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Abstract: The continuous pursuit of reducing weight and optimizing manufacturing processes
is increasingly demanded in transportation vehicles, particularly in the aerospace field. In this
context, additive manufacturing (AM) represents a well-known technique suitable for re-engineering
traditional systems, minimizing the product’s weight/volume and print time. The present research
activity allowed for the exploration of the feasibility to replicate a conventional hydraulic manifold
already certified for defence application with a lightweight and more compact issue through typical
stringent aeronautical qualification steps. Computational modelling with lab test efforts made it
possible to assess the compliance of the device with airworthiness certification requirements, giving a
special focus to the fulfilment of structural requirements. In particular, the fatigue life characterization
is still a crucial point to be well investigated in aeronautical components dfAM (designed for additive
manufacturing) to demonstrate the maturity of the technology in the certification scenario. The new
AM-driven design offers a more than 40 per cent weight reduction.

Keywords: additive manufacturing; hydraulic manifolds; impulse fatigue; numerical models;

structural performance

1. Introduction

The current manufacturing philosophy is rapidly evolving towards the use of additive
manufacturing (AM) techniques in various fields of metallurgy. AM actually allows for a
major level of design freedom when compared to conventional manufacturing practices,
such as subtractive machining and casting; consequently, the component geometry can be
adjusted layer-by-layer, reducing material mass and improving functionality, within the
same space envelope [1,2].

1.1. Additive Manufacturing in the Aerospace Sector

The considerable development of this technology today has been particularly prompted
by the multiple functional and profitable chances in the aerospace business. There are
a lot of extreme applications in such a field including liquid-based fuel rocket engines,
oleo-dynamic valves, propellant reservoirs, satellite parts, heat exchangers, and turboma-
chinery [3,4]. Blakey-Milner, B. et al. provide, in [5], a comprehensive review of numerous
successful examples of metal AM applications in the aerospace field, with a detailed focus
on the current state of the art and associated challenges. Most metal AM applications in
aerospace are steered towards significant advantages for reducing cost and schedule time,
as well as weight reduction and geometry simplification from previous designs [6]. How-
ever, the real economic savings can be measured only in the long term. Many open issues
regard process maturity issues, combined also with high non-recurrent costs and expertise
gained [7-9]. Currently, the AM process is still based on prototype and experimental lines
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for which the production rates are not yet so high as to be able to guarantee a favourable
profit margin in the whole supply chain. Several key AM technologies are applied with
DED (directed energy deposition) and LPBF (Laser Powder Bed Fusion) processes. The
first category is preferred for larger volumes or for repairing existing components [10-17].
LPBF is nevertheless the most widely used for aerospace applications where high density
or shape complexity are required [18-21]. The AM-based production of metal parts, al-
though in rapid growth, has many points still to be consolidated, especially in terms of
certification processes, quality control methods, and the repeatability of thermo-mechanical
properties. In the case of the aerospace sector, test and qualification protocols are being
developed by the main government entities such as the EASA (European Union Aviation
Safety Agency), NASA (National Aeronautics and Space Administration), ESA (European
Space Agency), and the FAA (Federal Aviation Administration) [22]. The definition of a
well-recognized qualification process is identified as a possible factor that could accelerate
a reliable adoption of AM to a great extent in the aerospace industry [10,23,24]. Structural
integrity is among the vital aspects for mission-critical aerospace applications, particularly
if considering the cyclic and impact loads. If on the one hand, actually, a quite mature
level of confidence has been reached in the characterization of the static behaviour of
metal alloys destined for AM technology (even better than standard specimens [25-28]),
there is still an uncertainty regarding the fatigue and creep mechanical properties [29]. The
samples forged as per AM tend to have a high percentage of porosity and surface roughness
representing a source of premature fatigue damage (both HCF and LCF) [10,30]. Such
superficial flaws can reduce the material ductility and introduce residual surface stresses
capable of triggering potential cracks [31-34]. However, many advances have been made
in mitigating these manufacturing imperfections: special processes such as heat treatments
and HIP (hot isostatic pressing) can certainly improve these issues [35,36].

