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Abstract: Recent advances in manufacturing methods have accelerated the exploration of new
materials and advantageous shapes that could not be produced by traditional methods. In this
context, additive manufacturing is gaining strength among manufacturing methods for its versatility
and freedom in the geometries that can be produced. Taking advantage of these possibilities, this
research presents a case study involving an electric aerospace actuator manufactured using additive
manufacturing. The main objectives of this research work are to assess the feasibility of additively
manufacturing electric actuators and to evaluate potential gains in terms of weight, volume, power
consumption and cost over conventional manufacturing technologies. To do so and in order to
optimise the actuator design, a thorough material study is conducted in which three different
magnetic materials are gas-atomised (silicon iron, permendur and supermalloy) and test samples of
the most promising materials (silicon iron and permendur) are processed by laser powder bed fusion.
The final actuator design is additively manufactured in permendur for the stator and rotor iron
parts and in 316L stainless steel for the housing. The electric actuator prototype is tested, showing
compliance with design requirements in terms of torque production, power consumption and heating.
Finally, a design intended to be manufactured via traditional methods (i.e., punching and stacking for
the stator laminations and machining for the housing) is presented and compared to the additively
manufactured design. The comparison shows that additive manufacturing is a viable alternative
to traditional manufacturing for the application presented, as it highly reduces the weight of the
actuator and facilitates the assembly, while the cost difference between the two designs is minimal.

Keywords: electric actuator; electric motor; permanent magnet; additive manufacturing; laser
powder bed fusion; selective laser melting; AM; PBF; LPBF; SLM; iron—cobalt alloys; permendur;
FeCo

1. Introduction

The trends set by more electric aircraft (MEA) aim to reduce the number of pneumatic,
mechanical and hydraulic systems and replace them with electrically powered actuators [1].
This goal of electrifying the aerospace sector is also supported by the Clean Sky 2 pro-
gramme, which aims to be the main contributor to the Commission’s Flightpath 2050 goals,
set by ACARE. These objectives are:

e A 75% reduction in CO; emissions.

e A 90% reduction in NOx emissions.

*  The perceived noise of flying aircraft reduced by 65%.

¢  Air vehicles designed and manufactured to be recyclable.

For this matter, reducing the weight of aircraft components is a key factor, as aircraft
weight is one of the main contributors to fuel consumption and, hence, emissions. In this
scenario, additive manufacturing (AM) is gaining strength due to the advantages it reports
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in terms of geometric flexibility and material savings. More specifically, AM in the aerospace
sector has become a viable solution for the production of various parts, ranging from small
cabin brackets [2] and hinge brackets [3], to larger and more critical components such as
turbopump stators [4] and a rocket nozzles [5]. Moreover, AM has been proven effective for
the construction of various aerospace components [6] and it is regarded to bring benefits
over traditional manufacturing in terms of weight, lead time reduction and cost for a
number of components [7].

In addition to the flexibility of the geometries that can be produced, AM also allows
a wide variety of materials to be processed. A comprehensive review of the metallic
materials available for AM is provided in [8], in which various materials are surveyed, such
as Ni-based, Fe-based, Cu-based, Al-based, Ti-based and so on. Examples of aerospace
components produced by AM can be found in [2,3,9] (Ti-based alloys), in [10] (Cu-based
alloys) and in [11] (Fe-based alloys).

Not only have mechanical parts for aeronautics been produced already via AM,
but also magnetic [12,13] and thermal management [14-18] components have been manu-
factured as well. It is worth highlighting the case presented in [12], in which the rotor and
the shaft of a direct current (DC) motor for an UAV aircraft are manufactured via selec-
tive laser sintering (SLS) in A6 steel. Copper and aluminum alloys have been additively
manufactured as well, showing promising results for electrical machine design in terms of
heat extraction and loss reduction at high-frequency operation [19-21]. Further examples
of electrical machine components made using AM and unusual magnetic materials can be
found in [22,23] (Fe-Al alloy), [24] (17-4PH stainless steel) and [25] (pure Fe). In this regard,
despite the wide variety of materials that can be produced by AM, the use of additively
produced soft magnetic materials is not widespread. Nevertheless, various attempts at
additively processing said materials can be found in [26-30] (FeSi alloys), [31,32] (FeCo
alloys) and [33] (FeNi), for instance.

