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Additive manufacturing using Powder Bed Fusion by Laser Beam (PBF-LB) enables products with high design
freedom. In addition, the ability to process more than one material in all three spatial directions makes it
possible to produce highly functional components in one single process. This article investigates whether multi-
material manufacturing using PBF-LB is suitable for producing coils for electric motors, which are designed
with integrated cooling channels to increase the power density. For this purpose, the copper alloy CuCrlZr for
the coils and the stainless steel 1.4404 (316L) for the core are processed simultaneously. The component designs
were verified using 2D and 3D finite element analysis and then manufactured in a multi-material PBF-LB process.
While good electrical conductivity of the copper alloy was achieved by heat treatment, it was found that thermal
distortion caused deviations from the nominal geometry. The measurement of the electrical properties showed
that this distortion leads to short-circuit currents within the coils and the teeth. On this basis, ideas for solutions
were developed, with the help of which the functionality of the coils can be ensured or the power density can
also be increased. In addition to adapting the design of the component, this includes processing additional or
other materials, such as soft magnetic composites.

1. Introduction

Due to the need of a climate neutral transportation, the electrifica-
tion of the mobility sector is necessary. The field of electric aviation
contains a high potential for saving emissions, but due to technical lim-
itations most aircrafts are powered by fossil fuels. As stated in [1], the
ratio of power to weight is critical for future electric aircrafts and needs
to be increased to make electric aviation possible [2]. Since conven-
tional electric drives do not meet these requirements and are too heavy,
other approaches must be explored in order to achieve a high power
density to cope with the thermal stress and to avoid overheating [3].

One solution is to optimize the component design to the prevail-
ing thermal loads and requirements. Since conventional manufacturing

methods have significant limitations concerning the feasible component
shape, other manufacturing processes, such as Additive Manufacturing
(AM), must be investigated. AM offers a high degree of freedom with a
wide range of different processes. In particular, the Powder Bed Fusion
by Laser Beam (PBF-LB) process offers a wide range of applications due
to its high accuracy and the large variety of possible materials [4]. In
addition to shape and topology optimization, functions and effects can
be integrated directly into components [5]. For example, channels can
be integrated that are used for lubrication [6], sensor elements can be
placed inside components [7], or the structural dynamic behavior can
be improved through particle damping [8].

With regard to electric drives, the use of AM has already been inves-
tigated with different objectives.

Abbreviations: PBF-LB, Powder Bed Fusion by Laser Beam; MM, Multi-Material; AM, Additive Manufacturing; PMSM, Permanent Magnet Synchronous Machine; FEA, Finite Element
Analysis; CC, Cooling Channel; WCC, With Cooling Channel; WOCC, Without Cooling Channel; AC, Alternating Current; DC, Direct Current; ATT, After Thermal Treatment; BTT, Before

Thermal Treatment.
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In [9,10], a ceramic isolated copper coil is printed for a switched
reluctance machine. Thermal simulations and measurements are con-
ducted, which predict better thermal behavior compared to common
windings. In [11], a casted and also a one-component printed coil
design made of an aluminium alloy are presented. It is shown, that
printed designs in combination with direct liquid cooling enable op-
timized current densities up to 130 A/mm?, if pure copper is used. A
complete multi-material (MM) printed switched reluctance machine is
presented in [12], which is made of an iron material, copper and ce-
ramic isolated coils. Results show that the iron losses are, dependent on
the electric frequency, up to 100 times higher compared to a laminated
core and also worse than soft magnetic composites. In [13], pure cop-
per was printed and compared regarding to mechanical and electrical
properties depending on process parameters. Also hollow copper coils
are presented. Simpson et al. demonstrate a design method to optimize
the coil shape regarding to slot leakage fluxes and current displace-
ment to minimize the AC resistance [14]. The designed coils are also
printed with one component. Another coil design for hollow direct lig-
uid cooled coils is shown in [15]. The coils are printed using PBF-LB
with copper and aluminium alloy. The used materials are investigated
regarding mechanical and electrical properties. In [16], a single phase
transformer core is printed consisting of three parts, which are slit into
each other. Each part consists of segregated layers to minimize eddy
current losses.

