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Additive manufacturing of magnetic materials using selective laser
melting

B. Obeid,? D. Piétroy*?, B. Bayard?, J. P. Chatelon?, S. Capraro?, J. J. Rousseau?
*Univ. Lyon, Laboratoire Hubert Curien UMR 5516 CNRS, Université Jean Monnet, F-42000 Saint-
Etienne, France.

ABSTRACT

Magnetic material is the key component in lot of electromagnetically-based optical to microwave applications. In the
case of radio-frequencies/microwave applications, passive components are developed using planar design to facilitate
their fabrication while 3D geometries are the best shapes to improve components properties. But nowadays, 3D printing
technologies are coming up in industries and 3D design of passive components grows in interest. But 3D shaping of
magnetic material remains a problem which has to be solved before considering industrial implementation.

In this work, we demonstrate the possibility of 3D shaping ferrite magnetic powder using Selective laser
melting/sintering in ambient air. A ferrimagnetic powder of Yttrium Iron Garnet (Y1G) was used to form a 10-layers
stack of magnetic material. A simple method for small surface (10x10mm?) deposition of powder was developed by
dispersing the YIG powder into ethanol. A drop is then deposited on top of a substrate. Ethanol evaporates and an
homogeneous layer is obtained. A 1064nm-nanosecond laser combined to a scanning lens is used to irradiate the powder
layer and induce melting/sintering of the powder at ambient temperature and in ambient air. Chemical and structural
changes induced by the laser process were studied using Raman spectroscopy. Results show that a part of the YIG was
decomposed into a weakly magnetic phase of FesO4. Vibrating Sample Magnetometry was then used to compare the
magnetic behavior of the YIG multilayer and the YIG powder. The multilayer always exhibit a magnetic behavior
whatever the substrate is: Y1G powder, YIG bulk or Al bulk.

Keywords: magnetic material, YIG, selective laser melting, microwave, radio-frequencies, passive components

I.  INTRODUCTION

Magnetic materials are key materials in electromagnetically-based applications. In the optical range, they enable Kerr
and Faraday effects to manage the polarization state (optical isolators). In the microwave range (MW), they enable non-
reciprocal effects to guide the incoming signal (isolators, circulators (fig.1a), etc.). Finally, in the radio-frequency range
(RF), they permit to channel and concentrate magnetic field lines to improve electric properties of components and more
specifically integrated ones (inductors (fig. 1c), transformers (fig. 1d), converters, etc.). In the case of power electronics
or microwave applications, integrated components were planarized to facilitate their fabrication using standard processes
of microelectronics industry. But such 2D-designs limit their performances and achievable functions. On the other hand,
the design of 3D-shaped toroid coils (fig. 1b) will reduce the losses and electromagnetic radiation of an inductor or
transformer.! 3D design of ferrite circulators can be used to increase the bandwidth by stacking two circulators with
different working frequencies with their polarization coils and permanent magnets.? 3D printing method also allows
convenient fabrication of metamaterials.® However, integration of 3D magnetic components is challenging due to
unconventional geometries to distribute flux or control coupling.

Usually, magnetic materials are shaped as a bulk material which also acts as a mechanical holder. Standard sintering
process at high temperature and pressure are then used to give the magnetic powder a 3D-shape.* Such manufacturing
process leads to very low resolution. However, in most applications, a small and localized volume (MW and optical
applications) or a specific 3D-shape of the magnetic material is required to decrease energy losses or to improve
components properties. Therefore, there is a need in RF*® and MW?® applications for additive manufacturing
technology that can meet following objectives: reduced production times, flexibility in the design of 3D components,
simplification of manufacturing steps, reduction of the size and weight of the components and performance increase.

*david.pietroy@univ-st-etienne.fr; phone +33 477 915 815; fax +33 477 915 880
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3D printing of magnetic components is already studied in power electronics'*2, Nowadays, the most promising
technique to reach this 3D shaping deals with a composite approach in which the magnetic powder is mixed with a
polymer.t® A standard FDM 3D printing technique is then used to fabricate 3D magnetic components, but such a
technique leads to a poor magnetic material density. To increase it, it is necessary to add complex steps of debinding and
sintering to obtain a fully densified magnetic structure.