In the context of aircraft electrification, emission and weight reduction and additive
manufacturing, the present work presents a case study involving the AM of an electric
actuator for an active inceptor system. The Smart Active Inceptor system, developed by
Safran Electronics & Defense, consists of a joystick-type control interface that provides
tactile feedback to pilots for a civil tiltrotor aircraft, following a fly-by-wire concept. The aim
of the present work has been to analyse the feasibility of manufacturing electric actuators
using a laser powder bed fusion (LPBF) technique (also known as selective laser melting,
SLM) and to evaluate the gains in terms of weight, volume, power consumption and
cost over conventional manufacturing technologies. For this purpose, gas-atomised soft
magnetic metallic compositions have been analysed, powder bed fusion (PBF) process
parameters have been optimised and an electric actuator prototype has been manufactured.

This article is structured as follows: first, the case study is presented and the re-
quirements for the designed actuator are briefly summarised in Section 2. The materials
considered for the application and their assessment are then discussed in Section 3. Two
equivalent actuator designs, one intended to be manufactured additively and the other
one in traditional terms, are described in Section 4 and are compared in terms of weight,
volume and cost. A brief note on the fabrication and testing of an AM actuator prototype is
given in Section 5, and finally, the conclusions of the present work and some considerations
regarding future work are stated in Section 6.

2. Case Study

As stated in Section 1, the case study presented in this research work involves the
design and manufacturing of an electric actuator (or motor) for an active inceptor system,
shown in Figure 1. As illustrated, the main elements of the system involve a handle,
a kinematic joint that connects the two-axis movement of the grip to two motors/actuators
and a set of safety brakes and resolvers for controlling those. The torque produced by
the electric motors is what allows the user to experience controlled force-feedback when
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holding the sidestick. The performance requirements specified for each of the motor units
are summarised in Table 1.

«— Grip

<«— Universal joint

<«—— Motor

<

Figure 1. Smart Active Inceptor concept by Safran Electronics & Defense [34].
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Table 1. Main requirements for the designed actuator.

Requirements
Envelope 100 x 100 x 100 mm
Torque 8 N-m
Max. power consumption (stall conditions) 150 W
Max. temperature after 120 s operation (stall) 120°C
Max. weight 3kg

Regarding the AM approach for the actuator, the nearly zero speed of the inceptor
application, which must provide force to the grip under no or little movement, makes
it very suitable to consider the AM of the soft magnetic actuator parts. In conventional
electric motors, which operate at non-zero frequencies (typically 50/60 Hz in industrial
applications and 400 Hz in aircraft electrical power distribution), significant energy losses
occur in the soft magnetic material parts due to induced eddy currents when subjected to
variable magnetic fields. For this reason, it is common for stators and rotors in electrical
machines manufactured by non-additive technologies to be made by die-cutting and
stacking insulated thin silicon steel sheets (the addition of silicon increases the electrical
resistivity of the material and reduces energy losses). For soft magnetic materials fabricated
by AM, several techniques have been proposed to emulate the effect of lamination for
reducing eddy current losses in the solid material [26,35,36].

In addition, the additive manufacturing of structural parts has also been considered in
this project. The additive manufacturing of the hard magnetic parts has been discarded
because, for the time being, except for very specific AM processes such as cold spray [37-39],
the magnetic performance (coercivity, remanence) of the resulting magnets is far from that
of conventional sintered rare earth magnets [40-43]. Additive manufacturing of copper
coils has also not been considered due to the small size of the actuator and the high number
of turns that the near-zero speed requires to achieve the desired voltage.

The result of the design exercise is shown in Section 4, after detailing the atomisation
and optimisation of the additive manufacturing process.

3. Material Assessment and Testing

Additive manufacturing of stainless steels is well established in the literature [8] and
metallic powder for the AM of different steel compositions is already available in the
market. On the other hand, the commercial availability of magnetic alloys is much lower, so
one of the main lines of research opened up by this project has been the AM of soft magnetic
materials. Key highlights regarding gas atomisation of magnetic powders, LPBF processing
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of said materials and heat treatment (HT) optimisation for permendur test samples are
provided within this section.