It becomes clear that both MM AM and PBF-LB were investigated
but not combined.

However, due to recent advances in PBF-LB equipment technol-
ogy, it is now possible to process different materials in one component
[17]. Powder Bed Fusion by Laser Beam using Multi-materials (PBF-
LB/MM) expands the degrees of freedom of AM by another dimension
and enables the ideal adaptation of the shape to application-specific re-
quirements, but also offers the possibility of locally using the material
with the ideal material parameters for the intended application [5].

For the manufacturing in a PBF-LB/MM process a 3D selective MM
deposition of the powder is required, where the material also differs
within a layer. Therefore an adaptation of the application mechanism
of the PBF-LB/MM machine is necessary. The conventional deposition,
in which a single blade or brush is used to distribute the powder over
the substrate plate, is not suitable for 3D MM applications. Different
concepts were compared by Schneck [18] and Mussatto [17]. They are
based on vibrating nozzles [19-21], a suction operation between dif-
ferent material coatings [18,22], the use of multiple powder hoppers
[23,24], pressurized patterning drums [25] and an electrophotographic
powder deposition [26,27]. The manufacturing readiness level of those
differs in a range from 2 to 5 [18]. The different coating concepts have
different advantages, but there is no concept without disadvantages
[17].

Compared to conventional AM, MM deposition has limitations. Be-
sides special requirements for the powder used or a smaller available
build space, the biggest disadvantage is the significantly slower coat-
ing speed [17]. This is due to the more complex and in some cases
multi-step procedure of the coating process. With regard to the ma-
terials processed so far in 3D PBF-LB/MV, it is apparent that mainly
steel materials and copper or copper alloys have been processed to
date, but also ceramics in some cases [18]. The development of pro-
cess parameters and scanning strategies is significantly more complex
with an additional material, although significant improvements can be
achieved through the use of artificial intelligence [28]. Research in the
field of PBF-LB/MM is currently focused mainly on material science,
while there are very few publications on the manufacturing of func-
tional products by the application of PBF-LB/MM. The manufacturing
and analysis of an injection nozzle made of tool steel and the copper al-
loy CW106C [29] and the manufacturing and analysis of thermocouples
[30] are to be mentioned in this context.

The aim of this article is to combine PBF-LB and MM AM in the field
of electric drives in order to investigate whether PBF-LB/MM is suitable
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Fig. 1. SEM image of the transition zone between CuCrlZr and 1.4404.

for the manufacturing of electromagnetic coils for use in electric drives
and if an increase in power density can be achieved through the integra-
tion of cooling channels. For this purpose, individual teeth are designed
with the aid of 2D- and 3D-simulations and manufactured taking into
account the process restrictions, and then examined with regard to their
geometrical and electrical properties.

2. Theory calculations

Different aspects have to be taken into account to design the re-
quired components. Besides electromagnetic requirements, also geomet-
ric limitations have to be considered to ensure that the design can be
manufactured in the PBF-LB/MM process. Therefore, this chapter shows
how the design process is carried out and which constraints are taken
into account.

