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Abstract: The technology of laser fusion on a powder bed is modified for the manufacture in
air, of multi-material parts formed in the three dimensions of space, with zones which can be
either a dielectric ceramic, based on alumina, or an aluminum - silicon metallic conductor. This
additive manufacturing method uses only one powder. This powder is an AlSi12 alloy
previously activated by a chemical treatment, which gives it, increased reactivity to oxygen.
Therefore, the only adjustment of the manufacturing conditions, through the power and the
scanning speed of the laser, as well as the hatch spacing, makes it possible to choose the
construction of ceramic or metallic type zones. The modification of AlSi12 powders by
chemical activation is the subject of a detailed characterization, allowing the selection of
treatment conditions adapted to the multi-material manufacturing process. The ceramic or
metallic areas that are produced, are also characterized for subsequent use of this process,
for the manufacturing of microwave devices dedicated to the space industry.

Keywords: Laser powder bed fusion, AlSi12, 3D multimaterials, metal ceramic assemblies,
selective laser oxidation, microwave devices

1. Introduction

A few additive manufacturing techniques allow the production of parts combining in
space and in a controlled manner, different materials. Among the seven families of currently
standardized processes [1][2], this is particularly the case for inkjet printing (3D printing), wire
fusion (material extrusion) and to a lesser extent powder projection in a laser energy flow
(Direct Energy Deposition). The laser fusion on a powder bed, on the other hand, is ill-suited
to the direct production of parts or assemblies comprising distinct parts, made of different
materials. This is a limitation, which prohibits the use of this manufacturing process for certain
technological applications. When it comes to building in a single step, parts of complex shapes
requiring the combination of a metal conductor with a dielectric, there is no solution to this
day using only this single process. Such associations in parts of complex shapes would however
be very advantageous for constituting for instance, microwave components of reduced size.
The introduction of a ceramic which dielectric constant would be close to ten, in today’s
conventional waveguides, would indeed allow a reduction in their size by a factor close to
three, according to the work of Paknys [3]. There is therefore a real challenge to be taken up
in order to increase the possibilities of this additive manufacturing technology, which is



already well established in various economic sectors, particularly in the aeronautics and space
sector.

In this work, we tried to solve this problem by looking for a way allowing both to fuse
a metallic powder, to form electrically conductive zones, and to oxide and sinter the initial
powder, to create dielectric zones. The choice of the powder was oriented towards the
eutectic alloy AlSi12 melting from 577°C and very frequently used for additive manufacturing
by laser fusion [4][5][6][7] or for molding [8]. Beyond the industrial availability of this alloy in
the form of powders suitable for additive manufacturing and numerous bibliographic data on
its use in Selective Laser Sintering / Selective Laser Melting machines [9][10][11], the AISi12
alloy presents the advantage of being able to be fused in air in the metallic state. However,
AlISi12 alloy is mostly aluminum, although it contains small precipitates of metallic silicon [12].
Since aluminum is located very low in the Ellingham-Richardson diagram [13], suitable
processing and manufacturing conditions, leading to its oxidation and then its sintering, are
therefore potentially possible.

In fact, the highly oxidizable nature of aluminum, which can be used for instance in
solid propellants [14][15] or nano-energetic materials for MEMS [16], means that it cannot be
encountered in Nature in the metallic state and that it is not possible to stabilize it in air
without it being coated with an oxide-type layer, most often alumina [17][18][19]. This very
dense layer, which is not very permeable to oxygen, is generally very protective. It thus makes
it possible to handle aluminum alloy powders in air [20][21]. Aluminum alloy powders can
thus, without particular difficulty, be fused by a laser beam in the metallic state, the alumina
only appearing in very small quantities at the surface or at the grain boundaries. However, any
damage to the passivation layer very quickly generates oxide formation in the affected region,
given the natural propensity of aluminum to oxidize.