1.2. Hydraulic Equipment Designed for Additive Manufacturing

AM capabilities are generally better suited for the realization of small batches of
highly customized products; strictly speaking in the aerospace framework, AM is really
advantageous for metallic applications where a high level of geometry complexity occurs.
Hydraulic manifolds can be considered attractive candidates for these novel optimization
processes [37]. Such components are used to manage the flow communications among
pumps, valves, and actuators in an oleo-dynamic circuit; it is manufactured starting from
a stainless steel or aluminium alloy billet. The flow internal pathways are then finished
by drilling processes using dedicated tooling, which is often really expensive. For this
last issue, the hydraulic manifolds are actually highly suitable candidates to be designed
for additive manufacturing (dfAM), due to their internal ducts and complex features;
the potential weight/volume optimization is surely another considerable selling point.
An automated CAD (computer-aided design) procedure for generating design features
well matched on AM constraints and drastically reducing the repetitive manual loops is
discussed in [38]. Diegel, O. et al. describes, in [39], a design guide-line including key
dfAM steps for optimizing manifold aspects such as material amount, geometric details
(i.e., Manhattan distances), weight figure, derived costs and residual stress. Furthermore,
high-fidelity CFD (computational fluid dynamics) simulations are performed to ensure the
appropriate hydraulic performance, providing an operative status of the pressure drops,
flow velocity and thermal profiles [40]. Compared with a standard hydraulic manifold,
a SLM (Selective Laser Melting [41]) version gave actual evidence of an improved level
of flow efficiency (average pressure loss reduction of 31%) and weight (mass reduction
and space size reduction of 80% and 46%, respectively) [42]. In the wake of these technical
works, the authors explored the possibility of replicating a standard hydraulic manifold
following the usual steps of aeronautical qualification. In this context, the present research
aims to assess the functional and structural capabilities of a hydraulic manifold tailored in
particular for the landing gear (LGs) controls in both normal and emergency conditions.
These kinds of primary system control components demand the highest standards of
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quality, precision and repetitiveness during production. Designed according to Safe-Life
criteria, i.e., for integrity and functionality along their life cycles, the devices are safety-
critical flying equipment integrated on an LG’s actuation system. Data acquired from the
validation campaign allowed for the evaluation of the pros and cons of the new solution
with respect to the well-known traditional one. Conventionally, valve block manufacturing
starts from forged raw material, which is then machined, trimmed, drilled and, finally,
assembled. This process chain is time-consuming and complex, leaving little room for
optimization. However, the sheer number of process steps illustrates the room for the
possible improvements that can be achieved by metal 3D printing. Clearly, substitution
alone is not enough; the new part must be lighter, more cost-effective and eco-friendly to
demonstrate the feasibility of additive manufacturing as a promising technology of the
future. Some applications for aerospace systems based on AM have been investigated by
Safran [43], Liebherr [44] and Airbus [45]. The great challenge concerns the standardization
of the design and production processes of mechanical parts, especially those with a high
structural significance. Due to the harsh environments and extreme operational loading
where LGs are required to work, lead times are really lengthy and fabrication processes still
expensive. Moreover, the need for forging and machining tasks adds large costs, delays,
and complication to the manufacturing. Billet-based materials are readily certified but
imply extensive induced costs, related to the waste during machining. The layer-by-layer
manufacturing for definition produces little to no waste with optimized buy-to-fly ratios.
The profits of AM can only be appreciated over the long term. Like any highly innovative
activity, the initial cost level should cover the purchase of all the machinery and tools
for the processes as well as proper know-how acquisition. Once a reliable production
process has matured, AM technology could allow the major disadvantages of traditional
production to be overcome; in this sense, a process should be as repeatable as possible. For
this reason, the costs incurred in the experimental research phase are still comparable to
those generally required for traditional solutions. Through the re-designing process of LGs’
former parts, AM could firstly replace assemblies into single or less numerous parts, and
secondly provide alternative shapes with the optimal strength to weight ratio. This means
that weight reduction directly relates to augmented technical and economic performance,
comprising reduced fuel costs, lower emissions, larger payloads and increased range; for
example, the latest generations of eVTOL (electric vertical take-off and landing) vehicles
oriented towards unconventional geometries with minimized overall dimensions. Table 1
outlines a direct comparison of both the technical and commercial aspects which influence
the growth of AM in the aerospace framework.

Table 1. Main features of AM in the aerospace industry.

