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ABSTRACT

Rings based on pure iron have been manufactured by laser powder bed fusion. Different
experimental conditions have been implemented to manufacture simple rings called
“bulk”. Selected conditions were used to fabricate “structured” rings, made up of stacking
of lamellae separated by weakly densified metal zones or by spacers. The magnetic
properties of these rings were measured in order to determine their maximum flux density,
their permeability and their magnetic losses. These properties, as well as the organizations
of the magnetic domains observed by Magnetic Force Microscopy, were compared with
those obtained for rings machined from castings parts or spark plasma sintered parts.
The “bulk” rings resulting from laser fusion exhibit relatively high magnetic losses of
the order of 80 W.kg * at 50 Hz under 1 T. However, this value can be lowered to about
30 W.kg ' after a SPS treatment at 750 °C. In addition to lowering the magnetic losses, SPS
annealing increases the densification of the material and thus the magnetic flux. The
spacing of dense metal rings by less sintered zones or by spacers (“structured rings”),
makes it possible to also greatly reduce the magnetic losses. Dividing these losses by a
factor of 2 is thus possible by implementing a simple geometric arrangement.
© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Faraday [1], the family of soft magnetic materials has been
expanded to meet the needs of different technological appli-
cations. The properties of iron, which is the basic material of

Soft magnetic materials used as magnetic circuits are essen-
tial to convert electrical energy into mechanical energy and
vice versa (electrical machines) or to convert electrical energy
modifying the current/voltage pair (transformers). Thus, since
the discovery of electromagnetic induction by Michael
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this family of metals, have been perfected by appropriate
annealing, then by the addition of alloying elements such as
silicon, nickel or cobalt. Specific microstructural effects in the
case of amorphous or nanocrystallized metals have also been
exploited. In addition, soft magnetic composites and spinel
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ferrites have been developed to satisfy different applications,
especially at high frequency. The characteristics of these
materials and their preparation methods are reported in re-
views or synthesis books (see for example [2—5]). Similarly, the
shape of magnetic circuits made with soft magnetic parts has
been improved to guide the magnetic field by reducing the
various losses (hysteresis, eddy current, leakages).

The design, development and shaping of soft magnetic
materials is therefore an old topic, but more relevant than
ever, especially given its potential impact on environment. It
is estimated that replacing the electric motors currently in
service with motors using the best available technologies
would indeed reduce annual CO, emissions by 200 billion ki-
lograms [4]. In addition, the advent of additive manufacturing
processes enhances the prospects for progress towards more
efficient use of electrical energy [6]. These processes free up
some machine design constraints and could also positively
modify soft magnetic materials and their shaping. In addition,
little material is wasted by additive manufacturing. Tradi-
tional processes, on the other hand, waste four times more
material than the mass of the finished product. Their buy-to-
fly ratio of 4:1 is thus significantly higher than for additive
manufacturing [7]. Thus, various works have been undertaken
in this direction for several years and have already led to
interesting results [7,8], even if it is often considered that the
additive manufacturing for the elaboration and shaping of soft
magnetic materials, is still only in its infancy [9].

For metal additive manufacturing intended for electrical
machines, three processes are mainly studied: Laser Powder
Bed Fusion (L-PBF), Direct Energy Deposition (DED) and binder
jetting. Material extrusion is also being studied, mainly for
magnetic composite materials. These processes would make
it possible to achieve the production of topologically opti-
mized parts, with the aim of increasing the performance of
electrical machines [6]. Their potential impact on the micro-
structure and 3D structuring of magnetic materials them-
selves, should also offer degrees of freedom. These new
possibilities should lead to better trade-offs when combining
the magnetic and electrical properties of materials. Magnetic
parts produced by additive manufacturing already show
characteristics comparable to those obtained by traditional
processes [6]. Moreover, additive manufacturing is particu-
larly relevant for brittle materials such as Fe-(>3%) Si, which is
difficult to manufacture with traditional techniques [10].