2.1. Geometric limitations

For the PBF-LB/MM process with the system used here, which is
described in more detail in Chapter 3.2, there are restrictions of a ge-
ometric nature for manufacturing. For example, the build space in the
x- and y-directions is limited to dimensions of 240 x 100 mm? due to
the coating process using drums. Due to the fact that this build area is
not supported by the inner wall of the build cylinder, this build area
is minimized with increasing component height. A surrounding box is
used to ensure a flat powder bed in the area of the printed component
and due to the long process time component sizes with a height of up to
30 mm have been carried out. In addition to the maximum component
and build area size, the minimum size of individual features or the reso-
lution is also limited. The resolution of the optical system for fusing the
powder is mainly determined by the focus diameter of d; = 80 um. In
contrast, the maximum resolution for powder application is a voxel size
of 500 um, which accordingly determines the minimum feature size
in the area of a MM transition. In preliminary studies, the mixing of
the two materials was investigated using scanning electron microscope
(SEM). A SEM image of a material transition zone of a test specimen is
shown in Fig. 1. It can be seen that the transition zone has a width of
less than 100 um. Accordingly, it can be assumed that for a gap width
of 0.5 mm between areas consisting of 1.4404 or CuCrlZr, there is no
mixing of the two materials.

2.2. 2D electromagnetic motor design

A permanent magnet excited synchronous machine (PMSM) is used
as test object. The motor will be designed for a low voltage applica-
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Table 1
Initial design data of the PMSM.

Parameter Symbol  Value Unit
Slots [N 24
Polepairs n, 11
Stator outer radius Tso 66.5 mm
Max. total length Lnax 30 mm
Iron length Ige 10 mm
Magnet height hy, 2.3 mm
Rated current density Jr 6 A/mm?
Turns per coil ne 5 -
Table 2
Materials used in FEA.
Part Material
Stator laminations M530-65A
Rotor laminations M530-65A
Magnets BMN-48SH
Coils CuCrlZr
Table 3

Main data of the PMSM.

Parameter Symbol  Value  Unit
Rated voltage Ur 12 Vs

Rated current Ix 47 Agsp
Rated power factor cos(¢h) 0.84 -

Rated mech. torque My R 3.13 Nm
Rated mech. speed Mg 2000 rpm
Rated mech. power PmR 655 w

tion where high power density per weight is required, e.g. as in drone
propulsion drives. The initial design will be done using 2D finite ele-
ment analysis (FEA) with focus on simple geometries to ensure manu-
facturability. As FEA software COMSOL Multiphysics is used. Two coil
designs will be developed. One design consists of a classic full-material
coil, while the second coil design will carry inserted cooling channels
(CCs).

The electromagnetic design is mostly influenced by geometric lim-
itations from the manufacturing process, compare Section 2.1. A sum-
mary of the initial 2D-design data is shown in Table 1. The length of
the active iron part is set to /. =9 mm and the stator outer radius is
750 = 66.5 mm. While the application requires a high power density, the
minimum mechanical clearance between adjacent parts of 0.5 mm is in
contrast. In order to nevertheless achieve a high fill factor, the turns
per coil will be set to n, =5. To make full use of the DC link voltage, a
correspondingly high number of pole pairs n, = 11 is selected.

Unlike the printed prototypes, in FEA simulations, it is assumed that
the stator and rotor are laminated (see Table 2). According to [31],
CuCrlZr with an electric conductivity of 6, =43 MS/m is used as coil
material.

Starting from these initial constraints, a first design without cooling
channels is made. The number of turns per coil combined with the min-
imum clearance and the chosen stator tooth dimensions leads to a wire
cross section of A, = 7.7 mm?, which is kept constant across all coil lay-
ers. An overview of the resulting main machine data is listed in Table 3.
Taking the defined current density into account, the rated current is
I g =47 A Furthermore, because of the surface mounted permanent
magnets, the inductance saliency ratio is A= L{/L? ~ 1. Therefore, in
the FEA only a g-axis current i = 66A is used to produce the maxi-
mum torque. The absolute magnetic flux density at rated current for
the 2D design is shown in Fig. 2. The resulting rated output power will
be pp g = 655 W.