Thus, a direct additive manufacturing process of magnetic material is of high interest for several applications based on
magnetic materials. But such a process should not induce too many chemical or structural modifications which could
induce modifications in the magnetic properties of the material. Laser technologies such as laser engineered net shape
(LENS) and selective laser melting (SLM) were already used to perform additive manufacturing for some magnetic
materials. White et al. applied LENS to print permanent magnets of AINiCo. Results showed a small decrease in
remanence and an intrinsic coercivity equivalent to the initial material.®* Additive manufacturing of soft magnetic
materials based on Fe alloys was also demonstrated using both LENS and SLM.*>%° It was pointed out that chemical and
structural changes occur. A strong increase in the intrinsic coercivity due to laser processes was also observed. In another
range of application, the additive manufacturing of magnetocaloric materials was also achieved using selective laser
sintering (SLS).%

In this work, we propose to study the possibility of using selective laser melting (SLM) to 3D-shape a commercial
magnetic ferrite powder dedicated to RF and MW applications. Yttrium Iron Garnet (Y1G) is chosen because of its wide
use in both RF and MW applications. To reach this goal, a simple deposition method of powder layer was developed and
the SLM parameters quickly optimized. Layers obtained after SLM are magnetically characterized using Vibrating
Sample Magnetometry (VSM) and chemical and structural modifications investigated using Raman spectroscopy.

a) Planar integrated circulator b) 3D toroid inductor ¢) 2D planarinductor

\ Insulator

Conductor
Magnetic

i d) Planarintegrated transformer

Figure 1. (a) Image of a planar integrated circulator which allows the incoming signal from the antenna to be routed to the speaker
and the signal from the microphone e to be routed to the antenna. (b) scheme of a toroid inductor. (c) image of an integrated inductor.

1.  SELECTIVE LASER MELTING

A laser-induced thermal process for additive manufacturing can involve different binding processes.? In the case of laser
melting, laser energy is absorbed by the powder then turned into a heat source which permits to increase the material
temperature till the melting of the material. Heating and phase transformation also induce a fluid flow during such
processes making their multi-physics modelling very complex. Several technics based on laser melting were developed
to achieve 3D printing. Some technics project the powder molten by a high power laser on top of the substrate?>2® while,
in the case of selective laser melting, the powder layer is deposited on top of the substrate then it is melted using the high
power laser.?+%

SLM machines are now available in most industries (automotive, avionics, aerospace, etc.) and for a wide range of
materials (metals, ceramics, composites, etc.).?* A SLM process is actually composed of two main steps: powder
deposition and laser melting. Each one is critical to the success of the manufacture of the final object and they strongly
depends on both powder properties and laser parameters. SLM is a thermal process which is obviously driven by
material and laser properties, but also by the powder properties. Concerning the material properties, optical absorption at
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laser wavelength and thermal conductivity will be of utmost importance. Concerning laser parameters, laser power and
wavelength will be very important but the waist of the focused beam, and the scanning speed and strategy will also have
a strong influence on the result.?6%” Finally, grain size distribution and shape and layer thickness will also modify
effective thermal conductivity and absorption of the powder material and therefore modify the laser-matter interaction.
Thus, to get the best result using a SLM process, it is necessary to get the most homogeneous grain size and shape for the
powder, to deposit an homogenous layer thickness of powder, then to optimize laser power and scanning speed and
strategy.

Powder layer deposition is a critical step since the thickness has to be quite homogeneous on the overall surface. A
change in thickness could induce a change in heat transfer then in material melting. Available SLM machines are
commonly based on a powder bed system.?® The classical setup deals with connected vessels. The first one provides the
powder while the second receives the powder to be melted. The substrate is usually deposited in this second vessel, on
top of a vertical translation stage which permits to adjust the powder layer thickness and also to stack several melted
layers. Finally, a scraping or rolling tool homogeneously spreads the powder before laser melting. Such a setup is very
efficient but is quite complex to develop.

Laser used in selective laser melting strongly depends on the material to process. As a thermal effect is wanted, CW-
lasers are the best candidates but nanosecond pulsed lasers are also suitable. The material determines the laser
wavelength as the highest optical absorption is needed to convert laser energy into heat energy. Standard lasers used in
SLM are CO; (10.6 um) and YAG (1064 nm). As the material has to be melted, high power lasers are required (several
tens of watts).