It therefore seemed interesting to us to try to take advantage of this dichotomy,
passivation and oxidability, to manufacture by laser fusion on a powder bed, parts comprising
metal and ceramic regions. Preliminary tests, however, failed to properly oxidize and sinter
the AlSi12 base alloy, despite high-power laser beam irradiation or relatively prolonged
exposure to the focused light energy source.

The basic idea that was followed was therefore to weaken the protective character of
the thin oxidized layer, enveloping the grains of AlSil12 alloy, in order to increase their
reactivity with respect to oxygen. Depending on the setting of the laser beam (power,
scanning speed, hatch spacing, etc...), it should then be possible either to melt and merge
these grains in the metallic state, or to oxidize and sinter them, to form the electrically
conductive metal areas on the one hand, and the oxide type areas having a dielectric
character, on the other hand.

Aluminum, even protected by a thin oxide layer, can easily be etched by alkali
hydroxides [22][23] to form aluminates or hydroxides. To weaken the protective character of
the alumina layer located on the surface of AlSil12 alloy grains, simple chemical etching by an
alkali hydroxide was therefore an interesting route, capable of leading to powders, which can
be fused to metallic state or oxidized and sintered as oxide, by a laser beam.



This paper is therefore divided into two main parts. The first studies the effects of
chemical etching of an AlSi12 alloy powder, by different concentrations of sodium hydroxide
solutions. The objective here is to transform the thin protective layer coating the alloy grains,
in order to make it less protective against oxidation and to obtain an AlSi12 powder, which
will be qualified as "activated". An activated AlSi12 alloy powder is, in the second part of the
paper, processed in a laser fusion additive manufacturing machine. Thanks to the appropriate
adjustment of the manufacturing conditions, parts combining metallic conductive areas and
dielectric ceramic-type areas, are produced for the first time by a laser process. The samples
are characterized at the structural and microstructural level.

2. Materials and Methods
2.1. Samples

An AlSi12 powder PS2585-18 from 3D System was used for the experiments. This
consists of spherical grains, the median grain size of which is close to 25 micrometers. The
grains contain two metallic phases, aluminum and silicon, as revealed by X-ray diffraction. The
alloy powder was treated with sodium hydroxide solutions of different concentrations from
0.03 to 10 mol.L™. For this chemical treatment, one gram of powder was mixed with one cubic
centimeter of sodium hydroxide solution. The resulting samples were then dried at about
100°C to remove the excess of water. They were then the subject of various characterizations
making it possible to understand the modifications undergone by the initial alloy powder.
These characterizations also made it possible to select an etching process with a view to
additive manufacturing experiments intended for the production of parts comprising metallic
or ceramic type zones.

2.2.  Additive manufacturing machine

A 3D Systems ProX200 type laser fusion machine on a powder bed was implemented.
The laser beam emitted by this machine has a wavelength of 1070 nm. It is focused in the form
of a gaussian spot of 75 micrometers, on a work plate of 140 x 140 mm?2. Its power can be
regulated between 30 and 300W by step of 3W.

2.3.  Analytical techniques

The crystalline structure of the samples was studied using Bruker AXS D4 Endeavor
diffractometer equipped with a 1D LynxEye detector. Ko radiations (AKoii= 0.15405 nm and
(AKoz= 0.15443 nm) emitted by a copper anode, were used as X-ray source. The K3 ray was
eliminated by a nickel filter. A second diffractometer (Bruker Advance D8) equipped with a
heating set-up, was used to study the samples in the temperature range from room
temperature up to 1 100°C. The same wavelength was used. The chemical bonds were also
characterized by Fourier transform Infrared spectroscopy using a Nicolet 6700 of
Thermofisher Scientific, in the spectral range lying from 400 to 4 000 cm™.