Besides the suitability of MM manufacturing, the possibility of pro-
viding the coil windings with inserted water cooling channels will also
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Fig. 2. Absolute magnetic flux density |B| of one quarter of the motor model
excluding cooling channels at if = 66 A.
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Fig. 3. Absolute magnetic flux density |B| of one quarter of the motor model
including cooling channels at i =66 A.

be investigated. The motivation of inserted cooling channels is to in-
crease the heat dissipation, which leads to a lower winding temperature,
decreases the copper losses and raises efficiency. Additionally, the rated
current can be increased to reach identical temperatures as without
cooling channels and therefore a higher power density is achieved.

The investigations are preliminary studies to establish printing feasi-
bility. Hence, detailed simulations concerning the cooling performance
of the channels are not performed for the time being. The cooling chan-
nel cross section is also kept constant across all coil layers to a value of
Acc = 0.67 mm?2. To ensure printability, the cross-section is designed so
that the cooling channel resembles a teardrop shape. For this, the cross
section of the channel must twist in the vertical area to ensure the right
orientation of the teardrop shape in the area of a horizontal channel
path. The finished design including cooling channels is shown in Fig. 3.

The rated motor speed of n, =2000rpm in combination with n, =11
poles leads to a rated electric frequency of f, =367 Hz. Due to the skin
and proximity effect, it is to be expected that current displacement oc-
curs in the conductors, and thus increased copper losses compared to
direct current (DC) will arise. The presence of cooling channels inside



M. Oel, J. Rossmann, B. Bode et al.

40 -40

(b)

Fig. 4. Current density j, in phase a at n,, =2000rpm and i{ =66 A; Without
cooling channels (a); With cooling channels (b).

of the conductors will not only decrease the conducting area and there-

fore increase the DC losses, but also affect the alternating current (AC)

resistance. To investigate the influence, both motors are simulated in

FEA, excited by the rated current at different frequencies. Because of

the 2D simulation, the end winding is neglected in this comparison.
The resistance ratio is calculated by

FPeuac
kCu = Pu_’ @
CuDC
with
t10+T o
1 lFe < .2
Pounc =7 L3 ] iZdAcy,; |dt, ()
; Ol i=1
0
where n,, is the total number of turns per phase, j, is the in-plane

current density and T is the electric time period. The current density in
both coils at rated speed is shown in Fig. 4.

Fig. 5 shows the results of the resistance ratio. As comparison, the
AC resistance of both coil designs is normalized to the DC resistance
of the coil design without cooling channel (WOCC). At low frequencies
(fe1 = 0 Hz), the DC resistance of the design with cooling channels is
about 9% higher compared to the DC resistance without cooling chan-
nels, according to the 9% higher wire cross section without cooling
channel. At a frequency of f,; = 1034 Hz, both coil designs reach the
identical coil resistance ratio of Ryc/Rpc.wocc = 342, related to the DC
value without cooling channels. At higher frequencies, the resistance

Additive Manufacturing Letters 7 (2023) 100165

Table 4

Comparison of 2D and 3D FEA results.
Parameter Symbol 2D 2D 3D 3D Unit
CCs No Yes No Yes
Copper area Acy 7.8 7.1 7.8 7.1 mm?
Slot area A, 127.6  127.6  127.6  127.6 mm?
Filling factor Srin 60.9 55.6 60.9 55.6 %
Current density Jr 6.0 6.6 6.0 6.6 A/mm?
DC resistance Rpc 4535 5026 uQ
Torque myy 3.13 3.13 2.76 2.76 Nm
Rated power PR 657 657 579 579 W
Power factor cos(¢) 0.85 0.85 0.83 0.83

of the coil without a cooling channel exceeds that of the coil with a
cooling channel.