Nevertheless, the magnetic parts produced by additive
manufacturing have a major disadvantage compared to con-
ventional parts obtained with a stack of laminated metallic
sheets: they allow bigger eddy current to pass and therefore
have higher losses. To overcome this issue, different tech-
niques have been studied. First, less conductive metallic alloys
have been printed such as Fe-Si [10,11], Fe-Ni [12,13] and Fe—Co
alloys [14,15] mostly with L-PBF technique. Then, another
strategy studied is to reproduce the conventional stack of
conductive and non-conductive layers thanks to specific L-PBF
machines with two powder tanks [16,17]. By this way, the
combination of 300um-thick iron and iron aluminum alloy
laminae, which have low electrical conductivity, thus allows to
reduce losses from 4.7 W.kg * to 0.5 W.kg™?, under a field of
0.2 T at a frequency of 50 Hz [16]. A similar approach has been
followed to form lamellar structures from iron and silicon [17].

In this case, however, the reduction of eddy current losses
could not be observed, because of inter-diffusion of iron and
silicon and a resulting strong change in magnetic and electrical
properties. Still in order to reduce the magnetic losses, other
strategies were followed. They consisted in structuring the
metallic materials by taking advantage of the versatility of ad-
ditive manufacturing. Slits parallel or perpendicular to the
construction plane of the parts were thus created to reduce
eddy currents [16]. Parts composed of iron-silicon alloy laminae
separated by spacers or complex shapes with Hilbert structures
at the laminae interfaces have also been fabricated [18]. Sig-
nificant reductions in induced current losses have thus been
achieved, highlighting the value of additive manufacturing.

Surprisingly, pure iron has so far been little studied for L-PBF
processing for electrical machines. Pure iron has higher mag-
netic properties than the commonly studied Fe—Si, Fe—Ni and
some Fe—Co alloys, but has higher electrical conductivity,
which implies higher eddy current losses. Pure iron has the
collateral advantage of not containing carcinogenic [19],
expensive, critical and strategic elements such as Co or Ni.
Various works relating to the production of parts by L-PBF have
however been carried out in order to study the densification
processes and the mechanical properties [20—25]. Parts with
relative densities between 74% and 99% of the powder density
could thus be obtained with powders from different processes.

The present work is devoted to the study of the magnetic
performance of different pure iron rings. Its first objective is to
evaluate the effects of the L-PBF technique on the magnetic
properties of “bulk” iron parts. Comparisons are thus made
with reference iron rings, but obtained by more conventional
techniques (conventional metallurgy or spark plasma sinter-
ing). Some possibilities offered by additive manufacturing are
also exploited to “structure” the iron rings and reach the
second objective of the work presented. The aim is to evaluate
the reduction of magnetic losses induced by the structuring of
pure iron parts and to assess the prospects of application to
electrical machines free of toxic elements or with high eco-
nomic criticality. Rings made of alternating dense and porous
layers or dense layers separated by spacers are therefore
fabricated to progress in this direction.

To try to understand the origin of the evolution of the
magnetic properties of the parts (magnetic volume flux, rela-
tive permeability, magnetic losses) according to the
manufacturing mode or conditions, all the samples are also
characterized by various techniques (chemical analysis,
electronic or magnetic microscopy, X-ray diffraction and
density measurements).

2. Experimental
2.1.  Analytical techniques

The crystalline structure of the samples was studied using
Bruker AXS D4 Endeavor diffractometer equipped with a 1D
LynxEye detector. Ko radiations (AKeay; = 0.15405 nm and
AKo, = 0.15443 nm) emitted by a copper anode, were used as X-
ray source. The KB ray was eliminated by a nickel filter.

The microstructure of the samples was observed by scan-
ning electron microscope (Vega3 from Tescan). The chemical
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composition was analyzed by Energy Dispersive Spectroscopy
(EDS) with an Ozxford Instrument electron microscope
analyzer. Sample cuts were made with a wire saw in order to
observe the core of the samples. Magnetic Force Microscopy
(MFM) observations were also done using a D3000 Digital In-
strument microscope, on mirror polished samples. Magnetic
tips were used at frequencies close to 65 kHz and lift scan
heights of 100 nm.