The microstructure of the samples and the patterns written by the laser, were
observed by optical (Optical numerical microscope VHX 1000 from Keyence) and scanning
electron (Jeol JSM 6510LV) microscopes. Their chemical composition was analyzed by Energy



Dispersive Spectrometry (EDS) with a Brucker Quantax electron microscope analyser. The
metallic powders were pressed under 750 MPa to make green compacts. A focused ion beam
combined with field effect emission gun (SEM/FIB FEI Helios 600i) associated with Oxford
Instruments AZTEC Advanced electron microscope analyser, were used to prepare cross-
sections for chemical and microstructural characterizations.

The optical properties of the powders of AlSi12 alloy, before and after chemical
treatment, were analysed by a Bentham PVE 300 photovoltaic characterization system, with
integrating operation mode. Their specific surface area was measured by a Tristar 3020 of
Micromeritics, using the Brunauer, Emmett and Teller model (BET). The adsorbed gas was
nitrogen. The thermal behavior of the AISi12 powders was studied by thermogravimetric
analysis using a Setaram TAG 16. The powder was degassing under primary vacuum at 50°C
for 12 hours. Apparent densities of activated AlISi12 alloys powders were characterized by
Electrolab EV-O2 volumeter. Surface roughness analyses were carried out with Sensofar S-
NEOX focused variation microscope. Dielectric properties of ceramic areas were analyzed by
a Keysight N5247B PNA-X microwave network analyzer.

3. Results and discussion
3.1 Effect of the sodium hydroxide solutions on AlSi12 powder

After treatment by sodium hydroxide of the AISi12 alloy powder, the X-ray
diffractograms (Fig. 1) show that the intensity of the diffraction peaks ascribed to aluminum
decreases appreciably, unlike that of the silicon peaks, which remains approximately constant.
This observation suggests that the secondary phases resulting from chemical etching are
formed essentially from the aluminum oxidation released by dissolution of the metal. It is in
fact observed that the new phases formed, identified by X-ray diffraction, contain high
contents of this element. For sodium hydroxide concentrations lying from 1 to 3.34 mol.L?, it
is aluminum hydroxide which appears. At higher content (10 mol.L?), a sodium aluminosilicate
is detected.
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Figure 1: X-ray diffraction patterns of sodium hydroxide pre-treated AlSi12 powders
with different concentrated solutions and AlISi12 reference.

Infrared spectroscopy (Fig. 2) reveals however, that other additional compounds
appear, probably at very low levels or in poorly crystallized forms, so that their detection
escapes X-ray diffraction. However, the identification of these compounds is not easy, even
by infrared spectroscopy. The interpretation that is given is based on the comparison of the
spectra of the treated powders with the spectra of reference substances, but also on the
observation of EDS maps obtained for characteristic samples (see subsequent comments on
figure 4).
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Figure 2: Infrared spectra of sodium hydroxide pre-treated AlSi12 powders with
different concentrated solutions and AlSi12 reference.

Chemical treatment carried out with solutions of low concentrations (< 0.5 mol.L?)
generates aluminum oxyhydroxide, some broad characteristic bands of which can be detected
on the infrared spectra of the samples studied (Fig. 3). For the sample treated with a
0.5 mol.L? solution however, this oxyhydroxide seems to coexist with aluminum hydroxide.
EDS maps also confirm the coexistence of aluminum and oxygen at the aluminume-silicon grain
surface (Fig. 4). This observation is consistent with the formation of hydroxide or oxyhydroxide
phases at the periphery of the grains. Associated with these phases, the maps also reveal the
presence of sodium and carbon elements, which are constitutive of the carbonate Na,COs
observed on the IR spectra of the samples treated with concentrated solutions (> 1 mol. L?,
Figure 2).
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Figure 3: Infrared spectra of sodium hydroxide pre-treated AlSi12 powders with the most
diluted solutions and material references.
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Figure 4: Scanning electron micrograph and related EDS mapping of FIB cross-section
of sodium hydroxide pre-treated (Cnaon=0.25mol.L') AlSi12 compacted powder grains.