2.3. Design adaption for PBF-LB/MM

Based on these requirements, the design of the coil is optimized for
the PBF-LB manufacturing process. Minimum wall and gap dimensions
as well as the maximum downskin angles have to be taken into account.
The latter also causes the need for support structures whose removabil-
ity after manufacturing must be ensured. Fig. 7a shows the design of the
coils. To minimize the support structures between the core and the coil,
the core and the coil converge at a 45° angle in the upper region. The
support structures in the lower area can be removed after fabrication
(Fig. 7c). The cooling channel has a drop-shaped cross-section, which
twists depending on its position in the component (Fig. 7b). In addition,
as shown in Fig. 7d, the radius of the channel is chosen to be as large
as possible, both to reduce flow resistance during operation and to fa-
cilitate removal of the powder. The results of a initial manufacturing
test of a part of the coil were analyzed in a micro-CT to ensure that the
channel geometry can be manufactured. The CT-scans were made using
a Bruker SkyScan 1275. The results are shown in Fig. 6. It can be seen
that the droplet shape of the channels and its path was manufactured
successfully.

A total of six coils were manufactured, three of them with a cooling
channel. Fig. 8 shows the positioning in the pre-process within the Soft-
ware Autodesk Netfabb, which is used to slice the designed part and to
create the hatchlines for the filling of the parts.

2.4. 3D analysis of the adapted design

Finally, the design optimized for the printing process is examined in
a 3D FEA simulation to test the effects of the special tooth and coil shape
on the overall performance. Because no thermal simulations are done,
only the design without cooling channels is simulated. The electrical
conductivity of the stator and rotor core as well of the magnets was
set to o,y =1 S/m to avoid eddy currents. An example of the absolute
magnetic flux density in the 3D model is shown in Fig. 9. To show the
flux density in the iron core, some of the coils were hidden.

The comparison between the 2D FEA and the 3D FEA shows, that
the mechanical output torque decreases about —12%. This is due to
the deviation from a rectangular tooth shape, which leads to a reduced
magnetic flux. Furthermore, it is assumed, that the presence of cooling
channels in the 3D design will not affect the output torque, but only
the copper losses. This effect can also be noticed in the 2D simulations.
Finally, it is noticeable that the power factor decreases from cos(¢),p =
0.85 to cos(¢h)sp = 0.83. This can be explained by the increased magnetic
leakage flux occurring at the winding head, which is taken into account
in the 3D simulation.

3. Materials and methods

This section presents how the suitability of electric motor compo-
nents for PBF-LB/MM fabrication were investigated.
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Fig. 5. AC resistance of the coils at rated current and different frequencies in relation to the DC resistance of the coil without cooling channel; without cooling
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Fig. 6. CT-Scan of the cooling channels; cross section (a); channel path (b).

Table 5
Chemical composition of material feedstock.

CuCr1Zr feedstock
Cu Cr Zr Fe Si

bal. 1.05 0.12 0.02 <0.004

1.4404 feedstock
Fe Cr Ni Mo Mn Si others
bal. 17.8 113 2.3 1.28 0.63 <0.1

3.1. Material properties

The material used for the AM of the teeth is stainless steel 1.4404
and the copper alloy CuCrlZr for the coils. 1.4404 was used as a core
material despite its low soft-magnetic suitability, since the focus was on
the feasibility study with regard to manufacturing. Since suitable man-
ufacturing parameters are known for this material, 1.4404 is used [32].
The copper alloy CuCrlZr has a low electrical conductivity in its initial
state after the manufacturing process, but this can be increased by heat
treatment. The chemical compositions of the material feedstocks used
are shown in Table 5.

The coating principle of the MM powder deposition is based on ro-
tating drums covered with a mesh. Therefore powder with a particle
size distribution of 15 pm to 35 pum must be used. The exact parti-
cle size distribution of the 1.4404 and CuCrlZr feedstock is shown in
Fig. 10.

3.2. Manufacturing process

For the manufacturing of the coil in the PBF-LB/MM process, an
Aconity MIDI+ system is used, which is equipped with an Aerosint Re-
coater for the deposition of different powder materials. The Aconity
MIDI+ system is a PBF-LB manufacturing system. It is equipped with a

Table 6
Process parameters.