A vibrating sample magnetometer VSM Quantum Design
Versalab, was used to plot the hysteresis loop of samples at
room temperature for directions of the applied field, perpen-
dicular or parallel to the construction plane of the parts. Very
small samples of 1-50 mg were analysed by this technique.
Magnetic properties of metallic rings with a thickness of less
than 7 mm and having inner and outer diameters of 55 and
65 mm respectively, were also measured by a BROCKHAUS
measuring instrument type MPG 100D in accordance with the
standards DIN 50 462, IEC 404—3, ISO ASTM. The ring under
investigation is subjected to a magnetic field strength H
generated by the current flowing in the primary winding. The
magnetic material reacts to this field and produces a magnetic
polarization J. This field is determined thanks to the voltage it
induces in a secondary winding. The current in the primary
winding is controlled so as to generate a sinusoidal B in the
material as required by the standard DIN No. 50 462. The fre-
quency domain studied varied from 3 to 2 kHz and the
maximum applied magnetic field strength was 20 k. A. m™™.

2.2.  Additive manufacturing by L-PBF - sintering by
spark plasma sintering - solid iron machining

The powder used for additive manufacturing and Spark
Plasma Sintering (SPS) is a Goodfellow atomized iron powder
with a purity greater than 99% wt. %. X-ray diffraction reveals
only the presence of alpha iron (Fig. 1). No trace of iron oxide is
detected. The lattice constant measured is
0.28669 + 4.10~° nm, close to the value of 0.28664 nm given in
JCPDS N°06—0696. Its particle size distribution is such that the
values of d10, d50 and d90 are equal to 25, 43 and 72 pm
respectively. The electron micrograph and Energy Dispersive
Spectroscopy (EDS) analysis of the powder are also shown in
Fig. 1. No impurities were detected by EDS. The grain density
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measured by helium pycnometry is 7.86 g.cm™>. The magne-
tization of the powder under 1592 kA.m~* (20 kOe) at room
temperature is 217 A.m?kg ! (217 emu.g'). Elementary
chemical analyses shown that the powder contained only
0.08% of carbon and 0.025% of nitrogen.

A 3D Systems ProX200 type laser fusion machine on a
powder bed, was implemented. The 1070 nm laser beam
emitted by this machine is focused in the form of a
gaussian spot of 75 um, on a work plate of 140 x 140 mm?.
The optical absorbance at this wavelength, of the iron
powder used, is closed to 60%. Its power can be regulated
between 30 and 300 W by step of 3 W. The experiments
were carried out on powder bed thickness of 50 um under
argon gas with less than 1500 ppm of oxygen. Among the
parts resulting from this process, rings with an internal
diameter of 55 mm and an external diameter of 65 mm, the
thickness of which was close to 7 mm, were manufactured
with a view to magnetic characterizations. The real diame-
ters of the rings after manufacturing were 54.3 + 0.2 mm
and 65.2 + 0.2 mm.

A reference ring, called REF1, was obtained by machining
an 80 mm diameter disc resulting from the SPS of the same
iron powder than the one used in the L-PBF process. The SPS
process was implemented under vacuum (residual pressure
10 Pa) by applying a mechanical pressure of 40 MPa and
heating at 25 °C.min"' to a maximum temperature of 750 °C
for 10 min. Another reference ring, called REF2, was obtained
by machining in a commercial iron bar (purity higher than
99.8 wt. %).

As an illustration, pictures of the bulk rings studied in this
paper are presented in Fig. 2.

3. Results and discussion
3.1. Bulk magnetic cores

As mentioned in the introduction, various works have been
carried out on the manufacture of parts made of pure iron by
L-PBF. Relative densities greater than 95% could be obtained
[24,25]. However, approaching the recommended conditions,
the parts obtained with our machine and our iron powder

Fig. 1 — X-ray diffraction pattern, scanning electron micrograph and EDS analysis of the iron powder used for additive

manufacturing and SPS.
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L-PBF-SPS

Fig. 2 — Pictures of typical bulk rings of L-PBF and L-PBF-SPS series and REF2 (see Table 1 for preparation conditions and

relative densities).

gave relatively well-densified parts in the core but with
arithmetic roughness higher than 50 um (Fig. 3a).