The chemical reactions involved could be, as Godart [24] showed, an etching on the
metal by the water for the low concentrated basic solutions, according to equations:

2Al + 6H,0 > 2AI(OH)s + 3H, for T < 21°C (1)
2Al + 4H,0 -> 2AI0(OH) + 3H; for 21°C < T< 100°C (2)

The treatments of the powder were in fact carried out at room temperature, the sodium
hydroxide mixture with AlSi12 having been dried at 100°C.

The previous EDS maps also reveal, on the surface of the grains, a region containing
both sodium and carbon. Sodium carbonate is then suspected, knowing that the carbonate
ions dissolved in the hydroxide solution can generate the reaction [25]:

CO2 + 2NaOH + H20 - Na,COs + 2H,0 (3)

The formation of carbonate is also confirmed by infrared spectroscopy (Fig. 2 and 5)
for powders treated with more concentrated solutions (1 to 10 mol.L). Aluminum hydroxide
is also clearly present in these samples. According to the work of Bolt [26], the phases
obtained would result from the succession of the following two global reactions:

2Al + 6H20 + 2NaOH - 2NaAl(OH)4 + 3H: (4)

2NaAI(OH)4+ CO2,+H0 > 2A|(OH)3 + Na»COs + 2H,0 (5)
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Figure 5: Infrared spectra of sodium hydroxide pre-treated AlSi12 powders with moderate
concentrated solutions and material references.

The chemical etching proceeds from the surface towards the core of the grains. Figure
4 gives an illustration for a sodium hydroxide concentration of 0.25 mol.L™ . However, figure 6
gives a more complete view, showing in particular that the very fine and dense oxide layer,
present on the surface of the initial grains of AlSi12, is considerably modified by the chemical
treatments. A relatively porous layer, the thickness of which increases as a function of the
concentration of the sodium hydroxide solution, replaces it. For the highest concentrations,
the grains are not only etched on the surface, but also in their core, where only a few small
nuclei of metallic nature remain.
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Figure 6: Scanning electron micrographs of sodium hydroxide pre-treated AlSi12
compacted grains with different concentrated solutions and AlSi12 reference.

The surface layer created by chemical treatment has a strong impact on the optical
properties of the powder. The absorbance of the initial powder at the wavelength of the laser
(1070 nm) of the additive manufacturing machine used subsequently, thus suddenly increases
from 0.65 to more than 0.8, even after the etching by the least concentrated sodium
hydroxide solution (0.03 mol.L). At such a concentration, the thickness of the surface layer is
only 300nm. Significant changes are also seen in the specific surface area of the powder, which
is large when aluminum oxyhydroxide predominates (Fig. 7). This suggests that the
oxyhydroxide formed is very porous and from this point of view, extremely different from the
passivation layer of the initial alloy. Finally, the apparent density of the powder decreases
significantly when the powder is more strongly etched (Fig. 7). The development of porosities
and the surface roughness of the grains, which hinders spontaneous compaction, are at the
origin of this evolution.
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Figure 7: Specific surface areas (filled bars) and apparent densities (striped bars) of sodium
hydroxide pre-treated AlSi12 powders with different concentrated solutions.

Selection of AlSi12 powders treated by sodium hydroxide

The final objective of the present work is to manufacture by laser fusion on a powder
bed, parts made up of conductive metal regions, on the one hand, and ceramic-type
dielectrics, on the other. The preceding treatments with sodium hydroxide are certainly
intended to increase the reactivity of the alloy powders, but they must also retain their
predominantly metallic nature. After melting, these powders must in fact form the conductive
metal zones. A first selection of the activated powders was therefore made by testing their
ability to conduct electricity after a simple compacting.

For this, the powders were pressed at 750 MPa in a stainless steel die, in order to form,
after demolding, discs 5 mm in diameter and 5 mm in thickness. The ability of the disks to
conduct electricity was evaluated by an ohm-meter connected to their two opposite surfaces.
Although this test is approximate, it is very discriminating. It makes it possible to show that
for chemical treatments employing concentrations greater than, or equal to 3.3 mol.L?, the
compacts no longer conduct electricity. Consequently, the powders thus treated cannot be
selected for the additive manufacturing of multi-material parts.