Parameter Symbol 1.4404  CuCrlZr CuCrlZr Unit
(remelting)

Layer thickness s 40 40 40 um
Wave length AL 1070 1070 1070 nm
Laser power P 150 400 400 w

Scanning velocity Usean 600 600 650 mm
Hatch distance h 0.08 0.12 0.12 mm
Focus diameter d, 0.08 0.08 0.08 mm

s

laser system, which includes two lasers with 1000 W and 500 W as well
as a 3D scanning unit and a build platform that can be moved in the
z-direction. Instead of a coater with brush or blade, however, a multi-
material recoater from Aerosint is installed, which can apply powder
selectively on every layer. For this purpose, rotating drums are coated
with a defined layer of powder by means of a vacuum, and this powder
is ejected using individually controlled overpressure nozzles as it passes
over the build platform. A multi-material powder bed can be gener-
ated by two of these coating drums [33]. The process parameters can
be found in Table 6. Due to the poor absorption behavior of the cop-
per alloy at a wavelength of 4, = 1070 nm, a second exposure pass is
performed (remelting).

3.3. Post processing

After the printing process, the coils are separated from the substrate
plate, the support structure is removed and a heat treatment is ap-
plied to the coils and teeth to solidify the structure of the materials
and mainly to increases the conductivity of the copper alloy.

The heat treatment process was carried out according to [34]. The
coils are solution annealed at 980°C for 30 minutes in an argon inert
gas atmosphere, followed by a cool-down phase at room temperature.
In a second step, the coils are cured for three hours at 430°C, also in
argon, and once again cooled down at room temperature.

After the heat treatment, a mechanical post processing is necessary
to remove protruding metal residues and to ensure a sufficient distance
between the coil layers. Also the last connection between the coil and
the tooth has to be removed. Furthermore the winding must be isolated,
on the one hand to avoid winding short circuits, and on the other hand
to insulate the coil from the tooth. The isolation can be achieved by
inserting isolation paper.
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Fig. 7. Design of MM coils; final CAD-Design (a); cross section (b); support structure (c); path of the cooling channel (d).

Fig. 8. Positioning of the coils on the substrate plate in Autodesk Netfabb. The frame ensures a level powder bed.
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Fig. 9. Absolute magnetic flux density |B| at i =66 A.

3.4. Evaluation

The finished coils will be analysed regarding their geometric dimen-
sional accuracy. Furthermore, the coils will be checked as for insulation
and temperature dependent electric conductivity. Since the coil mate-
rial is non-ferromagnetic, no magnetic tests are performed.

4. Results

In this section, the printed coils are further investigated with respect
to their geometric shape and electrical properties. A total number of
six coils was produced. Each coil has its own identification number,
which is printed on the tooth. For consistency, the individual coils are
described below with their numbers.

4.1. Manufacturing results

The six coils with a height of 22.6 mm were printed with 565 layers
in a time of 38.5 hours. The process was constantly monitored in order
to be able to intervene in the event of a process error and, if neces-
sary, to refill the powder reservoir of the MM coater. In Fig. 11a, the
process can be seen at a height of z =9.36 mm. In addition to the 6
coils, the frame can also be seen, which prevents the powder bed from
breaking off in the area of the components to be printed. After suc-
cessful manufacturing, the substrate plate and the printed components
are freed from unmelted powder, the components are separated from
the substrate plate and the support structure is removed by mechani-
cal post-processing. Unfortunately, the cooling channels could not be
completely freed from unmelted powder. The printed result is shown in
Fig. 11b.
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All coils were visually inspected. The shape of the geometry devia-
tions is the same for all coils, but the dimension of the deviation differs
in some cases. A 3D scan was performed for the coil with the largest
deformation. In order to compare the shape of the printed result with
the nominal geometry, a 3D scan was performed with a Zeiss COMET
5M for the coil with most apparent geometric deviation. However, with
this it is only possible to inspect the outer contour, while an inspection
of narrow gaps or the inner channels is not possible, so that the 3D scan
is only suitable for a qualitative representation of the distortion. Fig. 12
shows the deviation of the target geometry modeled in CAD from the
actual geometry with the aid of a color scale. The strong deviation at
the points of mechanical separation from the substrate plate and in the
upper area of the coil winding is particularly clear. The former can be
explained by inaccuracies in sawing off the support structures, since no
clear reference surfaces are available. The reason for the latter is dis-
tortion due to thermal residual stresses. This is confirmed by the fact
that this geometry deviation occurred only after cutting off from the
substrate plate.