Benefits Limitations

lack of certifications and standardizations
high material cost

need of a mechanical properties database
high-cost investment required for first time
equipment and facility requirements
expertise profile required

“design freedom”

parts number reduction
material waste minimization
reduced lead time to market
corrosion mitigation

green manufacturing inspired

1.3. Scope of the Activity

On the basis of literature analysed above, AM can be therefore considered among the
most promising technologies in the aerospace field for the improvement of performance
and stiffness per mass ratio. The benefits brought by using dfAM components at the
aircraft level are accompanied on the other side by the drawbacks of the enabling technolo-
gies. The attempt to solve such issues—mainly involving structural integrity and safety
issues—moves through the tuning of novel design approaches, ensuring the consolidation
of reliable structural solutions which are adequately mature for rapid certification and
in-flight operations. This work presents the main development phases of a hydraulic
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manifold conceived for military aircraft applications in the framework of a research pro-
gram. The component is part of an Emergency Control Module (ECM) designed to supply
pressure in case of an emergency landing gear extension/retraction request. The iterative
topology optimization process has driven the benchmark mass reduction to over 40%. The
manuscript covers some of the main AM design aspects with emphasis on the prototype
strength: burst testing and hydraulic impulse fatigue are in fact often critical for this class
of components. The authors of [46] underlined a lack of details on identifying the fatigue
behaviour of AM components, stimulating the technical community to deepen this topic in
aerospace engineering, particularly. Fatigue represents a constraint during aeronautical
design to meet all the structural requirements due to the cyclic loads encountered in service.
In the case of 3D-printed parts, fatigue performance depends especially on several aspects
such as the material microstructure, manufacturing process, surface roughness and treat-
ments (cadmium/chromium/sulphuric plating, oxidation, etc.). Focusing on hydraulic
manifolds, AM technology can adjust shape particulars as abrupt right-angle turns which,
in addition to increasing the local fluid separation and recirculation not discussed here, may
intrinsically represent crucial sources of crack initiation. Replacing these flow pathways
with gradually curved turns could significantly decrease the loss of flow efficiency and
high stress concentrations. The AM literary references dwell mainly on mechanical fatigue
properties. The life assessment of AM fatigue-critical aerospace parts has been addressed
in [47]: Finite Element Analyses (FEA) results were used in the iterative design process to
determine the life of a typical aerospace joint in titanium Ti-6Al-4V under cyclic loadings.
The same alloy was analysed in [48] to achieve sufficient confidence and knowledge for
predicting fatigue life and crack growth propagations. Airbus investigated the feasibility
of replicating critical structural joints in titanium [49,50]. The cyclic integrity at hydraulic
impulse loads is instead an open issue for this kind of component; in such a sense, the
work, even if based on almost standard procedures, introduces a novel aspect into the AM
aerospace scenario. For this reason, the research consortium considered the landing gear
system of really current interest and a crucial benchmark to investigate the AM application.
Simulations and ground validation tests, combined in a step-by-step approach, allowed for
the demonstration of the compliance of the optimized system with aeronautical standards.