This first selection made, the reactivity of the remaining powders was evaluated from
thermogravimetric analyzes. Admittedly, the heating conditions in a thermo-balance are very
different from those resulting from irradiation by a laser beam, but thermogravimetry
nevertheless makes it possible to reveal the aptitude of a powder to be oxidized. It also makes
it possible to make useful comparisons for a second level of selection.
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Figure 8: Thermogravimetric analyses of sodium hydroxide pre-treated AlSi12 powders with
different concentrated solutions and AlSi12 reference. Heating rate is 2.5°C.min! under air
atmosphere with prior vacuum degassing at 50°C during 12h.

Analyzes were therefore carried out on the powders treated with sodium hydroxide
concentrations less than or equal to 1 mol.L™%. These analyzes demonstrate a first gain in mass,
which occurs in the vicinity of the melting temperature of the AlSil12 alloy (577 ° C) for all the
powders studied. The melting of the metal, reflected by the disappearance of the diffraction
peaks of the metal alloy (Fig. 9), indeed facilitates a slight oxidation. The latter, however, only
very weakly increases the diffraction peaks attributed to the oxide y-Al,Os (Fig. 9).

Since the aluminum has been preferably oxidized by the sodium hydroxide treatments,
the initial eutectic alloy is all the more depleted in this element as the hydroxide concentration
is high. The remaining alloy therefore has a higher melting point. This is the reason why the
oxidation in air at about 600°C, revealed by thermogravimetry, shifts towards high
temperatures for powders treated with the highest sodium hydroxide contents.
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Figure 9: X-ray diffraction patterns obtained by in-situ heating at different temperatures of
sodium hydroxide pre-treated AlSi12 powder with 1 mol.L? solution.

At temperatures above about 800 °C, oxidation accelerates and essentially reveals the
alpha and theta allotropic varieties of alumina. X-ray temperature diffraction also reveals a
peak, which could be attributed to NaAlSiOs (Fig. 9). These oxidations occur at lower
temperatures for powders treated with high concentrations. Their reactivity towards oxygen
is clearly increased compared to the initial alloy powder. On the other hand, for
concentrations below 0.25 mol.L?, the chemical treatment does not increase the reactivity. It
would even seem that it tends rather to passivate the powders, at least for the lowest
concentrations and at the lowest temperatures.

3.2. Powder bed fusion with “activated” powders of AlSi12 — Manufacture of parts
made of metallic and dielectric zones

All of these results therefore lead to consider only the powders treated by sodium
hydroxide concentrations between 0.25 and 1 mol.L?, for the manufacture of metal-oxide
multi-material in laser fusion on a powder bed. Considering that the major difficulty lied in the
oxidation of the AISi12 powder under a laser beam, it seemed relevant to initiate
manufacturing tests with the powder whose reactivity was the most strongly enhanced,
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namely the powder treated by a 1 mol.L? solution. For this reason, the following additive
manufacturing experiments were carried out with such a powder.

Laser fusion on a powder bed offers a very large number of parameters likely to
influence the production of parts with a given material (laser power, scanning speed, hatch
spacing, powder bed thickness, compaction rate, atmosphere, laser focusing, ...). It is in
practice impossible to explore all the combinations of these parameters. This is the reason
why we have set some of them at values deemed reasonable and suitable for the production
of the multi-material ceramic-metal parts targeted. The ambient air was thus chosen the
manufacturing chamber atmosphere (# 20% oxygen and 80% nitrogen). Since parts based on
AlSi12 alloy can be manufactured in air, one could indeed hope to manufacture metal in this
atmosphere, even with an alloy pre-treated with sodium hydroxide. Moreover, the oxygen in
air was also essential for the oxidation of the metal necessary to make the ceramic regions.
The thickness of the powder bed was set at 50 micrometers, taking into account in particular,
the particle size of the AlSi12 powder used (see experimental part). The laser spot size was
focused on the surface of the powder bed. Its diameter was close to 75 micrometers. An
hexagonal pavement was chosen to build the parts (diameter in which the hexagon is
inscribed equal to 10 mm). On the other hand, the good combinations of power, speed of
movement of the laser and hatch spacing leading to coherent parts, at the same time dense
and not very rough, have been sought, not only to form the metallic zones, but also to obtain
the ceramic zones. Such experiments were led on cubic parts of 1 x 1 x 1 cm3.