The last important element is the optical scanning system and mainly the focal length of the F-theta lens. The focused
beam diameter will define the interaction area thus the energy density on top of the substrate. It will drive the local
temperature of the material with the laser power, scanning speed and optical and thermal properties of the material.

I11. EXPERIMENTAL DETAILS

In this work, as we only aim at demonstrating the possibility of using SLM process to 3D shape magnetic material, we
focused on developing trivial setups to achieve the manufacture of a maximum 10x10 mm? layer with a few hundred
microns thickness. Such dimensions are more than enough to make a large number of components.

3.1 Powder deposition

Two trivial setups were tested to deposit a homogeneous powder layer. In a first setup, a specific aluminum holder is
mechanically machined to receive a 635um alumina plate. The machining is adjusted so that the top surface of the
alumina substrate was about 50um from the top surface of the holder top. Powder is added on top of the alumina
substrate then spread using a microscope slide to ensure flat powder surface therefore to ensure homogeneous thickness
of the powder layer. Such a method provides a good repeatability on a few cmz? area but is not so easy to use. Moreover,
stacking of layers is not possible.

In a second setup, powder is dispersed in ethanol. The solution is quietly mixed to homogenize the solution paying
attention to avoid bubbles. Part of the solution is pumped using a micropipette and kept manually mixed. A drop is
deposited on top of the surface. The drop naturally spreads on top of the substrate and ethanol evaporates inducing a
quite homogeneous powder layer thickness. The homogeneous area is smaller than with the first setup (few tens of mm?)
but it remains very user-friendly. Another advantage is that powder adheres better to the surface which avoids hazards
due to powder dispersion in the ambient air. Finally, this method is very suitable to stack several layers.
The homogeneity in the layer thickness was measured using a standard optical microscope with an automatic z-
translation stage. A x63 objective was used to reduce the depth of focus. The z position for a sharp image of the surface
is measured in several points of the sample. Tilt of the sample is taken into account by measuring the z position of the
flat substrate top surface in several point around the powdered area. Finally, powder thickness is locally estimated by
subtracting the interpolated z-value of the substrate surface to the z-value of the powder surface.

3.2 Laser Setup

A laser marking workbench from technifor (lasertop 2000) was used. The embedded laser is a YAG pulsed laser with a
10 ns pulse duration, a 200 kHz repetition rate and a 12 W maximum accordable power. The 1064 nm wavelength is
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relatively well absorbed by the YIG. An advantage of such a commercial machine is that the optical system and software
are already integrated, making it easy to design and mark complex planar geometries with different scan strategies.

The lens is a 160mm F-theta lens giving a 40um focused laser beam on top of the substrate. The complete laser system
permits to reach a maximal average power density about LMW/cm? for a maximal energy density of 5J/cmz,

3.3 Selective laser melting process for YI1G powder

In this work, we focused on a commercial YIG powder from Neyco company. Grain size distribution is not known but
grain size was estimated to be about 10um using optical microscopy. Thermal conductivity of bulk material is quite low
35W/m.K which should limit heat diffusion then promote local temperature increase. As explained in Fig. 2, the process
is following four main steps:

1- a YIG-ethanol solution was prepared with a concentration of 400g/L by mixing 1.2g of YIG powder in 3mL of
ethanol.

2-  Solution was deposited on top of the substrate to form a 40-50um layer of powder.
3- The powder layer was then irradiated at 200kHz and using a standard line-by-line scanning strategy
4- Steps 2 and 3 were repeated according to the number of layers desired

YAG Laser — 1064 nm — 10ns

YIG powder (-400 mesh) 3y/pulse — 200kHz

Ethanol

YIG Concentration Number of layers
400 g/L

Figure 2. Scheme of the selective laser melting process used to process YIG powder.