4.2. Heat treatment and isolation

From the printed six coils, four examples were picked for further
investigations regarding electric material properties. In a first step, a
heat treatment was done according to Section 3.3. Unfortunately, the
argon atmosphere was not perfectly ensured. Therefore oxidation of the
surfaces occurred and the face of the coils and teeth turned dark. The
isolation between each coil layer was performed using the isolation pa-
per Nomex 0.13 mm. Because of insufficient space between the copper
turns and the teeth, it was not possible to insert isolation paper between

Fig. 12. Deviation of the actual geometry from the target geometry (in mm).

Fig. 13. Coil after the thermal treatment and adding isolation paper between
the coil layers.

Additive Manufacturing Letters 7 (2023) 100165

Table 7
Comparison of coil resistances after thermal treatment (ATT)
to before thermal treatment (BTT) and FEA results.

Parameter No. 3 No. 5 No. 2 No. 4 Unit
Cooling channels No No Yes Yes

Rpcrea 567 567 628 628 ne
Rpcprr 1661 1695 1334 1951 pQ
Rpcart 731 615 540 746 uQ
LNy - +127  +176  +147 4162 %

oarr/OrEA =22 -8 +16 -16 %

Regit—tooth 359 358 32 362 mQ

Table 8

Comparison of electric conductivity.

Symbol Cu CuCrlZr  CuCrlZr Unit
IACS [31] O arT
Untreated Cu 58.0 20.0 14.3 MS/m
Treated A 43.0 36.4 MS/m

the coil and tooth. Fig. 13 shows the thermally treated and with isola-
tion paper isolated coil. The brighter areas of the coil are indicate areas,
where the surface was sanded after the thermal treatment.

4.3. Electric properties

The electric resistance was measured for each of the four coils before
and after the thermal treatment, using a Metrel MI 3242 Microohm 2A.
It should be noted that before thermal treatment, each coil was fixed
to the core by a support structure to ensure the correct position of the
coil. After the thermal treatment the support structure was removed.
As shown in Table 7, the electric conductivity of each coil increased
between +127% to +176% due to the thermal treatment. The coils
No. 3, 5 and 4 have a higher DC resistance compared to the FEA re-
sults, while coil No. 2 has a lower resistance.

A continuity test between the teeth and coils has shown, that each
coil was still in contact with the teeth. Therefore, the resistance between
each coil and tooth was measured. While for the coils No. 3, 5 and 4 the
contact resistance was about 50 times higher than their respective coil
resistance, the contact resistance of coil No. 2 was only about 5 times
higher than its coil resistance. Hence, it is expected that the coil No. 2 is
affected by major short circuits, while the other three samples are not
affected as much. As a result, coil No. 2 was not investigated further
in the following tests. Furthermore, it is noticeable that the resistance
without and with cooling channel hardly differs. This is due to the
(still) present powder inside the cooling channels, which could not be
removed, compare Fig. 6.

The measured coil resistance was used to calculate the mean electri-
cal conductivity of the copper. The values from Table 4 are used for the
average copper cross-section and coil length. The results are presented
in Table 8. The mean of the values of the electrical conductivity after
the thermal treatment is about 15% lower than the data sheet value
[311, even though a parallel path cannot be excluded.

