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Abstract. Climate change and its negative consequences for the environment are
the greatest challenge of the current era. Electric machines are considered key
both for the generation of regenerative electricity and as a substitute for fossil
fuels in industry and fossil engines in the transportation sector. Resource-efficient
manufacturing andoperation of electricmachines are therefore of high importance.
The central component of every electric machine is the soft magnetic core. The
manufacturing process andmaterial selection are influencing the iron losses during
operation. This paper presents a novel technology for manufacturing magnetic
sheets and lamination cores for carbon dioxide efficient electric drives using an
additivemanufacturing approach. The potential of the technology is explained and
the challenges in process development are highlighted.
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1 Introduction

The emission of greenhouse gases from fossil fuels are responsible for climate change.
Therefore, different measures are necessary to reduce greenhouse gas emissions and
slow down climate change with its negative consequences. The European Union (EU)
agreed the European Green Deal in 2021. This intends a reduction in net greenhouse gas
emissions of 55% in 2030 compared to 1990. By 2050, net greenhouse gas emissions
are even to be reduced to zero. The transport and the industrial sector are major drivers
of the emissions to be reduced, each accounting for 25% of the EU’s total energy con-
sumption. Therefore, electrification of these sectors with simultaneous supply of energy
from renewable sources is indispensable for the success of the strategy [1, 2].

There are various electricmachines such as electric drives for battery electric vehicles
(BEV) or generators for wind turbines. In these, losses occur during energy conversion.
This results in heating of the machine and the heat must be dissipated. Iron losses, which
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can be reduced by using laminated FeSi electrical sheets, are a fundamental contributor
to the total losses. Conventional electrical steel sheets are produced in complex multi-
stage forming and heat treatment procedures and then processed into rotor or stator
laminations [3]. The minimum thickness of the sheets to be processed is limited, as
thinner sheets must be cold rolled more frequently. This increases brittleness until the
magnetic sheet can no longer be further processed, e.g. punched. Standards for thin
electrical sheets are classified between 0.2 and 1.0 mm according to DIN EN 10106 [4].
Also even thinner grades are under development. The application in electric machines is
highly limited [5, 6]. Furthermore, material utilization during the forming of the stator
and rotor sheets is about 50%, so that a large percentage of the unused material must be
reprocessed expensively [7].

Due to the disadvantages of the conventional manufacturing process of electrical
steel sheets for electric machines, new technologies and more efficient manufacturing
processes need to be identified. This paper presents a concept for a novel additive man-
ufacturing approach. In addition to flexibility and degree of freedom of the design, this
approach enables a further reduction of the sheet thickness and thus of the eddy current
losses. On the other hand, the material utilization in manufacturing phase can be max-
imized. First, a holistic process chain is established, starting with the iron powder, and
ending with the stacked sheet package. Subsequently, the main potentials and challenges
of this technology are shown and discussed.

2 State of the Art

In this part the different types of losses in electric machines are shown. Subsequently,
the process chains for the conventional production of electrical steel and the process
chain for the additive manufacturing of magnetic sheets are presented.

2.1 Losses in Electric Machines

The losses of electric machines vary within the torque-speed characteristic field. At
constant torques, the ohmic losses in the windings of the stator determine the efficiency
of the electric machine, since torque and current are proportional. In the medium speed
range, the iron losses dominate, while the efficiency at high speeds is defined by the eddy
current losses. In addition, mechanical losses such as friction occur during operation.
Figure 1 classifies the loss components of electric machines [8].

The iron losses are divided into hysteresis, eddy current and excess losses [9]:

PIron = physt + pw + pexc (1)

The losses depend on the material density ρ. Hysteresis losses are the losses which arise
due to wall movements in Weiss domains during the magnetization reversal process.
This loss component is proportional to the area of the hysteresis loop traversed by the
B-H diagram, characterized by maximum and minimum induction B. It is proportional
to the frequency f of magnetic reversal and approximately proportional to the product
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Losses of E-Machine
(without Power Electronics)

Winding losses
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Hysteresis losses Eddy Current losses Excess Losses

Fig. 1. Categorization of loss types in electric machines

of the axis intercept of the field strength, i.e. the coercivity Hc and the amplitude of the
induction Bmax:

physt = kH × 4Hc

ρ
× Bmax × f (2)

The eddy current losses are calculated according toMaxwell´s equations for themagnetic
flux parallel to sheet direction with σ as electric conductivity and d as sheet thickness
by:

pw = π2 × σ × d2

6ρ
B2
max × f 2 (3)