The process was tested by depositing a single layer on different substrates (aluminum, alumina, glass, bulk and powder
Y1G). For each substrate, both laser and scanning speed were optimized to get the best visual result. But we focused on
two specific cases: bulk aluminum substrate and directly in Y1G powder bed for more physical investigations concerning
magnetism and material modifications with the idea of easily unsticking the layer from the substrate. Three main samples
were fabricated:

- Sample A is a 10x10mm?2 multilayer of 10 SLM layers fabricated on top of a non-magnetic aluminum substrate.
The final thickness is 380um. The SLM layers were obtained using a laser at 0.6W power (3uJ/pulse) and
200kHz repetition rate. The scanning speed was 50mm/s.

- Sample B is a 10x10mm?2 multilayer of 10 SLM layers directly fabricated in the magnetic YIG powder bed. The
final thickness is 270um. The SLM layers were obtained using a laser at 1.8W power (9uJd/pulse) and 200kHz
repetition rate. The scanning speed was 50mm/s.

- Sample C is a 2x2mm?2 multilayer of 10 SLM layers directly fabricated in the magnetic YIG powder bed. The
final thickness is 200um. The SLM layers were obtained using a laser at 12W power (60pJ/pulse) and 200kHz
repetition rate. The scanning speed was 150mm/s.

After unsticking from the substrate, samples were cleaned in an ethanol ultrasound bath to remove residual powder. Prior
to this cleaning, the rear face (powder/SLM-layer) of samples B and C was also irradiated to melt the residual powder.
As both magnetic and Raman analyzers require small objects, a small part (few mm?) of each SLM-layer was cut then
weighed using a high-precision scale. Assuming the SLM process does not modify the chemical composition of the
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material, sample volume was calculated from the measured mass and using the theoretical YIG density (5.11 g/cm?).
This method has the advantage of not taking into account the porosity of the material induced by the process.

IV. RESULTS AND DISCUSSION

A first comparison deals with the effect of process parameters. For samples A and B, laser power was adjusted to work
close to the melting temperature of the YIG powder. The difference in substrates between sample A and sample B should
provide two kinds of information concerning the influence of magnetic properties and thermal conductivity of the
substrate on magnetic properties of the layer. Samples B and C were fabricated on top of the same substrate but with
different laser power. Comparing the two samples should permit to highlight the influence of melting temperature on
material chemical and structural changes.

A first observation can be made concerning the thickness of the sample. The thickness of sample A was 380um which is
about equal to the product of the powder layer thickness by the number of layers deposited. The thicknesses of sample B
and C are respectively equal to 280um and 200um which is far from the theoretical value. This could be simply
explained by the fact that the pulsed laser induces a shock wave which sweeps away part of the powder then reduces the
multilayer thickness.

Sections 4.1 and 4.2 will respectively detail the magnetic and Raman analysis of these three samples and compare them
with the initial properties of the YIG powder.

4.1 Magnetic characterization

Magnetic properties of the YIG powder and material elaborated by SLM are determined by Vibrating Sample
Magnetometer (VSM). The magnetic parameters such as coercive force, saturation magnetization and remanent
magnetization were measured with a MPMS SQUID VSM system. This magnetometer system combines the sensitivity
of a SQUID (Superconducting Interference Device) with the higher speed of a VSM (Vibrating Sample Magnetometer).
The hysteresis loops measured give magnetic moment (in emu) versus magnetic field (in Oersted). The equivalent values
in A/m were directly converted from Oersted values. However, magnetization values ([o.M in Tesla) were calculated
from the magnetic moment values and from the sample volume.

RN 7 O ——
‘f‘ -~ ==
J‘
0,5 “1 _'
H (kA/m)
] T e ¥ T 1
-600 -200 i ) 200 600
|
i
-0,57 J‘\
—_— -
YIG
powder Sample A Sample B Sample C

Figure 3. Hysteresis loop for the three SLM layers and for the powder measured using vibrating sample magnetometry.

YIG is a soft magnetic material. Boudiar et al.?® found that a minimum temperature of 700°C was necessary for the YIG
layers to crystallize in the correct phase (FCC), which corresponds to the results reported in the literature.® They also
noted that a hysteresis loop characteristic of a soft material was obtained only for the crystallized layers. Amorphous
Y1G does not exhibit a hysteresis loop when analyzed by a VSM.
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Measured hysteresis loop of each sample are given in Fig. 3. To compare hysteresis loop of the samples with the one of
the initial YIG powder, results were normalized in magnetic field. For the four samples presented, the hysteresis loop
shows a narrow cycle, with a very low coercive field. This is characteristic of soft magnetic materials. So, all SLM
samples can therefore be considered as magnetic and the magnetic nature of the substrate does not have any influence on
the magnetic properties of the YIG layer fabricated using SLM (comparison of samples A and B).