2. Materials and Methods
2.1. Design Optimization Process

Starting from an existing manifold for military applications (MA confidential data) in a
2024 aluminium alloy, a redesign for AM was made using CAD, with the aim of removing
unnecessary mass and improving the fluid dynamic performance of the channels with
pressurized oil. The starting constraints were represented by the positioning and size of
cavities, ports and fixing points (Figure 1). dfAM allows for the removal of the auxiliary
portions, such as connection channels, holes and plugs. Smooth channels allow for improved
fluid dynamic performance, as the 90° angles typical of Computer Numerical Control (CNC)
machining are no longer needed, as well as straight channels at a constant diameter. The
design process started from the design of the fluidic part, always taking into account the
future printability of the piece. Then, the metallic skin was drawn around the fluidic channel.
Its typical initial thickness was 5 mm, suitable for pressures at stake. Through iterations with
verification of the static resistance of the designed solution, the thickness of the metal skin of
the canal was increased (typically up to max 40%), or ribs were introduced to the structures
to allow adequate stiffening. The channels must by definition be self-supporting, because
it would not be an additional value having to mechanically remove supports inside the
channel by means of time-consuming post-processing. With circular sections up to 10 mm in
diameter, this was generally verified. In this specific case, the maximum internal diameter
of the channel was 7 mm. The external supports were then limited to the surfaces where
these are strictly necessary, or where the geometry cannot be optimized for 3D printing due
to the need to install the component or due to the interface. The surface that covered the
various channels thus designed was joined to better distribute the tensions. Note that metal
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3D printing offers opportunities not available for traditional CNC technologies: if stress
concentrations or deformations occur during the modelling phase, it is always possible to
change the section of the channel, increasing its size in some points, or smoothly passing
from a circular section to elliptical and then return to circular. Once the geometry has
been defined and validated, the raw model for 3D printing was defined with the addition
of special allowances and, if needed, areas for anchoring to the base plate. The supports
and the arrangement of the piece on the printing plate were defined with a 3D printing
software (Materialise® Magics 3D [51]); with the proprietary software of the printer (EOS
M290, 52), the process parameters of the building chamber were defined, (e.g., base plate
temperature, argon flow speed, recoater speed, etc.), as well as the laser exposure set for
parts and supports, including the metal powder layer thickness. The design of internal
channels was based on minimizing the tensile stress due to the cyclic pressure loads; impulse
testing is very essential in order to demonstrate the reliability of hydraulic systems especially
in AM aerospace components. The objective was to reach a particular max principal stress
within the fatigue limit, in this case of the alloy AlSi10Mg already characterized. A FE-based
analysis might accurately detect where the highest stress concentration will be, but with
more difficulty will accurately forecast the lifespan of the component since it cannot account
for all of the production tolerances or other effects of the manufacturing process which
can affect fatigue life. The more robust method of assessing failure modes and effects
is to conduct an accelerated test which most closely replicates the operative conditions
experienced during the service. One of the limitations of the AM technology as indicated in
Table 1 is, in fact, the still narrow availability of experimental data representative of the metal
alloys for layer-by-layer printing. Furthermore, the cyclic integrity at hydraulic impulse
loads is an open topic worthy of being investigated to ensure an actual applicability in the
aeronautical field. The workflow sees an iterative analysis process aimed at identifying the
structural criticalities and smoothing them out with geometric adjustments (Figure 2). The
most discharged areas identified were lightened by respecting the functional or assembly
constraints. Once a threshold of structural safety margins was established, the design was
“frozen” and examined for the layer-by-layer manufacturing process. All the drilling and
turning operations for the threads were carried out on the final raw material. The test article
was finally subjected to the main qualification tests listed in Table 2.

(©)

Figure 1. Automated CAD steps used for redesign of AM hydraulic manifold. (a) initial ducts of the
conventional manifold (user input); (b) design optimization for AM: channel to be redesigned (blue);
plugs to be removed (red); (c) final ducts of the AM manifold (user output).
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Figure 2. Design optimization flowchart.

Table 2. Qualification matrix.

Type of Test Test

performance/function

Functional leakage

proof pressure
endurance
fatigue,

burst pressure

Structural

temperature (high/low)
shock and vibrations
lightening
contamination

Environmental

These groups of tests were carried out just in the certification stage. Subsequently,
in the case of a qualified component an acceptance test procedure (ATP) was adequate to
demonstrate serially the right operation of sub-systems before the in-service commissioning.
It generally covered a performance and leakage test. The outcome of the current design
activity was a manifold 40% lighter than the initial solution made by conventional CNC
machining. A CFD analysis was not conducted in this redesign phase for AM, but it has been
based on the empirical assumption that the fluid dynamic performance of the redesigned
manifold in AM is equal to or better than that of a block produced by CNC with straight
channels. Although the roughness inside the channels in the as-printed condition is higher,
and therefore could induce a greater pressure drop, this would be amply compensated by
the lower pressure drop deriving from the smooth connected channels.
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2.2. Material Properties Description

The material for the current application refers to an AlSil0Mg alloy already analysed by
the Aidro company at sample level in previous projects; the 3D tester for this investigation
was manufactured by an EOS M290 LPBF system (Krailling, Germany [52]) using a 400 W
continuous Yb-fiber laser in Argon atmosphere. Strength properties depicted in Figure 3
were obtained according to EN ISO 6892-1:2016 standard [53] at room temperature by
means of an MTS Alliance RT /100 universal testing frame (Minneapolis, MN, USA). The
samples featured a gauge diameter of d = 8 mm and a gauge length of L, = 40 mm,
as recommended by standard [54] for fatigue testing. Uniaxial fatigue tests as per EN
ISO 1099:2017 standard [54] were carried out with a fatigue stress ratio R = 0.1 at room
temperature conditions for three different surface treatments (Figure 4). The static and
fatigue data herein presented were extensively studied and discussed in the paper [55],
from a cooperation of Aidro with Politecnico di Milano and Rosler Italiana Srl company.