3.3 Metallic areas

For metallic areas, the ranges explored were 30 to 270 W for power, 100 and 1 800
mm.s™! for scanning speed and 10 to 180 um for hatch spacing. For the lowest powers (<40
W), the melting of the metal grains is not done correctly. These remain in powder form and
the parts cannot be constructed. At high powers (i.e. higher than about 60 W), the laser shock
tends to expel the metal powder from the irradiated areas, in particular when the scanning
speed is high (> 400 mm.s?). So, parts cannot be built either. Deformed parts made of large
metal aggregates are best obtained for scanning speeds of between 100 and 400 mm.s™.
However, for a scanning speed of 100 mm.s%, there is a fairly wide range of power (approx.
50 to 70 W) and hatch spacing (approx. 20 to 180 um), in which parts with a very high good
mechanical cohesion, regular geometry and relatively smooth surface can be produced (Fig.
10).

13
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Figure 10: Conductive samples manufactured from sodium hydroxide pre-treated
AlSi12 powder with 1mol.L"? concentrated solution. Parameters (laser power, scanning
speed and hatching spacing) are specified on each test matrix.

Even if these manufacturing conditions cannot be considered optimal, a power of 54W,
a scanning speed of 100 mm.s* and a hatch spacing of 20 micrometers, were finally chosen to
manufacture the metallic areas of the multi-material parts, which will be presented at the end
of the article. The material obtained is an aluminum-silicon metal alloy, which however
contains alpha alumina as well as very low contents of the allotropic varieties 3, 6 and y of this
oxide (Fig. 11). The metal alloy is less rich in aluminum than the starting AlSi12 powder, given
the partial oxidation of the aluminum. The relative intensities of the peaks of silicon,
compared to those of aluminum, are in fact greater for the alloy obtained by laser melting
than for the initial AlSi12 powder. Despite the presence of a small amount of oxide, the alloy
resulting from the additive manufacturing has an electrical conductivity of the metallic type.
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Figure 11 : X-ray diffraction patterns of sodium hydroxide pre-treated AlSi12 powder with
1mol.L? concentrated solution and bulk conductive sample
obtained after laser powder bed fusion.
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3.4. Dielectric ceramic areas

Obtaining ceramic areas is more challenging because it requires both oxidation and
sintering of an alumina-type refractory material. The simplified equation [27] describing the
evolution of the oxidized thickness over time on the surface of a metal, teaches that oxidized
part of a metal increases with oxygen partial pressure, temperature and time:

X oc 105 @ QRT (pg,)i/n (7)
with:

X: thickness of the oxidized layer
t : oxidation time

Q: Energy of activation

T: temperature

Po2: oxygen partial pressure

n: constant.

The partial pressure of oxygen being fixed by the air contained in the chamber of the
machine, the question is how the temperature and the time can be influenced by the choice
of the manufacturing parameters.

The thermal effects created on the surface unit of the powder bed depend on the
energy provided by the laser spot. The more this energy increases, the higher the temperature
at the surface of the powder. For a unit area of a powder bed, the laser heating time “t” is
such that:

t=1/(v.h). (8),

h is the hatch spacing,
v is the scanning speed of the laser spot.

The energy per unit surface area “E” (energy density) received, will be therefore :
E=P/(v.h) (9),
P is the laser power.

