, which represents the peak hardened condi-
tion of this material. 

3. Microstructure and Mechanical Properties 
Optical microscopy (OM) conducted on the cube samples cut along the building di-

rection show nominally fully dense samples (see Figure 3). A density of around 99.8% was 
achieved following the analysis using ImageJ v1.54 software. Each OM-stitched map rep-
resented ~100 [mm2] area, with each image taken with a 10× objective lens; thus, each pixel 
represented a feature of ~1 [µm]. Automatic thresholding was conducted in ImageJ to es-
tablish the number of pores. After the OM, the sample was then introduced in an SEM and 
was shown to possess a fine microstructure overall, with nanometric precipitates rich in 
Mn, as shown in Figure 4. The primary strengthening contribution comes from even finer 
L12-type Al3Zr nanoprecipitates (not reported). The sizes of these precipitates were on av-
erage <5 [nm] [64,65]. These fine precipitates increased the yield strength from 250 [MPa] 
in the as-printed condition to ~350 [MPa] in the heat-treated condition (+40% increase). 

 
Figure 4. (a) Optical microscopic image of a sample along the building direction (BD); (b) SEM im-
ages showing the microstructure with insets focusing on precipitates at melt pool boundaries (red) 
and grain boundaries (yellow) respectively. 

Figure 4. (a) Optical microscopic image of a sample along the building direction (BD); (b) SEM images
showing the microstructure with insets focusing on precipitates at melt pool boundaries (red) and
grain boundaries (yellow) respectively.

Relatively coarser precipitates were observed at the grain boundaries and the melt pool
boundaries of the material, which could affect the ductility of these precipitation-hardened
materials, which has been widely discussed in the literature [66–68]. The uniaxial tensile
tests, as presented by the authors in [68], are summarized in Table 2. The bending fatigue
testing conducted as part of this study resulted in an S–N curve, as shown in Figure 5. Thus,
the fatigue strength of the material with a 50% probability was 140.3 [MPa] and with a 90%
probability it was 130.7 [MPa]. This seems to be on the higher side of reported values for
similar tests conducted on AlSi10Mg material in fatigue tests conducted at R = −1.0 [69–71].

Table 2. Summary of the tensile properties of Al-HS1 reported previously [68] and compared to
AlSi10Mg [69]. All samples of Al-HS1 were tested in a heat-treated state (375 ◦C 14 h) and the
AlSi10Mg in the as-printed state.

Alloy
Direction Yield Strength,

fty

Tensile Strength,
ftu

Elongation to
Failure Density

(Z), (XY) [MPa] [MPa] [%] [g/cm3]

Al-HS1
Vertical (Z) 343 430 4.8

2.99
Horizontal (XY) 356 441 10.4

AlSi10Mg
Vertical (Z) 220 468 10.7

2.645
Horizontal (XY) 261 449 15.7



Appl. Sci. 2024, 14, 4647 7 of 17

Appl. Sci. 2024, 14, x FOR PEER REVIEW 7 of 18 
 

Relatively coarser precipitates were observed at the grain boundaries and the melt 
pool boundaries of the material, which could affect the ductility of these precipitation-
hardened materials, which has been widely discussed in the literature [66–68]. The uniax-
ial tensile tests, as presented by the authors in [68], are summarized in Table 2. The bend-
ing fatigue testing conducted as part of this study resulted in an S–N curve, as shown in 
Figure 5. Thus, the fatigue strength of the material with a 50% probability was 140.3 [MPa] 
and with a 90% probability it was 130.7 [MPa]. This seems to be on the higher side of 
reported values for similar tests conducted on AlSi10Mg material in fatigue tests con-
ducted at R = −1.0 [69–71]. 

Table 2. Summary of the tensile properties of Al-HS1 reported previously [68] and compared to 
AlSi10Mg [69]. All samples of Al-HS1 were tested in a heat-treated state (375 °C 14 h) and the 
AlSi10Mg in the as-printed state. 

Alloy 
Direction Yield 

Strength, fty 
Tensile 

Strength, ftu 
Elongation 
to Failure 

Density 

(Z), (XY) [MPa] [MPa] [%] [g/cm3] 

Al-HS1 
Vertical (Z) 343 430 4.8 

2.99 
Horizontal (XY) 356 441 10.4 

AlSi10Mg 
Vertical (Z) 220 468 10.7 

2.645 
Horizontal (XY) 261 449 15.7 

 
Figure 5. Bending fatigue data at R = −1.0 for the Al-HS1 printed along the building direction. Run-
out samples (at 2 × 106 cycles) are spread along the X-axis for the visualization. The fatigue strength 
range is as reported for AlSi10Mg in the literature [69]. 