450
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UTS =412 MPa

350

300

250

elastic region

200

Stress [MPa]

'« YS=228MPa

150

0.01

e 4

100 T
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f d+

v

0 1 2 3 4 5 6 7 8
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Figure 3. Tensile test curves of LPBF processed AlSi10Mg alloy [54,55].

Fatigue data regression was performed assuming a best-fit Basquin rule in log-log
scale [55,56]. The stress amplitude (v;) as function of number of cycles to failure (Ny) can
be expressed as Equation (1):

on = A(Ny)" M

The fatigue limit (FL) was statistically estimated on the basis of a minimum of 12
specimens per batch.

Vibro-finished, VF: Log(A) =2.68 +0.07; B=—0.17 £ 0.01
Sand-blasted, SB: Log(A) =2.24 + 0.03; B = —0.06 £ 0.006
Machined and polished, MP: Log(A) =2.24 + 0.04; B = —0.05 £ 0.006

The vibro-finishing (VF) treatment was reached in a vibratory bowl filled with plastic
abrasive cones media. Sand-blasting (SB) indicated a hand operation in a controlled-
pressure closed environment using corundum spheres. It reflects the condition used for the
herein presented hydraulic manifold. The third, more expensive case (MP, machining and
polishing) allowed for the minimizing of surface and sub-surface flaws during the LPBF
process. The relevant static and cyclic properties are listed in Table 3.
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Figure 4. Fatigue curves based on Basquin fitting of the LPBF processed AlSi1l0Mg alloy [54,55].

Table 3. Main structural properties of AlSi10Mg [55].

xy plane: 70 £ 10

Elastic modulus, E [GPa]
z-dir: 60 + 10

Yield strength, YS 228 + 4.1 [MPa]

Tensile strength, UTS 412 £ 5.5 [MPa]
As-Build: 50-62 [57-59]
VF:95.0 + 4.5

Fatigue limit, FL [MPa]
SB:152.5 + 3.5

MP: 194.0 £ 10.0

3. Structural Simulations
3.1. Load Conditions

The scope of this section is to provide the structural analysis of the hydraulic manifold
with respect to the following loading cases detailed in Table 4.

Table 4. Hydraulic load conditions applied [60,61].

Load Condition Pressure

Proof pressure 310.5 bar

Burst pressure 517.5 bar

Impulse pressure 0.5-310.5-0.5 bar
(for 100,000 cycles)

3.2. Finite Element Model Description

Structural FE analysis was carried out using a 3D FEM modelling (in Altair Hypermesh
environment); the 3D FE model is represented in Figure 5. A high density of nodes and
elements (solid mesh cfet10 [62]) allowed for the easy identification of the stress distributions
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close to critical design details (hydraulic pipes, high curvature sections), generally the
source of crack initiation. The main FE entities are listed in Table 5. The stress analysis was
performed considering a uniform pressure field (pload4, [62]) acting on the internal wall
surface (shell elements ctri3 [62]) (Figure 5b). Rigid elements rbe3 were used to schematize
the plug reaction on the housing (Figure 5c) while rbe2 were used for positioning the
external constraints (Figure 5d). The FE analyses were actually carried out considering the
hydraulic manifold pinned (fy = t, = t; = 0) at the three interface holes.

@

[C] PRESSURE FIELD

PLUG FORCE J o A (Ix= PINNED
(c) (d)
Figure 5. Three-dimensional FE model details. (a) 3D model; (b) inner walls; (c) equivalent hydraulic

loads on plugs; (d) constraints.

Table 5. Three-dimensional FE model total number of nodes and elements.