Our goal being to manufacture parts “ready to use”, i.e. well
densified and not requiring machining for future use in an
electric machine (Fig. 3b), we explored other manufacturing
conditions. Many preliminary tests were carried out to find
manufacturing conditions compatible with our objectives.
The effects of three major manufacturing parameters were
studied during the manufacturing of centimetric cubes. The
laser power was varied from 120 to 180 W, the scanning speed
from 700 to 1750 mm.s~* and the spacing from 0.05 to 0.2 mm.
The Fig. 4 representing the relative density of the samples as a
function of the energy density of the laser per unit area (i.e.
Laser power/[Laser scan speed x Hatch spacing]), allows to
synthesize in a simple way, the link between the processing
conditions and the densification of the samples. Figure 4 also
links the relative density of the sample with their
manufacturing time per unit area, which is equal to 1/[Laser
scan speed x Hatch spacing].

As shown in Fig. 4, a fairly wide range of energy densities
allows relative densities of the order of 65—80% to be achieved.

However, the energy densities that we have chosen to fabri-
cate the iron rings studied in this work, are of the order of
2 Jmm 2 They allow us to obtain samples with densities
ranging from 65% to more than 80%, with a roughness close to
50 pm for moderate manufacturing times per unit area
(<0.015 s.mm?). The geometries and dimensions of the parts
also conform to the computer file processed by the machine.

The experimental parameters used to fabricate the rings
for electro-magnetic measurements and named L-PBF, are
reported in Table 1. In this table, samples annealed by SPS are
also identified and named L-PBF-SPS. This additional treat-
ment complicates obtaining “ready-to-use” samples, since
during SPS the dimensions of the samples are appreciably
affected. It is also difficult to use on parts with complex
shapes. However, this treatment makes it possible to densify
the samples and to evaluate the importance of this parameter
on the magnetic properties. It is the reason why it was carried
out for some samples. The Table 1 also gathers the relative
densities of the two references described in the experimental
part (REF1 and REF2 were machined from a material sintered
by SPS and from an iron bar, respectively).

Fig. 3 — 3D optical images (a) Densified core sample with a rough surface (Ra = 60 um); (b) Sample with a “smooth” surface”

(Ra = 50 um).
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Fig. 4 — Relative density of samples as a function of their
manufacturing energy density and their manufacturing
time per unit area. The solid circles represent samples
equivalent to the L-PBF rings studied (see Table 1).

Figure 5 shows the micrographs of the surface (Fig. 5a and
b) and the cross-section of sample (Fig. 5¢-d) prepared with the
same conditions than L-PBF5 and L-PBF6 rings. On the surface,
the microstructure is formed of contiguous parallel bands,
resulting from laser scanning. Their width is approximately
equal to the value of the hatch spacing. There is also the
presence of a porosity and of some metallic beads resulting
from powder spatters for the most part. The observation of the
cross-section of the sample (Fig. 5c and d) reveals densified
zones of thickness close to 5—6 pm and sparsely densified
zones of thickness close to 1.5 um, in which one can distin-
guish lightly sintered particles. These zones are parallel to the
manufacturing plane. It is reasonable to consider that they
result from the powder beds spread and then successively
fused during the construction of the parts. The total thickness
of the whole is however clearly lower than the 50 ym of the
powder bed spread for each manufacturing plane. The
densification associated with some powder projections during
the laser irradiation, are responsible for this difference. The
densification defects observed periodically could correspond
to the lower part of each powder bed. The heat diffused in this

zone after absorption of the laser energy by the surface, would
indeed be insufficient to correctly fuse the powder grains. The
periodic regions of low density and the porosities (Fig. 5d)
which appear randomly, would lead to the relative densities of
the order of 80% measured at the macroscopic scale.