3.1. Gas Atomisation of Soft Magnetic Materials

Gas atomisation is one of the main methods to manufacture the metallic powders
used by the powder metallurgy industry [44]. It is highly versatile, as it can be used with
many different alloys, the control of the particle size distribution is good and the output is
high. Moreover, the powder has a low oxygen content and a spherical particle shape. These
features make gas atomisation the reference technology for producing powders for AM.
As illustrated by Figure 2, the principle of this powder production method is to transfer
kinetic energy from a high-speed gas jet to a liquid metal stream that becomes unstable.
The expansion of the gas around the molten stream causes a dramatic depressurisation
and the disintegration of the liquid into small droplets which solidify as powder particles.
In this work, experimental atomisations have been conducted in an atomisation unit (PSI
model HERMIGA 75/3VI) using a close-coupled, convergent-divergent atomiser in which
the gas nozzle has the shape of an annular slot (see Figure 2). The raw materials are charged
into a high purity alumina crucible and melted by induction under argon. The atomisation
chamber is also evacuated and purged with argon to minimise oxidation. The plant is
capable of producing about 3 kg of powder per batch. The melt is superheated to 200 °C
above its liquidus temperature, injected into the atomisation chamber and atomised using
an argon stream at a stagnation pressure of 5.0-5.5 MPa.
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Figure 2. (a) Schematic diagram of the primary atomisation of a melt stream by the rapidly expanding
gas; (b) photograph showing the proximity between the gas and the melt exits [45] (reproduced with
permission from the authors).

Regarding the selection of soft magnetic materials for the magnetic circuit of electric
actuators, the most relevant properties are high permeability, high saturation flux density
and low coercivity. Three different soft magnetic material compositions that trade these
properties have been considered thus within this project:

e  Supermalloy: An 80% nickel-iron-molybdenum alloy with extremely high initial
and maximum permeability and minimum hysteresis loss. It is used primarily for
transformer cores, tape-wound toroids, electromagnetic shielding and laminations
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operating at very low magnetic field strengths. Supermalloy has been manufactured
via LPBF/SLM, for instance, in [46].

Fe6.5Si: A soft magnetic alloy with high magnetic permeability, low coercive force
and low iron loss. The main advantage of this material is that it has the lowest price
among the options analysed. Additionally, this material has also presented promising
results in terms of magnetic properties [47,48].

Permendur (49Fe49Co02V): A cobalt-iron soft-magnetic alloy that stands out for its high
magnetic saturation. Due to its high price, it is used in high-end applications, such
as aerospace actuators, tape toroids and medium-frequency transformer laminations.
Examples of LPBF processing of permendur can be found in [49].

Within this project, Fe6.551 powder was purchased from Sandvik Osprey Ltd.(Sandviken,

Sweden), in the 15-45 pm fraction, and supermalloy and permendur compositions were
gas-atomised and then sieved to the appropriate fraction at CEIT’s premises. The magnetic
properties of the powders at room temperature (around 22 °C) were evaluated from the
hysteresis loop obtained in a Quantum Design PPMS-9T system with vibrating sample
magnetometer (VSM). The magnetic characterisation of the powder is summarised in
Figure 3 and Table 2. It can be observed that, as expected, supermalloy powder shows much
lower magnetisation and coercivity figures. On the other hand, Fe6.55i and permendur
powder exhibit higher saturation flux density values, at the expense of a higher coercivity,
which implies higher hysteresis losses.

2.5 T T T T T T T T
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Permendur 20-63 um
15F Fe6.5Si 15-45 um
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Figure 3. Magnetisation curves for the characterised powder at room temperature.

Table 2. Magnetic properties of the gas-atomised soft magnetic powders at room temperature: Bg:
induction saturation; H.: coercivity; Hgx: anysotropy field.

Sample B;s (T) H, (kA/m) Hg (kA/m)
Supermalloy 20-65 nm 0.746 0.061 103.5
Fe6.5Si 15-45 pm 1.767 0.313 273.7
Permendur 20-63 pm 2.178 2.928 330.2

Four different physical properties were measured for the magnetic powders: the flow

rate, the apparent density, the tap density and pycnometer density. The flow rate quantifies
the ability of each powder to flow, whereas the density of the powder allows one to esti-
mate the internal porosity of the powders. The Hall flowmeter funnel method was used to
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measure the flow rate and the apparent density of the powders, following Metal Powder In-
dustries Federation (MPIF) standard #4 and #28, and an AccuPyc1330 pycnometer was used
for the pycnometer density. MPIF standard #46 was followed to measure the tap density of
the powders. Additionally, the chemical composition, morphology and microstructure of
the powders were analysed via inductive coupled plasma mass spectrometry (ICP-OES,
equipment: Varian 725-ES) and scanning electron microscopy (SEM). Finally, interstitial
elements within the powder were measured by means of LECO analyses. A LECO TC-400
series oxygen/nitrogen fusion analyser was used to determine the oxygen and nitrogen
content of and a LECO CS-200 Series carbon/sulphur combustion analyser was employed
for the carbon and sulphur contents. The main physical properties are collected in Table 3.
The Hausner ratio, obtained as the ratio of the tap to apparent density, gives information
about the flowability of the powder material; with a Hausner ratio greater than 1.25 being
an indication of poor flowability for AM processes. As observed in the table, the three
metallic compositions exhibit a suitable Hausner ratio for PBF applications.