Even if the energy density area provided (P / (v.h) ) will be significantly consumed by
radiation and thermal conduction in particular, it will be the basis of the temperature rise
responsible for the physicochemical transformations (melting, oxidation, sintering, etc...)
undergone by the powder bed. Furthermore, the time during which the powder bed will be
maintained at a high temperature, allowing in particular the progression of the oxidation, will
increase as a function of (1/(v.h))%°. For all of these reasons, it appears that the manufacturing
parameters h, vand P are very important and that the most favorable conditions for obtaining
an oxide-type material will be sought for combinations giving mainly high E=P / (v.h) values.
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The exploration of the manufacturing conditions was however limited by the minimum
power necessary to obtain sintered parts (P 2 35 W) and the maximum power allowing to
avoid the powder expulsion (P < 90 W). Although paying great attention to the low values of
h and v, the ranges tested were 1 to 16 um and 100 to 1600 mm.s™. It was thus possible to
have samples that differ greatly in the energy E received per unit area. The samples produced
at the highest energy densities are represented by circles on the graph showing the laser
power used, as a function of the product of the parameters h and v (Fig. 12). On this graph,
the line P = E.(v.h) with E= 36 J.mm™, is also plotted. The figure 12 thus shows a phase diagram
in which are grouped together in the zones where the energy densities E are the highest
(empty circles), the dielectric samples consisting mainly of aluminum oxides. The conductive
samples, which are essentially metallic in nature, are for their part, located in the areas for
which E is lower (solid circles). The energy per unit area defining the boundary between these
two regions is indicated by a dotted line. It is close to 36 J.mm™. The horizontal dotted lines
define approximately the regions for obtaining coherent parts.
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Figure 12 : Phase diagram of samples obtained for different values of laser power P and
different product of hatch spacing h and laser scanning speed v.

Three characteristic insulating samples, obtained under conditions of identical
scanning speed and hatch spacing (1000 mm.s and 1 um) but at different powers (36, 54 and
66 W), show mainly the a-Al,O3 phase in their X-ray diffractogram (Fig. 13). This is however
accompanied by a residue of metallic silicon and even of aluminum, for the sample obtained
at the lowest power and whose value of E calculated according to equation (9), is close to the
limit separating the conductive and insulating materials in figure 12. We also note the
presence of additional diffraction peaks attributed to the 8-Aligs0283Na and y-Alxg10356N4
varieties of aluminum oxynitrides. According to Corbin [28], these phases could form by
reaction between liquid aluminum and air around 1500 °C. It is therefore not surprising to
detect their presence in samples obtained by laser fusion, since it has already been shown
that such temperatures are exceeded during the additive manufacturing of ceramic-metal
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composites [29] or laser decomposition of metal organic compounds [30][31]. A very low
intensity peak also suggests the existence of traces of aluminum nitride. All these phases are
revealed on the surface of the samples, but also within their cross section, with the exception
of metallic aluminum, which could only be detected on the surface of one sample only.

Dielectric sample / (XY) cross-section
P=66W - v=1000mm.s* - h=0,001mm
E=66J.mm

Dielectric sample / (XY) cross-section
P=54W - v=1000mm.s! - h=0,001mm
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Figure 13 : X-Ray diffractograms of dielectric sample cross-sections (XY plane) obtained by
selective oxidation of sodium hydroxide pre-treated AlSi12 powder (Cnaon=1mol.L't) under
air. Different specific laser beam parameters
(different energies per surface unit) were implemented.

Infrared spectroscopy (Fig. 14) shows bands characteristic of alpha alumina thus
confirming the previous results. This technique also shows a broad band of low intensity,
which testify to the presence of Si-O bonds in sodium aluminosilicate NaAlSiOs, identified in
the powders treated with sodium hydroxide. This compound is detected primarily for the
sample prepared under high laser power (66 W).
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Figure 14: Infrared spectra of crushed to powder dielectric samples obtained by selective
oxidation of sodium hydroxide pre-treated AlSi12 powder (Cnaon=1mol.L?) under air
atmosphere with specific laser beam parameters (different energies per surface unit) and
material references.