X-Ray Diffraction Patterns (XRD) (Fig. 6) on centimetric
samples also prepared with the same conditions than L-PBF
samples set reveal that they consist of pure a-Fe. No gamma
iron phase is detected, although due to the high tempera-
tures generally reached during L-PBF [26], such a phase could
be frozen by the relatively rapid cooling imposed by the
process. The lattice constants of samples in the form of
parallelepipeds, prepared with the same additive
manufacturing parameters as the L-PBF rings are close to
0.28650 nm. These are measured parallel to the building
plane of the samples. They are slightly lower than the values
of 0.28664 nm given in JCPDS N°06—0696 and 0.28669 nm
measured for the starting powder. A change in lattice con-
stant was also observed for parallelepiped-shaped samples
fabricated under different laser melting conditions. This
change appears for samples densified to more than 65%.
Depending on the manufacturing, the lattice constant is
larger or smaller than that of the powder. It varies between
about 0.2865 and 0.2870 nm. These variations most certainly
reflect mechanical stresses of tension (low parameter) and
compression (high parameter) in the manufacturing plane.
Further study would be necessary to better understand the
stress state of the samples as well as the link between their
densification and their lattice constant.

The saturation magnetizations at room temperature (210
emu.g * or 210 A.m2kg '), measured by vibrating sample
magnetometer, are somewhat lower than those of the starting
iron powder (217 Am2kg' or 217 emu.g™?). This confirms
that the resulting phase is predominantly a-Fe, although the
weak magnetization could reveal the presence of a small
amount of a paramagnetic y-Fe phase not detected by XRD
analysis or some non-ferromagnetic impurities present in the
starting iron powder.

Measurements of magnetic flux density, relative perme-
ability and magnetic losses were performed on the rings listed
in Table 1. Although these are made of a well-known material,
alpha iron, the objective was to assess the impact of the L-PBF
process and the selected manufacturing parameters on its
electromagnetic properties. It is indeed known that these
properties can vary greatly depending on process-dependent
characteristics such as relative density, microstructure,

Table 1 — Rings manufacturing parameters and relative density (powder bed thickness equal to 50 pm).

Sample Laser Power P (W) Scan speed v (mm.s ') Hatch spacing h (mm) Relative density (%)
L-PBF1 120 1250 0.050 67.7 £ 0.5
L-PBF2 150 1500 0.050 69.2 + 0.5
L-PBF3 180 2000 0.050 67.9 + 0.5
L-PBF4 150 1750 0.050 65.8 + 0.5
L-PBF5 180 1000 0.080 83.2+0.5
L-PBF6 180 1000 0.080 80.9 + 0.5
L-PBF3-SPS1 180 2000 0.050 96.0 + 0.5
L-PBF4-SPS2 150 1750 0.050 91.1 +£ 0.5
REF1 (Machined from SPS sample) - - - 89.6 + 0.5
REF2 (Machined from iron bar) - - - 99.5 + 0.5
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(d)

Fig. 5 — Scanning electron micrographs of a same parallelepipedal sample (10 x 10 x 5 mm?) prepared in the same
conditions than the L-PBF5 and L-PBF6 rings, with P = 180 W, v = 1000 mm s~ *, h = 0,08 mm and a powder bed thickness of
0.05 mm. Images of the surface (a) (b) and cross-section (c) (d). (b) is a zoom of (a), (c) and (d) are not at the same location.

mechanical stresses and structural defects. It was therefore
important to compare the electromagnetic properties of the
samples obtained from the L-PBF process, with those
measured on the references of machined iron bar and SPS
densified samples (see Experimental section and Table 1).
Some results of electromagnetic measurements are re-
ported on Figs. 7—9. The magnetic flux density at the approach
of saturation (20 kA m™%; 251 Oe), logically increases with the
relative density (Fig. 10). It is, however, for each additive
manufactured sample, somewhat lower than that which
should be achieved, if one considers that it should be equal to
the product of the saturation magnetic flux density of alpha
iron (2100 mT) multiplied by the relative density. This differ-
ence could reveal the presence of a small amount of y-Fe
phase even if this could not be detected by X-ray diffraction, or
some non-ferromagnetic impurities, which can be revealed as
small precipitates by electronic microscopy. The maximum
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Fig. 6 — X-ray diffraction pattern of the surface of a sample
prepared. with P = 180 W, v = 1000 mm.s~*, h = 0.08 mm
and a powder bed thickness of 0.05 mm (like L-PBF5/6).
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relative permeability is also an increasing function of relative
density. The SPS-treated L-PBF samples densified to more
than 90% (full squares in Fig. 10) and the reference samples
(full diamonds in Fig. 10), therefore show the best Bs and i, max
among the samples from the L-PBF process.
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Fig. 10 — Saturation magnetic flux density B; and maximal
relative permeability p,\ax Versus the relative density of
the samples.