Table 3. Physical properties of the gas-atomised soft magnetic powders.

Flow Rate Appar.ent Tap. Pycnon}eter Hausner
Sample (s/50 g) Density Density Density Ratio
(g/cm?®) (g/cm?) (g/cm?3)
Supermalloy No flow 4.45 5.33 8.6 1.20
Fe6.5Si 19.7 3.89 4.54 7.4 1.17
Permendur No flow 4.45 5.19 8.1 1.16

Due to the requirements of the application (i.e., very high torque density and near-zero
speed), it was decided to discard the supermalloy for further analysis, as its low saturation
flux density impacts negatively on the weight reduction capability for the actuator and the
magnetic losses are of little importance due to the very low frequency of operation.

3.2. Laser Powder Bed Fusion of Test Samples

After analysing the gas-atomised powder, testable parts were produced in a Renishaw
AM 400 machine. The size of the manufactured test samples is 5 x 10 x 48 mm, adequate
both for mechanical and magnetic characterisation tests. The test samples were mechani-
cally characterised in a universal testing machine (Instron 5892), whereas the DC magnetic
hysteresis loop for the samples was measured using an adjustable pole electromagnet
(GMW magnet systems 3470). For both AM-processed materials, Fe6.55i and permendur,
an optimisation of the LPBF process parameters, namely hatch distance, laser power and
scan speed, was carried out to obtain the best combination in terms of cracks, porosity and
productivity. The search for optimal process parameters was conducted through several
iterations under a design of experiments (DoE) approach.

¢  Fe6.5Si test samples

In the LPBF parameter development process for the Fe6.55i alloy, four iterations were
performed. Test samples manufactured during the first three iterations presented either
burnt surfaces, cracks or micro-cracks. In the fourth and final iteration, test samples with no
cracks and an acceptable porosity level of 1.3% were attained. The parameter optimisation
process for the Fe6.55i is illustrated in Figure 4.
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Figure 4. LPBF parameter development process for the Fe6.55i alloy.

Magnetic measurements on the test samples manufactured in the last DoE iteration
showed average magnetisation saturation and coercivity values of 171 emu/g and 2.2 Oe,
respectively; values which are not far from those obtained in the characterisation of the
gas-atomised powders (see Table 2). However, despite the good magnetic properties
demonstrated by the Fe6.55i PBF specimens, all AM test samples showed an excessive
brittleness and broke when machined to standardised mechanical test sample dimensions.
This is due to the use of low energy densities and the tendency towards brittleness in
as-built materials when using LPBF technology. At low deposition energies to avoid
cracking of the samples (below 50 J/ mm?)), there is a lack of fusion, resulting in a very
porous component. Increasing the energy to densify the material eliminates porosity but
introduces higher residual stresses due to higher temperature gradients.

*  Permendur test samples

Two iterations were conducted during the PBF process optimisation for permendur.
The AM test samples manufactured for the best parameter set show promising results,
achieving densities greater than 99% in all directions and with no presence of cracks or
microcracks. The PBF process optimisation is represented in Figure 5.



Aerospace 2023, 10, 813

8of 19

101 T T T T T T T T T
100 l |
99 - i
)
£ o8 *
>
o (] )
) Evaporation
96 - |
°
®  \Vertical dens. XY
95 | P ® \Verticaldens.Z |
° Lack of fusion ® Diag. dens. XY
94 I I | . | , ® Diag. dens.Z

50 60 70 80 90 100 110 120 130 140 150
Deposition energy, Ed [J/mm3]

Figure 5. LPBF parameter development process for the permendur alloy.

Due to the good results obtained for permendur and the brittleness of the AM Fe6.55i
test samples, it was decided in the project to discard the latter and further continue the
research with the permendur alloy.