FE Entity Number
Nodes 3,718,280
3D elements, ctet10 2,476,870
2D elements, ctri3 71,588
0D elements, rbe 11

3.3. Finite Element Analysis Results

The structural FE analyses were performed with respect to the design hydraulic loads
of Table 4. The final stress maps are represented in Figure 6. The Von Mises stress peak
(158 MPa) occurred at the internal ducts, typically representing the critical areas of this kind
of component (Figure 6b). The Max Principal stress field used for impulse fatigue analysis
is given in Figure 6¢; the relevant peak (157 MPa) is highlighted in Figure 6d. The design
of the flow channels was iteratively updated in order to optimize the stress concentration
factors, maintaining a maximum stress level contained within the fatigue limit estimated
with the SN curves (Figure 4). Convergence studies were conducted in the critical areas to
check the mesh size order assuming an error of about 1.0% acceptable. Safety margins at
static and cyclic load are indicated in Table 6.
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Figure 6. Stress maps (limit pressure load, PP = 31.05 MPa). (a) Von Mises stress (outer walls); (b) Von
Mises stress (inner flow channels); (¢) Max Principal stress (inner flow channels); (d) zoom on Max

Principal peak.

Table 6. Finite element analysis results.

Load Case Description Safety Margin/Damage

Proof pressure Static MSy;,, = (228/158) — 1 =0.44
Burst pressure Static MS,;; = (412/263) — 1=0.57
Impulse pressure Fatigue D=1x10°/1 x 10°=0.1< 1.0

4. Qualification of Additively Manufactured Component for Use in Aircraft
4.1. Qualification Hydraulic Tests Outline

In order to validate the compliance of the device with the airworthiness certification
requirements, several structural tests have been performed on the AM hydraulic manifold.
The following Table 7 summarizes the strength and endurance tests carried out. The burst
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pressure test was lastly performed because of its destructive nature. The qualification test
campaign of the dfAM hydraulic manifold has been carried out at Magnaghi Aeronautica
Laboratory, Naples, Italy.

Table 7. Summary of qualification tests.

Test N. of Cycles Reference

1. Proof Pressure - SAE AS8775 [60]

2. Endurance Cycles 5000 Legacy spectrum

3. Hydraulic Fatigue 100,000 SAE ARP183 Rev. C [61]
4. Burst Pressure - SAE AS8775 [60]

A hydraulic fluid conforming to MIL-PRF-5606] type II was used for supply pres-
sure [63]. The temperature was set at about (+30 £ 15 °C). The contamination level of the
hydraulic fluid was class 7 or better as per NAS 1638.

4.2. Test Set-Up Description

The hydraulic fluid was supplied to the PRESS Port, while the pressure value was
recorded by means of a pressure transducer (Figure 7). All the other ports were closed with
actual plugs and hydraulic fittings.

motor/pump

hydraulic power bench] . pressure
transducer

fluid reservoir

relief

valve J

hydraulic
manifold

Pressure
Transducer

(a) (b)

Figure 7. Hydraulic manifold test stand. (a) hydraulic layout; (b) lab setup.

4.3. Proof Pressure (Limit Load)

The proof pressure (PP) test demonstrates that the equipment is able to withstand a
load of:
PP =1.5 x DOP = 1.5 x 207 = 310.5 bar ()

without permanent deformation, pressure drop and external leakage. The hydraulic fluid
was supplied at the PRESS port, increasing the pressure up to 310.5 bar and holding for
2 min (Figure 8), according to aeronautical standard SAE AS8775 [60].
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350 T
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250

200

150
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60 80 100 120 140 160 180

Time [s]
Figure 8. Proof pressure test: load profile.

4.4. Endurance Test

The main objective of this test is to determine the capability of the equipment of func-
tioning without leakage or evidence of excessive wear or malfunctioning. The hydraulic
manifold was tested for 5000 cycles as per the following sequence:

5 bar—(DOP = 207 bar)-185 bar—195 bar—(DOP = 207 bar)-5 bar

The hydraulic fluid was supplied at the PRESS port, increasing the pressure up to the
desired values (Figure 9), according to the legacy qualification spectrum.

250
200
150

100

Pressure [bar]

50

Time [s]
Figure 9. Endurance test spectrum.

4.5. Impulse Fatigue Test

The main objective of this test is to demonstrate that the equipment is able to pass
without failure or permanent deformation of any part of it when subjected to pressure
impulse cycles. The hydraulic manifold was tested for 100,000 fatigue cycles supplying
hydraulic fluid to the PRESS port according to the following pulse spectrum:
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5bar — (PP = 310.5 bar) — 5 bar

The spectrum is defined by aeronautical standard SAE ARP183 Rev. C [61]. The
applicable alternate impulse trace for supply cavities is a square wave (Figure 10).