The results of the fractography tests conducted on the samples, as shown in Figure 6, 
reveal that for low cycle fatigue, larger pores are visible (up to 50 [µm]), with a relatively 
smaller area of fatigue failure. In the case of high cycle fatigue, the damage initiation was 
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Run-out samples (at 2 × 106 cycles) are spread along the X-axis for the visualization. The fatigue
strength range is as reported for AlSi10Mg in the literature [69].

The results of the fractography tests conducted on the samples, as shown in Figure 6,
reveal that for low cycle fatigue, larger pores are visible (up to 50 [µm]), with a relatively
smaller area of fatigue failure. In the case of high cycle fatigue, the damage initiation was
seen to be originating from the edge of the sample (point of highest stress in bending loads)
and relatively larger area of fatigue failures were observed.
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4. Hydraulic Manifold dfAM and Manufacturing

The design for AM of the hydraulic manifold made by AIDRO, Italy, remained un-
changed with respect to the former version of AlSi10Mg [57]. The analyzed component
was subjected to a re-engineering process aimed at optimizing its former geometry (both
internal and external); Figure 7 makes a comparison of the internal ducts. The main drivers
of this study were the validation of the performance of the device with the new alloy and
the comparison of the experimental results obtained to those with standard AlSi10Mg and
conventional CNC machining solutions. Images of the raw test specimen are provided in
Figure 8. In the next design iteration, an additional mass reduction is achievable thanks
to the improved mechanical properties offered by the new alloy. Instead, the external
body of the original sample cannot be reported for confidential reasons. Moreover, from
supply chain and manufacturing perspectives, which include 3D printing and postfinish-
ing, the chosen material is particularly promising, because it neither contains expensive
rare materials (e.g., Scandium) nor requires intensive postprinting heat treatments, as do
some other high-strength Al alloys currently available on the market. Aeronautical flying
parts are manufactured for qualified machines, i.e., machined that went through a build
process qualification. In general, a change in material for a specific qualified machine is
not permitted according to the final requirements of a customer, but in this specific case,
a material change from AlSi10Mg and Al-HS1 could not be seen as critical, as it remains
within the family of aluminum, with almost the same alloying elements with some %
variations in the chemical analysis, without adding other elements (e.g., ceramics) to entail
higher mechanical properties. So, a risk of “contamination” from one job to another when
switching materials is limited, and in any case a risk mitigation action can be planned, like
machine filter replacement procedure. So, the use of this high-strength Al alloy would
not represent a blocking point for a parts manufacturer which has qualified processes
in AlSi10Mg.The process parameters used to print the parts were the same as AlSi10Mg
(standard EOS M290 parameters). As is known, especially when small series are at stake,
such as in aeronautics (10 to 50 units per item per year), the cost of the powder is not the
main contributor to the final cost of the part. So, even if for commercial strategies the new
powder will be sold at higher prices than standard AlSi10Mg, the part price increase is
expected to be in the range of 1 to 3%, so not significantly relevant. The final cost of the
part might be affected also by nonrecurring costs (e.g., 3D printing process parameters
finetuning, coupon testing, definition of adequate heat treatment, NDT, test on demo parts,
etc.), but those apply in any aeronautical AM project for the same entity. From a technical
point of view, the full viability of the solution here proposed has to be further assessed,
taking into account other aspects, like ability to withstand anodization, corrosion behavior,
etc. Those points will be the object of future publications.
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5. Numerical Analyses and Qualification
5.1. Hydraulic Sizing Conditions

The load conditions used for the analyses and qualification are indicated in Table 3. The
static load cases (i.e., proof and burst pressures) refer to the SAE AS8775 [72] specification,
while the requirements for the qualification of the fatigue life are specified in SAE ARP1383
Rev. C [73]; the endurance cycles were taken from the hydraulic system’s data, as owned
by the aircraft manufacturer and representative of the operative mission profile.

Table 3. Hydraulic loading conditions.