The hysteresis loop of the powder without SLM treatment is the one with the most vertical slope at the origin: the
saturation magnetization is reached faster for the powder than for the three cycles of treated samples. It can be noted that
samples A and B presents slope at the origin close to the one of the powder while for sample C, obtained with a higher
energy so a higher melting temperature, the cycle is much less square. The difference in slope of the hysteresis loops can
be explained by different hypotheses. Firstly, a change in the crystallographic structure of the analyzed material may be
at the origin of this difference. The high-energy SLM treatment can change the crystalline phase of the YIG and thus the
magnetic behavior is altered. A second hypothesis may be a shape effect. The grains of YIG can thus present a shape
anisotropy induced by the SLM treatment. For example, Boudiar et al.?° have shown that magnetic measurements made
with a magnetic field applied in the perpendicular direction or in the plane of a YIG thin film give different hysteresis
loops. The saturation magnetization is identical, but the slope at the origin of the loop looks very different. Thus, the
magnetic field required to saturate the material is very different in the two cases.

Table 1. Saturation field measured using VSM.

Sample Power density Substrate Bsat (mT)
Y1G powder - - 150
SLM sample A 95 kW/cm? Non-magnetic - Al 120
SLM sample B 150 kW/cm? Magnetic — YIG 90
powder
SLM sample C 1 MW/cm? Magnetic — YIG 90
powder

Table 1 shows the saturation magnetization calculated for the four samples. Bsat values were determined by dividing the
magnetic moment measured using VSM by the sample volume measured with the high precision scale. In the literature,
the value of saturation magnetization is 175 mT for bulk Y1G.%-32 YIG powder was found to be close to this value. Bsat
was measured to be 20% less than Y1G powder value in the case of an Al substrate while it is decreased by 40% in the
case of the YIG powder substrate (samples B and C) independently of the laser power. An explanation may be found in
the thermal conductivity of the substrate. Bulk Al has a high conductivity while YIG powder conductivity should be less
than the low bulk YIG conductivity. This behavior could induce a longer heat diffusion enhancing chemical or structural
changes. To check this hypothesis, Chemical and structural analyses have to be performed.

4.2 Raman analysis

Raman measurements are made to track associated changes in molecular structure. The Raman spectrum of Y1G powder
is measured with an argon laser at A = 488 nm and the resolution used was 1800 lines/mm. Raman spectra of the powder
after SLM (Sample A, B and C) are obtained using a helium neon laser at incident wavelength A = 633nm with a
resolution of 600 lines/mm. All spectra were recorded in a wide range of wave numbers, between 100 and 1000 cm™. For
severely damaged samples, longer accumulation times were required to increase the signal-to-noise ratio. Fig. 4 shows
the evolution of the vibration modes peaks of the non-melted and melted YIG powder by SLM as a function of the laser
power, hence as a function of temperature.

The total irreducible representations associated with YIG vibrations according to the Ox-1a3d group are given by
Mallmann et al.®® as follows: 3A1g + 5Azq + 8Eg +14F1g + 14F¢ + 5A1, + 5Az, + 10E, + 18Fy, + 16F. The total of these
modes is equal to 98, distributed in 55 silent modes (5Aw + 5Az + 5A2 + 10E, + 14F;4 + 16F2,), 1 acoustic mode
(1F4y), 25 active Raman modes (3Ayg + 8Eg +14F,g) and 17 infrared modes (17F1). The vibration modes of 3Ayg, 8E,
14F;5 and 17Fy, of YIG are respectively given by (v, vo, L), (v1, 2v2, v3, va, L, T, T1), (v2, 3vs, 3vs, 2L, 3T, 2T») and (va,
3vs, 3va, 2L, 3T, 2Ty, 3T2), where T, T1 and T represent the translation of [FeO4]> (tetrahedral sites), Fe** (octahedral
sites) and Y3*respectively. The rotational degree of freedom (R) of the free molecule becomes vibrating lattice modes (L)
in the crystal.