3.3. Heat Treatment Optimisation for Permendur Test Samples

This sub-section deals with the selection of the most favourable heat treatment for
LPBF-processed permendur. Preliminary measurements on the AM permendur test sam-
ples confirmed that, as the literature suggests, the as-built material has excellent mechanical
properties (i.e., yield strength and elongation), but poor magnetic properties. On the other
hand, the reference heat treatment for iron-cobalt alloys (heating in an inert atmosphere up
to 870 °C for 4 h, followed by a slow cooling of 3 °C/min [50]) resulted in excellent magnetic
properties, but brittle behaviour. As the actuator parts designed in permendur are intended
to have both a magnetic and a structural function, significant efforts are required to achieve
a heat treatment that satisfactorily balances the magnetic and mechanical properties of the
material. Specifically, the focus was placed on the cooling rate after heating the samples.

A first trial demonstrated that the holding time for the heat treatment (i.e., 12 h versus
4 h at 855 °C in an argon atmosphere) has little influence on the mechanical and magnetic
properties of the permendur test samples. On the contrary, the cooling rate has a huge
influence. Five different cooling rates were analysed, ranging from 3-150 °C/min (slow-
cooled in furnace), to >150 °C/min with forced air cooling and around 1000 °C/min with
water quenching. The results obtained for the mechanical and magnetic properties are
summarised in Table 4 and Figure 6, respectively.
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Table 4. Mechanical properties for the permendur test samples according to the applied cooling rate.

. Ultimate Yield
Treatment [Cz{(/)altlé1 ® S{::ri;lfh Stll;jlrll’g;h Elm;g:}tion

°C/min] [MPa] a

As-built - 924 852 16.5

1000 ! 854 543 20.0

>150 2 645 296 10.0

HT:855°C/Ar/4h 1503 659 332 6.0

703 449 302 3.6

33 340 262 1.7

1 Water-quenched; 2 air-cooled; 3 cooled inside furnace.
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) 150 °2C/min
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Magnetic field strength, H [kA/m]

Figure 6. Mean magnetisation curve (1st quadrant) for the permendur test samples according to the
applied cooling rate.

The variation of the magnetic and mechanical properties for permendur as a function
of the cooling rate is explained by the eutectic diagram of the material, shown in Figure 7.
With a composition of almost 50-50 between iron and cobalt, the significant phases for
permendur are the «, with a disordered body-centred cubic (BCC) structure, and the o/,
with an ordered CsCl-B2 type BCC structure. The a phase has, in general terms, a very fine
grain size, good mechanical properties and poor magnetic properties. The a’ phase, on the
other hand, corresponds to a microstructure with large grains, poor mechanical properties
and excellent magnetic properties.

The microstructures obtained by field emission gun scanning electron microscopy
(FEG-SEM) for a number of the different applied cooling rates are shown in Figure 8. The mi-
crostructures present evident differences, with the as-built and fast-cooled (1000 °C/min)
test samples exhibiting very fine grains and a disordered BCC structure, in accordance with
the phase diagram. During the slow cooling (3 °C/min) process, the microstructure of the
samples transforms to a fully &’ phase, showing larger grains. The test sample force cooled
down with air at >150 °C/min presents a mix of ordered &’ and disordered « phases, which
leads to a compromise between magnetic and mechanical properties.
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Figure 7. Phase diagram for permendur (redrawn from data from [51]).

(b)

(o) (d)

Figure 8. Microstructures exhibited by permendur test samples for different cooling rates after heat
treatment: (a) as-built; (b) 1000 °C/min (water-quenched); (¢) >150 °C/min (air-cooled); (d) 3 °C/min
(cooled inside furnace).

In the present project, as a compromise between mechanical and magnetic properties,
it was decided to continue with a cooling rate of 150 °C/min, so that the material allows for
an elongation of at least 6% and the subsequent machining does not jeopardise the integrity
of the additively manufactured parts.
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4. Electrical Actuator Designs

This section presents two designs of the case study involving the aerospace actu-
ator: one that has been additively manufactured and the other that is intended to be
manufactured using traditional production methods for comparison purposes.

4.1. Additively Manufactured Actuator

The AM actuator design is presented in Figure 9. In this design, all parts are intended
to be manufactured using LPBE, except for the rotor magnets, which are sintered; the stator
coils; the bearings; and the cover, which is machined from aluminium as it has been
considered that AM does not offer any advantages over conventional manufacturing for
this part.