Test
Pressure No. of Cycles Reference

[bar] [-] [-]

0. Supply Pressure DOP = 207 - -

1. Proof Pressure 1.5 × DOP = 310.5 - SAE AS8775 [72]

2. Endurance Cycles 5–207–185–195–207–5 5,000 Legacy spectrum

3. Hydraulic Fatigue 0.5–310.5–0.5 100,000 SAE ARP1383 Rev. C [73]

4. Burst Pressure 2.5 × DOP = 517.5 - SAE AS8775 [72]

5.2. Finite Element Results

Structural FE analyses were carried out using a 3D FEM model (in Altair Hypermesh
environment). The 3D FE model of the manifold body and its internal ducts are detailed in
Figure 9a,b. A high density of nodes (around 3.5 M) and elements (solid mesh ctet10 [74],
approximately 2.5 M) allowed for the identification of the stress distributions close to that
of the crucial design details (i.e., hydraulic pipes and high curvature sections), which is,
generally, a potential source of crack initiation.

The FE analyses were actually performed considering the hydraulic manifold pinned
(tx = ty = tz = 0) at the three interface holes (Figure 9c). The load was a pressure field
(pload4 [74]) applied uniformly on the internal wall’s surface (shell elements ctri3 [74],
at about 72 k) (Figure 9d). The interesting stress contours are given in Figure 10. The
Von Mises stress peak (158 [MPa]) at the limit load occurred at the internal ducts, usually
representing the critical areas of these components (Figure 10a,c). The max principal stress
map used in the impulse fatigue analysis is provided in Figure 10b, and the pertinent
stress peak (157.0 [MPa]) is highlighted in Figure 10d and was used for the extrapolation of
the fatigue cycles in Figure 11. The safety margins (MS) at the static and cyclic loads are
indicated in Table 4.
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Figure 11. Fatigue life calculations of the manifold at a pulsating pressure for the Al-HS1 and
AlSi10Mg alloys.

Table 4. Margins of safety for the static and fatigue loads.

Load Case Description Safety Margin/Fatigue Damage

Proof pressure Static load
(limit)

AlSi10Mg: MSlim = (220/158) − 1 = 0.39

Al-HS1: MSlim = (343/158) − 1 = high

Burst pressure Static load
(ultimate)

AlSi10Mg: MSult = (449/263) − 1 = 0.71

Al-HS1: MSult = (430/263) − 1 = 0.63

Pulsating cycles Fatigue
AlSi10Mg: D = 100,000/131,893 = 0.76 < 1.0

Al-HS1: D = 100,000/298,973 = 0.33 < 1.0

MS > 1.0 is denoted with “high”.

The next relationships were used for the static safety margins at the limit (1), ultimate
(2) loads, and fatigue damage calculations (3). These resistance criteria were based on a
consideration of the structural parts as safe from failure if the MS were above 0.0 while the
cumulated damage was less than 1.0.

MSlim =

(
Limit Von Mises stress

Yield strength

)
− 1 =

(
f y
fty

)
− 1 (1)

MSult =

(
Ultimate Von Mises stress

Tensile strength

)
− 1 =

(
f u
ftu

)
− 1 (2)

D = ∑i
i − th cycles required

cycles to f ailure
= ∑i

ni
N f

(3)

5.3. Qualification Tests Overview

Compliance with the structural and functional requirements, as explained in Table 5,
was demonstrated through dedicated bench tests. Figure 12 shows both of the test articles,
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as follows: the first one (in already-verified AlSi10Mg alloy, Figure 12a) and the one made
with the Al-HS1 alloy (Figure 12b). All experimental activities were carried out at the
Magnaghi Aeronautica Qualification Laboratory, Naples, Italy.

Table 5. Test matrix and pass/fail criteria.

Load Case Description Success/Failure Criteria

Proof pressure Static (2 min)
No permanent deformation,
pressure drop, and external
leakage

Endurance Cyclic
No leakage or evidence of
excessive wear or
malfunctioning

Pulsating cycles Cyclic No failure or permanent
deformation

Burst pressure Static (3 s) No rupture, pressure drop, or
external leakage
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A proof pressure equal to PP = 1.5 × DOP (DOP: design operative pressure) was
applied at the temperature specified at least two successive times and held for 2 min for
each pressure application. The rate of the increase in pressure did not exceed 25,000 [psi]
per minute. No evidence of external leakage or permanent was allowed. In the case of
the burst pressure load (BP = 2.5 × DOP), the component did not rupture; because of its
destructive nature, this test was performed last [72]. The component was subjected to
cyclic operations (i.e., endurance) and to other fatigue tests, such as hydraulic impulse. For
aircraft applications, the endurance profile was based on a duty cycle as per its operative
conditions. Because of the usage of the component as an emergency control module,
5000 cycles were considered adequate to represent the functional loading window. The
impulse fatigue pressure levels and test cycles were recommended in SAE ARP1383, [73],
as follows: for a fixed-wing aircraft category, utility valves were tested for 100,000 cycles,
achieving a max pressure equal to the proof limit. The following were the reference test
conditions:

- Hydraulic fluid conforming to MIL-PRF-5606J (type II) for the supply pressure [75];
- A hydraulic bench, including a pump source, controlled by the relief pressure valve;
- Test temperature of about +30 ± 15 ◦C;
- A contamination level of the hydraulic fluid of class 7 or better, as per NAS 1638;
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- Hydraulic fluid supplied to the press port, and a pressure value recorded by means of
a pressure transducer (Figure 13a). All other ports were closed with actual plugs and
hydraulic fittings;

- Load pressure profiles as plotted in Figure 13b.
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Figure 13. Hydraulic manifold test stand: (a) hydraulic layout; (b) pressure load profiles.

The fulfilment of the structural requirements was proved by a detailed visual in-
spection addressed to detect any potential cracks or hydraulic oil leakages that occurred.
Furthermore, no oil loss and fluid pressure changes were measured in an operational cycle
subsequent to the structural test sequences. The test article was then disassembled from
any plug and valve in order to submit it to a preliminary nondestructive inspection (NDI)
consisting of an immersion cycle of about 30 min in dye penetrating liquids (Figure 14)
at the Magnaghi Aeronautica Quality facilities, Naples, Italy. Exposure to UV light then
allowed for the verification of the presence of possible surface-breaking defects and wear
near the threads (largely stressed by fatigue cycles). Some irregularities detected were
mainly associated with the surface porosity and a lack of finishing treatments, which was
not foreseen with this prototype, rather than the occurrence of structural flaws.
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6. Discussion of the Results

The characteristics of the material examined (Al-HS1) were compared with a widely
used Al alloy in order to highlight the benefits, especially regarding the mechanical prop-
erties. As mentioned above, the comparison with a standard alloy was motivated only
by the facts that it had already been surveyed by the authors and a term of comparison
was needed for the present study. It is well recognized that the mechanical properties
and chemical formulations are different. This alloy consists of a fine microstructure that
derives strength from the secondary precipitation enabled via heat treatments compared
to the eutectic Al-Si network in the case of AlSi10Mg. Such a unique microstructure is
promising in structural applications, compared to AlSi10Mg (in its machined form), which
has a greater allowable yield (about 55.9% in the Z-direction and 36.4% in the XY-plane)
and maximum fatigue cycles (+125%); conversely, there was a maximum decrease in the
tensile strength of near 8.1%, with a small increase in the mass density (+13.0%). These
advantages would allow for the evaluation of its suitability where high structural strength
is required and weight constraints need to be met simultaneously. The enhanced structural
resilience against the limit load could potentially balance the specific weight increase by
utilizing more efficient geometries, where applicable and in line with other relevant design
and functional criteria. The good fatigue capacity also makes this alloy attractive in other
primary aeronautical equipment of which more operating cycles are expected (such as
hydraulic actuators for extension–retraction tasks and shock absorbers). Moreover, the
characterized cyclic resistance could suggest an appreciated behavior with respect to the
vibrations of aircraft loading profiles. Applications in other engineering sectors (biomedical,
naval, railway, and automotive) are certainly worthy of being explored depending on the
specific requirements.

7. Conclusions

This work is part of a research path started by the authors and aimed at defining a
qualification process for 3D printed components, in particular for aeronautical applica-
tions. Production standards are still in an evolving phase, which makes it necessary to
establish the key elements required for a certification methodology. A critical point for AM
applications in aerospace is to delineate accepted certification rules; repeatable physical
characteristics should be ensured so that end-user systems can meet reliability and safety
expectations. The certification requirements are mainly mission-based depending on the
classification of the failure conditions by the severity of the effect and, therefore, on the class
criticality identified for the system itself. Current standards for traditional manufacturing
and emerging ones, such as dfAM advances, should complement each other to ensure
a common streamlined homologation method. These aspects will be taken into account
in the revision of the current qualification standards (i.e., MIL-STD, RTCA-DO and SAE)
to include key insights into AM design and testing criteria. Having relied on a design
and testing procedure already developed with a first prototypal demonstrator of typical
aviation equipment, the authors pursued a case study investigating the use of a novel
aluminum alloy tailored for 3D printing. Future outlooks will involve the fine tuning of
the material’s characteristics. Corrosion resistance and compatibility with environmental
agents are certainly aspects to be explored concerning the final expected use for these kinds
of aeronautical devices.
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