On the other hand, the influence of the relative density on
the magnetic losses (Table 2) is less direct, even if for the
samples L-PBF, REF1 and REF2, the latter tend to decrease
slightly when the densification increases. Indeed, this trend is
not observed for the LPBF-SPS samples, whose losses are
significantly lower than for REF2, although their relative
density is lower. These remarks apply to all the magnetic
losses measured between 20 and 60 Hz, in particular for high
fields of the order of 1 T, for which the experimental results
are not reported in this article. Similarly, no influence of the
roughness of the samples could be demonstrated.

Table 2 — Arithmetic roughness, relative density and
magnetic losses for several characteristic samples.

Sample Ra Relative = Magnetic losses
(nm) density at 50 Hz
(%) and 1T
(Wkg™)
L-PBF3 50+1 67.9 + 0.5 78
L-PBF5 50+1 83.2+0.5 80
L-PBF6 50+1 80.9 + 0.5 80
L-PBF-SPS1 25+1 96.0 + 0.5 37
L-PBF-SPS2 25+1 91.1 £ 0.5 31
REF1 (Machined from 6+0.3 89.6 +0.5 80
SPS sample)
REF2 (Machined from  1+0.2 99.5+0.5 60
iron bar)
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The SPS treatment of parts obtained by laser fusion
therefore seems to be favorable for obtaining low-loss iron
samples. The question is whether the SPS process has a spe-
cific effect or whether the reduction in losses could also be
achieved by conventional annealing in an inert atmosphere,
performed at the same temperature of 750 °C. A conventional
annealing of this type was then performed on a sample pro-
duced under the same conditions of obtaining L-PBF6. Con-
trary to the SPS treatment, such a treatment does not increase
the relative density but it increases very strongly the magnetic
losses. At 50Hz for about 1T, they are indeed more than 5
times higher than those presented by the sample before
annealing. It thus seems that the SPS treatment exerts a
specific beneficial influence. This could be related to the
modification of the grain boundaries and microstructure as it
has been observed for different materials [27,28]. For example,
SPS sintering has given higher permittivity values for barium
titanates than conventional sintering techniques due to grain
boundary modifications [27]. SPS has also been shown to
cause chemical segregation at grain boundaries, which is on
average higher than conventional sintering [28]. Therefore,
the SPS annealed rings could have grain boundary and
microstructure modifications, favorable for achieving low
magnetic losses. In particular, impurities (<1wt%) in the iron
powders, could segregate at the grain boundaries to reduce
the electrical conductivity of the material as a whole and thus
reduce the magnetic losses.

Finally, it appears that the L-PBF samples show high spe-
cific magnetic losses, similar or higher than the losses of the
reference samples (Table 2). Only the SPS-treated L-PBF sam-
ples has losses (31 and 37W.kg™') comparable to those
(36W.kg ™) reported in the bibliography [16] for an iron sample
obtained by additive manufacturing.

The MFM images reveal, at zero field, the magnetic do-
mains formed in the samples. An important difference exists
between the sample extracted from a foundry iron bar (REF2)
and the others obtained from different production and

processing routes (L-PBF, L-PBF-SPS and REF1). The REF2
sample, which also has the highest relative permeability
(#1800), is indeed made up of domains that are generally very
well defined and extend over large areas, although less well-
organized transition zones can sometimes be found (Fig. 11).
The differences between the domain structures of the other
samples are not very marked. It seems, however, that the
labyrinth-shaped structures, as observed in the previous
reference sample, are less frequent and extensive, the lower
the relative permeability of the sample. In samples of low
relative permeability (# 500) a structuring into fine domains
that we will qualify as “dendritic”, is sometimes encoun-
tered. This structure is not observed on their counterparts
having higher permeabilities. The “dendritic” structure could
thus reveal microstructural defects at the origin of the frag-
mentation of the domains and their disorganization. The
displacement of the domain walls would then be more
difficult and would explain the low relative permeability.
Conversely, the labyrinth-type structuring of large domains,
would reveal a less faulty metal at the microstructural level
and would be favorable to obtaining a high permeability.