Furthermore, the temperature coefficient of the electrical resistance
of the three coils No. 3, 5 and 4 was measured with a mean value of
a=0.00219%/K. The results are shown in Fig. 14.

5. Discussion

Within the scope of this article, it was shown that it is possible to
manufacture coils consisting of different materials in a PBF-LB process.
The potential offered by the degrees of freedom of AM with respect
to electrical machines was identified. In particular, the possibility of
integrating cooling channels can offer additional value to applications
in which efficient high-performance drives are required. However, by
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Fig. 14. Temperature dependent coil resistance; Without cooling channel: coil 3 [-] and coil 5 [-], with cooling channel: coil 4 [-].

manufacturing a multi-material component in one single process, limi-
tations become clear. In terms of the manufacturing process, the avail-
able materials should be mentioned. The copper alloy CuCrlZr is suit-
able as an electrical conductor due to the improvement of its material
properties after heat treatment, which increased the electric conductiv-
ity of the copper alloy by +154%. In order to achieve a low remanence
magnetic circuit, it is necessary to use a material with high magnetic
permeability for the stator and rotor core. The stainless steel 1.4404,
which is of low magnetic permeability, was mainly used because the
process parameters for this material combination were already iden-
tified in previous work. In mono-material applications materials with
high permeability were already additively manufactured [35]. Another
limitation is the need for support structures in the PBF-LB process. To
achieve subsequent isolation to avoid short-circuit currents, the compo-
nent must be designed accordingly. As the results of the 3D FEA have
shown, the corresponding adjustments in the studied example lead to
a power reduction of —12%. To avoid support structures downskin an-
gles must not be greater than 45°. If this is not possible, it must be
ensured that the support structure is accessible for later separation. In
addition, the work in this article has shown that, due to thermal distor-
tion, the distance for the insulation of individual areas must be chosen
larger than assumed. By performing the heat treatment before separa-
tion from the substrate plate, thermal distortion could also be reduced.
Another way to guarantee the insulation between individual areas of
the component is to use a different material or an additional material.
By adding another coating drum with a non-conductive material, such
as a ceramic material, an insulation can be ensured without the need
for an air gap between certain elements of the entire component. The
layers required for insulation could even be thinner than for insulation
through an air gap, allowing for higher copper filling factors and thus
higher efficiency due to a decreased thermal resistance. Although ce-
ramic materials can also be processed with AM, the identification of
suitable process parameters in combination with a copper alloy and a
soft magnetic core material is challenging. Soft magnetic composites
are an alternative, as they have good soft magnetic properties and are
electrically non-conductive, which qualify them for being used as core
material without an additional material for insulation.

6. Conclusion

Overall, it can be said that this article successfully investigated that
it is possible to manufacture the tooth of an electric motor with concen-
trated winding consisting of two different materials using PBF-LB/MM.
In addition to the electromagnetic design of the coil tooth, carried out
by using 2D FEA, an optimization of the design with respect to the
constraints imposed by the PBF-LB manufacturing process was also car-
ried out. The influence of the mechanic adaptions on the output power
was then examined using 3D FEA. Subsequently, it was shown that it is
possible to produce MM components for electric drives with functional
integration using the PBF-LB/MM process. Furthermore, an increase of
the electrical conductivity of the copper alloy was achieved by heat
treatment during post-processing. By measuring the electrical proper-

ties of the component as well as a 3D scan, it has been shown that
the thermal distortion caused by the manufacturing process creates a
strong geometry deviation, which ultimately also generates unwanted
short-circuits between tooth and coil. In addition, it was not possible
to remove the unmelted powder from the intended cooling channels.
Based on these findings, solutions were presented by which an im-
provement in terms of coil functionality can be achieved. These include
proposals for other or additional materials, in addition to adapting the
geometric dimensions of the insulating air gaps and the cooling chan-
nels. Through these findings, the trade-off between complete insulation
between different areas of the component and high efficiency through
a high copper filling factor can be resolved.
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