Part: Rotor + shaft
Material: Permendur ——
Manufacturing: LPBF

Part: Housing
Material: 316L Stainless Steel
Manufacturing: LPBF

Part: Magnets
Material: SmCo
Manufacturing: Sintering

Part: Stator
Material: Permendur
Manufacturing: LPBF

Part: Cover
Material: Aluminum
Manufacturing: Machining

Figure 9. Additively manufactured actuator design.

One of the advantages of AM can be appreciated in the design of the rotor and stator
parts, shown in blue and yellow, respectively. Both have been designed to have a dual
function, magnetic and structural, leading to a significant reduction in the number of
actuator parts should the materials have just a single function. The housing was designed
in 316L stainless steel, as it has no magnetic function. The resulting assembly is quite simple
with just four parts, excluding the magnets and the winding.

4.2. Traditionally Manufactured Actuator

In order to have a fair comparison between additive and conventional methods,
a detailed model design to be manufactured by traditional methods is presented next.
Firstly, the machine was designed to meet the electromagnetic requirements. Conventional
high-saturation flux density M800-50A electrical steel laminations were considered for
the stator part, whereas for the rotor, a 410 stainless steel was contemplated due to its
reasonable magnetic characteristics and its ability to have a dual magnetic-structural
function. Should a non-ferromagnetic stainless steel have been selected for the shaft,
the number of parts and joints in the assembly and the level of complexity would have
increased significantly. To have equivalent designs with both manufacturing methods,
the traditionally manufactured actuator was designed to have the same thermal behaviour
as the additively manufactured one; that is, that similar winding temperatures are achieved
when providing the rated 8 N-m torque for 120 s, as required by the application (see Table 1).
The thermal behaviour for both actuator models was simulated via the lumped parameter
thermal network software MotorCad 2023.2.1%°. A comparison of the winding temperatures
achieved in both models is provided in Figure 10.
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Figure 10. Winding temperatures in the AM (blue) and traditionally manufactured (red) actuator
model estimated in MotorCad®.

The reduction in the cross-sectional area of the magnetic part of the stator due to
the need to include an additional support part, the lower saturation flux density of the
MB800-50A electrical steel compared to the permendur and the poorer axial conductivity of
the laminated part as opposed to the solid permendur have required a 25% increase in the
axial length of the active parts, from 44 to 55 mm, to maintain the same thermal behaviour.
The final mechanical design for the traditionally manufactured actuator is presented in

Figure 11.

Part: Rotor + shaft
Material: 410 Stainless Steel
Manufacturing: Machining

Part: Housing

Material: 316L Stainless Steel
/ Manufacturing: Machining

Part: Magnets
Material: SmCo
Manufacturing: Sintering

Part: Stator support
Material: Stainless Steel
Manufacturing: Machining

Part: Cover
Material: Aluminum
Manufacturing: Machining

Part: Stator

Material: M800-50A
Manufacturing: Punching
& stacking

Figure 11. Traditionally manufactured actuator design.

4.3. Comparative Study

The most noticeable difference between the two models is that the number of assembly
parts is increased by one in the traditional design over the additively manufactured one.
This aspect increases the difficulty of assembling and disassembling the actuator and
reduces the reliability of the system. In addition and as mentioned above, the length of the
active parts of the actuator design to be manufactured by conventional methods is 11 mm
greater than that of the AM design. This implies an increase of 11% in volume and 23% in
weight for the traditional concept over the AM one for the same thermal behaviour and
power consumption. In fact, the actuator design intended for traditional manufacturing
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does not meet the application requirements in terms of design envelope. The estimated
weights for the various components of both designs are given in Table 5. Although neither
design meets the desired target of 3 kg, the AM design comes very close to this figure.

Table 5. Weight comparison between the AM and conventionally manufactured actuator designs.

Part LBPF Traditional
Stator 0.82 kg Obéiglggkg?ﬁ;;gsg)
Magnets 0.22kg 0.16 kg
Endcap 0.16 kg 0.16 kg
Retaining rings 0.00 kg 0.01 kg
Ball bearings 0.03 kg 0.03 kg
Rotor 0.56 kg 0.68 kg
Casing 1.11 kg 1.67 kg
Winding 0.36 kg 0.27 kg
Total 3.26 kg 4.01 kg

It is also of great interest to analyse the unitary manufacturing cost for both actuator
models. The following cost analysis, presented in Table 6, is based on the assumption
of having a production batch of several dozens of units per year for 10 years for both
designs. Non-recurring costs have been excluded for the analysis, and due to the low
number of units per year involved, a manual process instead of an automated one has been
contemplated for the winding coils and magnet insertion. The costs considered in each case
are the cost of materials, the cost of machine time, the machining or finishing required and
the direct labour needed to assemble and complete each design. All costs are expressed as
a percentage of the total manufacturing cost of a single unit of the additively manufactured
actuator design.