3.2.  Structured rings

Ferromagnetic cores, which constitute the armatures of elec-
trical machines, are generally made of a stack of alloy sheets
separated by a thin insulating layer. This type of structure,
assembled piece by piece, limits the development of eddy
currents, responsible for magnetic losses. In the monolithic
manufacture of magnetic cores by L-PBF, it is not possible to
proceed in a similar way. The main reason for this, is that
commercial machines are not equipped with two different
powder tanks to build multi-material parts. However, the L-
PBF process offers possibilities for producing structured parts
perpendicular to their construction plane. They can for
example, be formed by alternately dense and porous lamellae,
of the same metal. The latter will be very conductive of

Maximal relative permeability (L,)

500

50 pm

L-PBF SPS2

L-PBF SPS2

1000

1800

Fig. 11 — Typical magnetic domains observed by MFM for different samples having different maximal relative permeability.
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Table 3 — Overall relative density, magnetic flux density, maximal relative permeability and magnetic losses for structured

rings and a bulk ring manufactured with the same L-PBF parameters.

Sample Relative Bs Magnetic W MAX Magnetic losses
density (%) flux density at 50 Hz
at 20 kA.m~ (T) and 1 T (Wkg )
L-PBF5 83.2 1.49 530 80
(L-PBF-structured)1 (alternation of densified and porous slats) 77.2 1.45 587 60
(L-PBF-structured)2 (superimposed slats separated by spacers) 68.4 1.25 550 42

electricity in the dense state, but much more resistive in its
porous form. It is also possible to construct dense slats of
section (S) separated by the thickness (e) of (n) small metallic
spacers of section (s). The zone where the spacers will be
located will have, in a simplified way, a total electrical resis-
tance R such that: R = p.e/(n.s) with p the metal resistivity. The
electrical resistance of a dense slat of the same thickness e, on
the other hand, will be

Ro = p.e/S.

Consequently, Ry will always be lower than R as soon as
(n.s) will be lower than (S). It is thus possible, thanks to this
type of structure, to reproduce the alternation of highly elec-
trically conductive strips, separated by less conductive areas.
In this way, an attempt can be made to reduce the magnetic
losses by eddy current in a magnetic core.

Such structures have been produced in order to know their
influence on the electromagnetic properties of iron cores (Table
3). The objective was to find out to what extent, this type of
structuring, easily achieved by additive manufacturing, could
reduce eddy current losses. Such an improvement could
strongly enhance the interest for soft iron, inexpensive and
environmentally friendly, in the manufacture of electrical
machines.

3.2.1.
lamellae
To obtain such structured rings, the additive manufacturing
machine was set up with the previously used build parame-
ters (P = 180 W, v = 1000 mm.s™*, h = 0.08 mm, powder
bed = 0.05 mm, like L-PBF5/6) to obtain the best post-lasing
densities. A first annular strip 1 mm thick was thus fused.
This was then covered successively with several layers of
0.05 mm of metallic powder, which was not directly exposed
to the laser. On the powder bed thus formed, a second strip
identical to the previous one, was built. During this operation,
part of the energy supplied by the laser was naturally trans-
ferred by thermal conduction to the lower powder bed, which
was thus partially sintered. In the end, the metal grains
separating the two densified strips can be sufficiently sintered
with each other as well as with the dense strips, to ensure a
good mechanical bond. Under the manufacturing conditions
used, however, this is only possible if the total thickness of the
layers not directly exposed to the laser, does not exceed
0.20 mm.