Proc. of SPIE Vol. 11349 113490T-6

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 20 Apr 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Table 2 describes the assignments of all Raman modes that are observed in the spectrum in Fig. 4 corresponding to the
polycrystalline YIG powder, where the spectrum has the same general characteristics as reported in literature.33-3 Only
11 of the 25 active Raman modes expected were observed. These modes can identify the molecules presented in the
sample.

Table 2. Vibration modes of the peaks in the Raman spectra of unmelted Y1G powder.

Wave numbers (cm) Wave numbers in the ref. [1]  Assignment
127.3 130 T+T1+T2
170 172 T+T1+T2
190.8 192 T+T1+T2
234.2 237 L[FeO4]>
270.9 272 L[FeO4]>
339.6 342 va(Fag)
373.6 376 va(Fag)
413.9 418 v2(Eq)
4445 445 v2(Eg)
504.3 504 v3(Aug)
586.3 587 v3(Fa2g)

These results make it possible to distinguish two collections of modes: two between 300 and 500 cm?, and two between
500 and 750 cm®. All these modes are associated with internal vibrations of the FeO, molecular group, while modes
below 300 cm™ have been classified as translations (T) of Y3*, [FeO4]> and/or [FeOg]*. The sequence of internal

vibration modes observed above 300 cm™ was v4 < v2 < V3.

T T T T T T

&

339.6
373.6
413.9
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657.5
730.6
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145.1
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Raman shift (cm™)
Figure 4: Raman spectra of YIG powder and SLM samples.

The figure shows the spectra measured after laser melting with different powers in comparison with that of the powder.

The spectrum of sample A fused at a low power of 0.6 W shows a significant variation from that of the powder, where a
decrease in the intensity of some YIG peaks is clearly visible. In addition, the appearance of two doublets of the internal
vibration modes (marked by arrows in the figure) can be distinguished. This is caused by a coupling of the vibrations of
two coplanar molecules in the elementary crystal lattice. The first doublet has peaks which are at wave numbers of 224.2
and 234.2 cm? associated with the modes: Aig of FeoO3 and L[FeO4]% of YIG, respectively. For the second one, the
peaks are located on 270.9 and 287.3 cm™ and associated to modes: L[FeO.]> of YIG and Eq of Fe,Os, respectively.
Thus, low energy fusion causes a phase transition (the appearance of the hematite phase of the molecule Fe;O3) by heat
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treatment while keeping the garnet phase of the sample in a minimal amount. This confirms that this is the lowest peak
intensity of this phase.

The Raman spectra of samples B and C present a modification of the intensity and a shift of certain peaks, compared to
that of YIG powder. New peaks corresponding to the orthoferrite YFeOs; were found,% including the peak at 657.5 cm'?
for sample B, and others corresponding to the magnetite phase molecule FesO4 are located at 145.1 and 213.8 cmfor
sample C.

The appearance of these new phases is probably due to the recrystallization of the material structure caused by heating.
Thus, due to equilibrium, an amount of YFeO3 and Fe;O3 can be observed in the YIG.

Y3FesO01, «—» 3YFes + Fe,03
In conclusion, in each spectrum there are indeed two phases. The first phase is the garnet phase of YIG. The second is a
new phase that depends on the temperature governed by the laser power. We notice the appearance of the hematite at low
laser power (low temperature) and the magnetite at higher laser power (higher temperature).

V. CONCLUSION

To conclude, the feasibility of using selective laser melting to perform additive manufacturing of YIG ferrite powder, a
soft magnetic material, was demonstrated. The fabricated layers were magnetically characterized using VSM. They
always exhibit a hysteresis loop, which characterize a magnetic behavior, independently of the magnetic nature of the
substrate. The nature of the substrate seems to modify the saturation magnetization. This was attributed to the thermal
conductivity of the substrate. Finally, Raman analysis shows that part of the YIG was decomposed in a weak magnetic
phase of iron oxide 111 depending on temperature. For the highest temperature, magnetite signature was found in Raman
spectra of the fabricated layer while hematite was found for a lower temperature close to YIG melting.
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