To conclude, it is clear that the AM actuator design improves on the traditional model
in terms of weight, volume and part count. Moreover, the estimated difference in cost
per unit is not high, being the AM actuator design just 1.74% more expensive than the
traditionally manufactured design.

The only advantage of the traditional actuator design is that there would be no torque
reduction for a given current with increasing speed. While the designed actuator has a
nearly zero operation speed, eddy-currents induced in the solid material at medium-to-high
frequencies would make the AM design unsuitable for continuous high speed operation.
A number of works in the relevant literature have tried to address the issue of iron losses
in additively processed soft magnetic materials [26,35,36]. However, further advances are
needed to achieve a similar performance to conventional laminated electrical steels for
medium-to-high-frequency operation. Nevertheless, as this characteristic is not relevant for
the application at hand as the actuator operates predominantly on standstill, the additively
manufactured actuator design is regarded as superior.



Aerospace 2023, 10, 813

14 of 19

Table 6. Cost analysis for the AM and traditionally manufactured actuator designs.

Manufact. . Punching Machining
Method Material LBPF + HT and Stacking  + HT Labour Subtotal
Rotor AM 1.58% 22.16% 0.00% 4.92% 0.00% 28.66%
Traditional 2.32% 0.00% 0.00% 19.51% 1.62% 23.45%
Stator AM 1.51% 21.93% 0.00% 4.25% 0.00% 27.68%
ato Traditional ~ 0.18% 0.00% 7.57% 0.36% 0.45% 8.57%
Stator AM 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
support Traditional 0.60% 0.00% 0.00% 16.66% 1.40% 18.66%
Housin AM 0.25% 14.41% 0.00% 3.70% 0.00% 18.37%
& Traditional 2.70% 0.00% 0.00% 17.63% 1.51% 21.84%
Endca AM 0.02% 0.00% 0.00% 0.76% 0.00% 0.78%
P Traditional 0.02% 0.00% 0.00% 0.76% 0.00% 0.78%
Windines AM 0.51% 0.00% 0.00% 0.00% 7.71% 8.22%
8 Traditional 0.38% 0.00% 0.00% 0.00% 8.08% 8.46%
Magnets AM 1.00% 0.00% 0.00% 0.00% 1.63% 2.63%
8 Traditional 0.80% 0.00% 0.00% 0.00% 2.04% 2.83%
Integration AM 0.00% 0.00% 0.00% 0.00% 13.65% 13.65%
and testing Traditional 0.00% 0.00% 0.00% 0.00% 13.65% 13.65%
AM 100.00%
Total .
Traditional 98.26%

5. Manufacturing and Testing

A prototype of the AM actuator design was manufactured by Egile Mechanics via
LPBF/SLM in a Renishaw AM 400 machine. After the LPBF processing of the permendur
parts and the application of the heat treatment, the stator and rotor parts were separated
from the corresponding baseplate via electrical discharge machining (EDM) and were
sandblasted. After checking of the surface homogeneity, required machining processes
such as grinding and drilling were performed and a dimensional control was established,
leading to satisfactory results. Regarding the housing of the actuator, it was additively
manufactured using gas-atomised 316L stainless steel powder purchased to Oerlikon.
A stress relieve heat treatment according to standard AMS 2759-4 [52] was applied to the
housing and, after separating it from the support, it was milled and drilled and again,
compliance with required dimensions was checked. The stator part was wound with
copper coils and immersed in insulating impregnation, SmCo magnets were glued to the
rotor and the actuator cover was machined from an aluminium block. Finally, the full
actuator prototype was assembled. The additively manufactured parts and the process of
assembling the prototype are shown in Figure 12. It can be appreciated in the figure that
some magnets partially broke at the outer end when removing the tooling employed to
facilitate their insertion. Although this is an issue to be avoided, subsequent tests have
confirmed that this fact has lead to no significant influence on the operation of the actuator,
as will be discussed below.
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Figure 12. Prototype manufacturing: (a) as-built parts; (b) rotor and magnets; (c) casing; (d) assembling.