Since the loss contribution is reduced proportional to the square of the thickness d , any
technology lowering the thickness fits to this task. In addition to global eddy current
losses, local eddy current losses in the magnetic domain structure, known as excess
losses, occur. These losses are attributed by Bertotti to the energy demand that arises
during the displacement of the Bloch walls [9]:

pexc = Cexc

6ρ
B3/2
max × f 3/2 (4)

2.2 Conventional Manufacturing Process of Electrical Sheets

Adistinction ismade between grain-oriented (GO) electrical steel and not-grain-oriented
(NO) electrical steel. GO electrical sheets have a preferred magnetic direction and there-
fore they are used in transformers, for example, because of the direction-dependent
magnetization and the high importance of lowest hysteresis losses. Due to its isotropic
properties, NO electrical sheets are more suitable for rotating machines such as electric
drives as in these no magnetic preferred direction is desired [10].

NO electric steel is also distinguished between two manufacturing routes. One is
semi-finished annealed electric steel. In this variant, the magnetic properties are finally
adjusted after the sheet stacking process. In this way, manufacturing influences, for
example by the stamping process, can be subsequently reduced. In this study, however,
the fully finished NO electrical steel, which is frequently used in European industry and
in the automotive sector, is considered. The manufacturing process for finally annealed
NO electrical steel is summarized in Fig. 2, [10].
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Fig. 2. Process chain for manufacturing of NO electrical steel coils for electric drives

2.3 Process Chain of Additive Manufactured Magnetic Sheets

The additive manufacturing approach to produce magnetic sheets is fundamentally dif-
ferent from conventional electrical steel production. There are various additive manufac-
turing processes to produce stators and rotors. These includes Selective Laser Melting
(SLM) and Fused Deposition Modeling (FDM) as well as screen printing, which is
selected in this case [11].

The starting point of the process chain is iron ore production, followed by iron
powder production. Thus, it is not a strip material but a powder metallurgical process
that is considered. To make the iron powder usable in screen printing, the paste rheology
and in particular the viscosity of the pastemust be adjustedwith the aid of various solvents
and binders. In addition, sintering additives are alloyed into the paste to allow optimum
thermal processing of the magnetic sheet after printing. After sintering, the sheets are
electrically insulated, stacked, and packaged. Figure 3 summarizes the process.

Iron ore production Iron powder 
production Paste production Screen printing & 

Drying

Bindering & 
Sintering Separation Coating Stacking & 

Packaging

Fig. 3. Process chain for manufacturing of printed magnetic sheets for electric drives

In iron ore and iron powder production, there are no differences to standard powder
metallurgical processes. Therefore, these steps will not be considered in more detail.
The paste production for the screen printing includes the sub process steps weighing
and mixing of its components. The paste is composed of iron powder, solvent, binder,
and sinter additives. The ingredients are mixed until a homogeneous mass is obtained.
Then the paste is applied to the screen-printing screen and printed on substrate carrier.
Screen printing uses a squeegee to press printing paste through a fine-mesh texture onto
a substrate. It is classified as a through-printing processes.

The green parts printed on the carrier are immediately dried to fix the geometry. In
the next step, thermal processing is prepared. Therefore, a separation layer is applied to
the magnetic sheets, and they are stacked. This intermediate step serves to better utilize
of the furnace volume and is followed by debinding and sintering. In this thermal process
the magnetic, mechanical and geometric properties are determined. After sintering, the
stacks are separated, electrically insulated and then further processed into the final stack
of sheets.
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3 Potential Benefits and Challenges of Additive Manufactured
Magnetic Sheets

This chapter highlights the various advantages and disadvantages of the additive manu-
facturing approach of magnetic sheets compared to the conventional rolling process. A
distinction is made between technological, economic and sustainability aspects.

3.1 Technology Evaluation

In the technological evaluation, simple and effective manufacturing processes on the
one hand low iron losses and high magnetic permeability as well as high efficiency in
the utilization phase of the electric machine are essentially. In this context the addi-
tive manufacturing of magnetic sheets offers various advantages. In the screen-printing
process, the sheet thickness can be varied and reduced as required [12]. Lower sheet
thicknesses reduce eddy current losses during operation of the electric machines. The
higher the frequency in the application, the greater the effect of the sheet thickness on the
total losses. Even the hysteresis losses can be positively influenced. During the printing
and sintering process, tailored microstructures can be achieved, which are not possible
in a cold rolling process. [10] In this way, the desired magnetization processes can be
achieved, thus reducing the hysteresis losses.

In addition, Additive manufacturing enables the rapid design of complex but
efficiency-optimized magnetic sheets, since no complex and expensive tools have to be
constructed. For example, aimed control of the magnetic flux routing can be optimized
by using local flux barriers [13].