350

“NOAANNNNT

200 +

150 +

Pressure [bar]

100 +

0 10 20 30 40 50 60 70 80 90 100

Time [s]

T T T T T T T T 1

Figure 10. Test spectrum of impulse fatigue.

4.6. Burst Pressure (Ultimate Load)

The main objective of this test is to demonstrate that the equipment is able to withstand
a load of:
BP =2.5 x DOP = 2.5 x 207 = 517.5 bar 3)

without rupture, pressure drop or external leakage.

The hydraulic fluid was supplied at the PRESS port, increasing the pressure up to
517.5 bar and holding for 3 s, according to aeronautical standard SAE AS8775 [60]. The
pressure load profile is represented in Figure 11.

600 -~
500 -+
400 ~

300 -+

Pressure [bar]

200 -~

100 -~

L N B B B e B B S S B B B S B B B B S B B B B B e e

O IA%IIAA}IIAA%IIIAI 1
0 10 20 30 40 50

Time [s]

Figure 11. Burst pressure test: load profile.
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4.7. Experimental Results

A visual inspection was performed on the test article at the end of each test in order to
verify the compliance with the requirements. After the completion of the test campaign,
the AM hydraulic manifold was subjected to NDT checks, by means of Dye Penetrant
Inspection (DPI) in order to detect cracks, in particular on the surface and threads, according
to standards ASTM E 1417 [64] and EN ISO 3452 [65]. The AM hydraulic manifold was
preliminarily pre-cleaned to remove any dirt, oil, grease or any loose scale that could either
keep penetrant out of a defect or cause false indication. Then, the penetrant was applied to
the test component by dipping. After a dwell time of 30 min to soak the penetrant into any
flaws, the excess penetrant was removed from the surface, then a contrasting developer
was applied on the surface. The item was inspected under an ultraviolet light in a dark
room to look for indications that there may be cracks or other surface discontinuities. No
anomalies on the AM hydraulic manifold were detected during the inspection. The photos
taken during the DPI are shown in Figure 12.

Figure 12. Fluorescent Penetrant Inspection. (a) upper side view; (b) detail of threaded part; (c) bot-
tom side.

The compliance to the following airworthiness certification requirements has been verified:

- No permanent deformation and evidence of external leakage or pressure drops have

been detected following the limit load (PP pressure);

- No external leakage, excessive wear, malfunctioning, excessive abrasion, damage or

excessive backlash was detected after the endurance test;
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- No cracks of any part of the item or external leakage occurred during the pulse

fatigue test;

- No fracture occurred at ultimate load (BP pressure).

5. Conclusions

The current paper demonstrates the standard AM-based process that could be fol-
lowed for optimizing conventionally manufactured components. Starting from a highly
mature technological solution of a hydraulic manifold already certified, the case study
explained in this paper walks through the iterative AM steps in the re-engineering of
a lightweight version with over 40% weight savings. The valve is part of a module for
controlling the extension and retraction of a landing gear system in an emergency case.
Hydraulic components for aeronautical applications need to satisfy tight strength require-
ments (i.e., proof, burst, endurance and impulse pressure are generally the most critical load
conditions). In view of these issues—decisive for full release into service—the optimization
was rationally driven by the structural integrity aspects. The characterization of AM-based
components at impulse loads still represents a crucial topic to be well investigated in order
to validate the technology maturity and its readiness for certification, due to the lack of
industrial production standards and consequent uncertainties on allowable designs. The
FE simulations predictively supported the shape modifications in order to minimize the
stress concentrations by improving the fatigue behaviour. Experimental demonstrations
according to aeronautical equipment qualification standards successfully validated the de-
sign process. In this way, the hydraulic manifold technology experienced a well-sustained
maturation process up to the consolidation of a full-scale prototype for final functionality
tests in real operative conditions. Along this direction, research lines will be encouraged
and oriented to the following key-points:

Defining solid certification specifications and processes;
Reducing the mechanical complexity by decreasing the number of constitutive parts
and replacing entire sub-assemblies with integral components;

e  Streamlining the manufacturing and assembly steps through the adoption of rational
design solutions for fast series production.

The next activities will concern the development of a fully automatic procedure to
improve the flow channels, also with respect to the thermo-hydraulic performances and
environmental compatibility not explicitly addressed here.
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