The actuator prototype was tested in a dedicated test set up designed to verify the
application requirements. This test setup is illustrated in Figure 13. Additionally, current
and voltage probes to measure the power consumed by each motor phase and Pt100 tem-
perature sensors to monitor the winding temperatures during operation were employed.

Torquemeter

Figure 13. Test bench configuration.

To verify the torque capability of the actuator, the rated current of 10 Agys was
supplied to the motor phases at standstill (/2 x 10 = 14.2 A for phase A and —7.1 A for
phases B and C) via a programmable switch mode DC power supply (Amrel SP5250-40).
The actuator was slowly rotated by driving the crank and the readings of the torquemeter
were recorded. The maximum registered value, which corresponds to the actual torque
capability of the actuator for the rated current, is 8.00 N-m, which perfectly matches the
design value for the actuator.
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Finally, a standstill temperature test was carried out. The rated current was applied
for 120 s and the temperatures in the actuator end-windings were recorded every 1 s.
The results from the DC heating test are shown in Figure 14. The temperature rise for the
hottest spot in the actuator is 60.4 °C, with a maximum temperature of 90.4 °C, whereas the
temperature rise predicted in MotorCad® during the design stage is of 60.8 °C, showing
good agreement between the simulation models and the experimental prototype. In both
cases, the maximum temperature in the actuator is well below the established maximum of
120 °C (see Table 1). During the heating test, the DC power consumption was measured
as well by monitoring the current and voltage drop across each phase. The DC power
consumption after the heating test is 145 W, which is 3.33% lower than the established limit
of 150 W.

100 T T T T T

Phase A
Phase B
Phase C

Motor temperatures [°C]

20 1 1 1 1 1
0 20 40 60 80 100 120

Time [s]

Figure 14. Temperatures in the stator end-windings registered during the standstill heating test on
the actuator.

On completion of the performance tests on the LPBF actuator, the main requirements
defined in Table 1 are considered to be fulfilled. Although the weight requisite was not
satisfied, it should be noted that this requirement was considered to be very demanding
from the start of the project. Nevertheless, the additively manufactured design involves a
significant weight improvement over the design intended to be manufactured traditionally
and over the preexisting LATM design.

6. Conclusions

This article presents the material assessment and the design of an electric aerospace
actuator manufactured additively via laser powder bed fusion. Three different soft magnetic
material compositions were investigated, with permendur (49Fe49Co2V) being selected
as the most suitable material for the defined application. After optimising the powder
bed fusion process parameters and the heat treatment that balances the mechanical and
magnetic properties of the material, the designed actuator was manufactured and tested,
showing good agreement between the experimental and design values and fulfilling the
main design requirements. Additionally, a comparison with an actuator design intended
to be manufactured via conventional means was provided. From the comparative study,
it can be concluded that AM is a competitive manufacturing method for the application
at hand, as the AM design improves on the traditional design in terms of weight, volume
and part number, while the manufacturing cost for series production is just 1.74% higher
according to a detailed cost analysis, maintaining the same performance characteristics.

The present work demonstrates that additive manufacturing can be an attractive
technology for manufacturing low-frequency magnetic components (e.g., actuators, rotors)
and for achieving multifunctional parts that simplify the integration and assembly of
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components. However, for higher-frequency applications, the losses occurring in the
non-laminated materials are an issue to be addressed, as shown in previous work on the
matter [26,35,36].

A limitation of the work presented is that no tests have been carried out to determine
the fatigue behaviour and reliability of the parts processed by LPBFE. Therefore, future
work on the subject should investigate this aspect, particularly with regard to mechanical
vibration and ageing due to thermal cycling. Additional points worth researching include
assessing different magnetic alloys (hard and soft), testing AM technologies other than
LPBF for the manufacture of electrical machines and researching into the AM of conductors.
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Abbreviations

The following abbreviations are used in this manuscript:

AM Additive Manufacturing

BCC  Body-Centred Cubic

DC Direct Current

DoE Design of Experiments

EDM  Electrical Discharge Machining
FEG  Field Emission Gun

HT Heat Treatment

ICP Inductive Coupled Plasma

LPBF Laser Powder Bed Fusion

MPIF  Metal Powder Industries Federation
OES  Optical Emission Spectrometry
PBF Powder Bed Fusion

SEM  Scanning Electron Microscopy
SLM  Selective Laser Melting

SLS Selective Laser Sintering

VSM  Vibrating Sample Magnetometer
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