For certain applications, there are further significant advantages. In the automotive
sector, where installation space is severely limited, smaller machine dimensions are
advantageous. But also in industrial robots, a reduction in the weight of the drive unit
enables a wide range of opportunities. In combination, additively manufactured electric
machines thus have the potential to achieve higher energy efficiency classes.

A technological challenge is to achieve a high sintering density of almost 100%. The
more porous the material, the less iron, and thus magnetically conductive material, is in
the laminated core.

A second technological challenge is the process step of insulating the magnetic
sheets. While in conventional electric steel production the entire coil is insulated in
the final annealing and coating process step, the individual sheet must be insulated
in the additive manufacturing approach. This results in a significantly higher process
complexity, due to the handling of individual sheets compared to rolled electrical steel.

3.2 Economic Efficiency Analysis

The presented new technology is in the stage of pre-competitive development. The
current costs are therefore not comparable with the standard process. Thus, ramp-up
scenarios must be simulated. The profitability analysis evaluates the factors material
costs and material utilization, manufacturing- and tooling costs as well as the Total Cost
of Ownership (TCO) for the customer. Material costs are difficult to compare due to the
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massive differences in quantities. With a small market share, the cost per ton for iron
powder are higher than for electrical steel. In terms of material utilization, the additive
manufacturing approach offers great potential since the final geometry is already printed
in the green part state. Only solvents, binders and sintering additives are consumed
from the material used. In the conventional production, the stator and rotor sheets are
stamped out of the coil, resulting in amaterial loss of about 50%. Furthermore, the power
consumption over the entire process chain can be reduced.

The conventional electrical steel production is an established and cost-optimized
process. Manufacturing costs per ton vary depending on technical data, such as alloy
composition and sheet thickness. Printed sheets can achieve similar costs for high-end-
products. For industrial standard applications, the manufacturing costs are higher.

Due to the higher efficiency (Chapter 3.1), the utilization phase is the determining
factor for the economic efficiency of printed magnetic sheets. The higher the amount of
operating hours of the electric machine and the more complex the operating scenarios
in terms of acceleration and speed variance, the more advantageous the TCO. Higher
manufacturing costs can be compensated by energy savings and material savings at
the system level. For example, through a lower demand for copper for the winding or
permanent magnets.

The economic analysis estimates that the conventional manufacturing is economi-
cally advantageous in the production phase for standardized and high-volume products.
The innovative manufacturing approach is particularly suitable for high-performance
machines and complex operating models, where the technological benefits are more
pronounced.

3.3 Sustainability Analysis

The analysis of sustainability is based on the technological and cost potential presented.
As before, a distinction is made between the manufacturing phase and the use phase.
Printed magnetic sheets improve the environmental footprint of electric machines com-
pared to the conventionally manufactured sheets. The material utilization rate is signif-
icantly higher, as no stamping waste is produced. This currently must be transported
again and reprocessed with high effort.

Printed magnetic sheets are also advantageous in the utilization phase of the electric
drives, as they are more efficient due to the reduced sheet thickness as well as isotropy
and high purity. This leads to lower energy consumption for the same output. For the
utilization phase, the electricity mix of the country in which the motor is used must be
taken to account. The lower the proportion of green electricity, the higher the positive
effect of energy savings on the CO2 footprint [14].

3.4 Assessment of Technological, Economic and Sustainability Potentials

Finally, the potentials of the technologies are summarized and compared in Table 1. The
evaluation at this stage takes the form of higher versus lower potential.
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Table 1. Assessment of technological, economic and sustainability potentials

Conventional manufacturing
of magnetic sheets

Additive manufacturing of
magnetic sheets

Technology

Motor efficiency 0 +
Magnetic properties 0 +
Stacking factor (Iron) + 0

Economic

Material costs + 0

Manufacturing costs + 0

Energy costs 0 +
Sustainability

Resource efficiency (material
utilization rate)

0 + +

Energy efficiency 0 +

4 Conclusion and Outlook

Printing magnetic sheets for use in electric machines offers technological advantages,
as the reduction in the thickness of the laminations can significantly reduce eddy current
losses during operation. In addition, resource efficiency in manufacturing and operation
phase of different types of electrical machines such as spindle-, traction- or robot drives
can be increased. The current development and scaling of the technology is based on
parameter studies, which are evaluated using Six Sigma methods such as design of
experiment to increase process repeatability and reproducibility. This is necessary to
reach out the economic goals.

As part of a public funded project, the sub-process steps for producing the powder
basedmagnetic sheets are first to be developed and scaled up. In the second step, the parts
will be combined into a holistic, continuous and traceable overall process. In parallel,
methods and use cases will be developed to qualitatively compare the technological and
ecological benefits with the conventional manufacturing of electrical steel.
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