The process described above was repeated to obtain the
structured rings shown in Fig. 12. The thickness of the porous
layers was set at 0.2 mm. This value is large enough to mark a

Rings formed by the alternation of densified and porous

clean microstructural transition with the densified lamellae
on the one hand, and small enough to ensure good mechan-
ical bond, on the other hand.

The measurements reveal a reduction in magnetic losses,
which drop from 80 W.kg™* to 60 W.kg™* (Table 3) at 50 Hz and
under 1T. Itis also noted that compared to the samples L-PBF5
and L-PBF6, manufactured with the same L-PBF parameters,
the magnetic flux density B at 20 kA.m~* and maximal rela-
tive permeability u, max are not strongly influenced by the
structuration of the ring.

3.2.2.
spacers
These structured rings were constructed according to the di-
agram in Fig. 13. The dense slats are this time separated by
spacers of circular cross-section, whose programmed diam-
eter of which was 0.58 mm and the height of 0.6 mm. Three
rows of 128 plots separate two slats. The scanning electron
micrograph (Fig. 14) of a section built specifically for obser-
vation shows however, that the dimensions programmed in
the machine file are not strictly observed. The dense layers are
slightly thicker than their nominal value of 1 mm, in particular
because of the sintering phenomenon commented above, for
the first category of structured rings. The 0.6 mm spacing is
therefore somewhat reduced. Furthermore, the spacers do not
have perfectly constant diameters, their dimensions
approaching the resolution of the process for the powder
used. For this configuration, we can consider that the mag-
netic flux remains essentially trapped in each metal blade.
Thus, there is no magnetic flux in the pads so no induced
currents.

This second structure, made possible by additive
manufacturing, also leads to a reduction in magnetic losses,
this time from 80 W.kg™* to about 42 W.kg~* at 50 Hz under

Rings made up of superimposed lamellae separated by

External ¢ : 65 mm

777

1mm SseNr7
!11/
0.2 mm

Internal ¢ : 55 mm

Fig. 12 — Schematic representation of a cross section of a
structured quarter ring, made up of alternating dense and
porous lamellae.
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External ¢ : 65 mm

¢ spacers : 0.58 mm

Fig. 13 — Schematic representation of a cross section of a structured quarter ring, made up of superimposed slats separated

by spacers. Photography of the ring (L-PBF-structured)2.

Fig. 14 — Scanning electron micrograph of a sample made
up of superimposed slats separated by spacers.

1T (Table 3). This significant reduction in magnetic losses is
also achieved without strongly affecting the values of Bs and

Hr MAX-

4, Conclusion

Laser powder bed fusion offers great freedom in the design of
the parts, but it imposes sintering and shaping conditions on
the material used, that are not necessarily favorable to
obtaining the desired magnetic properties. In the case of pure
iron, a material having many advantages related to its
simplicity, low cost, harmlessness and recyclability, it is
difficult to manufacture parts of precise geometries and very
high relative densities. Very strong magnetic fluxes at satu-
ration and high permeabilities cannot be achieved. The
properties of the parts obtained directly after laser melting
therefore differ significantly from those measured for their
counterparts machined in a block of iron from foundry or SPS
sintering. It is also noted that the magnetic domains of the
laser-melted parts are smaller and much more complex in
structure than for foundry iron, suggesting the existence of
many microstructural defects.

The “bulk” rings resulting from laser fusion exhibit rela-
tively high magnetic losses of the order of 80 W.kg™* at 50 Hz
under 1 T. However, this value can be lowered to about
30 W.kg ' after an SPS treatment at 750 °C whose specific ef-
fect is particularly favorable to the reduction of magnetic
losses. The spacing of dense metal rings by less sintered zones

or by spacers, also allows to reduce strongly the magnetic
losses. Dividing these losses by a factor of 2 is thus possible by
implementing a simple geometric arrangement.

The dimensional optimization of the studied structures, as
well as the design of new more complex structures, should
allow to reduce the magnetic losses more strongly. Associated
with the implementation of appropriate SPS annealing,
interesting magnetic performances for technological appli-
cations could be achieved for iron cores resulting from laser
powder bed fusion.
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