The samples studied above are relatively rough (Ra close to 130 um). Observation of
transverse sections also reveals a microstructure in regular strata of about 250 um thick (Fig.
15). This value is approximately five times greater than the 50 um thickness of the powder
beds, successively spread during the manufacture of the parts. Stratification is therefore not
directly related to the adjustment of the powder supply to the part construction area. EDS
analyses show that the strata are essentially made up of aluminum and oxygen, in good
agreement with the predominance of alumina in the samples previously studied by X-ray
diffraction. The areas separating two successive strata, however concentrate the elements
sodium and silicon. The latter is more in the metallic state, the electron micrograph indeed
showing a strong contrast of these regions. Sodium is very probably involved in the
aluminosilicate previously identified by infrared spectroscopy. The concentration of metallic
silicon and sodium aluminosilicate, could result from their diffusion on the surface of the
layers melted by the laser. Their accumulation as the part is built, especially after stacking
about five layers, would allow them to reach a critical proportion causing dissociation with the
part containing predominantly alumina. This is how cracks would form and a relatively large
porosity would develop between two strata, near the areas mainly containing metallic silicon
and sodium aluminosilicate. This interpretation must be subsequently confirmed by varying,
in particular, the silicon and sodium contents of the powder, used by the manufacturing
process.
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Figure 15 : Cross-section view of a ceramic obtained
atP=60W, v=800 mm.s-1 and h =0.001 mm with related EDX chemical maps.

The density of the ceramic cubes produced was measured from their mass and volume.
The values obtained for the power range examined are compiled in Table 1. The highest
densities (2.8 g.cm™) are obtained for the highest powers used. They correspond to a relative
density of about 70%, if we consider that the material resulting from the oxidation consists of

100% alumina.

. . . Relative density
Dielectric samples obtained by . 3 .
. L Measured density (g.cm™) considering samples are
selective laser beam oxidation
pure a-Al,0;
P=36W —v=1000mm.s™* — h=0,001mm .
D=36J.mm™ 2,08 >2%
P=42W —v=1000mm.s — h=0,001mm 0
D=42).mm 179 45%
P=48W - v=1000mm.s™* — h=0,001mm .
D=48).mm™> 2,71 68%
P=54W - v=1000mm.s™* — h=0,001mm .
D=54).mm™ 2,63 66%
P=60W — v=1000mm.s™* — h=0,001mm .
D=60J.mm™ 2,79 70%
P=66W — v=1000mm.s* — h=0,001mm .
D=66J.mm™ 2,80 70%

Table 1: Densities and relative densities of dielectric samples manufactured with specific
laser beam parameters (energy per unit surface).
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Relative permittivity of some ceramic samples, manufactured with different laser
parameters, have been identified by means of microwave network analyzer (Table 2). For the
greatest energies per surface unit, relative permittivity of ceramic samples is close to a
alumina [32] and silicon [33] relative permittivity.

Energy Relative
Sample density E permittivity
(J.mm?2) (1to 20GHz)
Cylinder
(@=30mm, H=10mm) 63 8->
Plate
(50 x 50 x 2 mm?3) 67 85-5
Plate
(20 x 20 x 2 mm?) 67 10-6.5
Plate
(20 x 20 x 2 mm?) 74 11-8

Table 2: Relative permittivity of ceramic samples with different dimensions and
manufactured with different surface energy densities

3.5. Multi-materials parts with metallic and dielectric areas

The conditions for the development of metallic or dielectric areas having been
identified, the production of multi-material parts from a single powder became possible. A
few parts intended to demonstrate the feasibility, were therefore produced using the
manufacturing conditions reported in Table 2.

Conductive areas Dielectric areas
P=60W - v=100mm.s™* — h=0,05mm | P=60W — v=1000mm.s™* — h=0,001mm
E=12J.mm™> E=60J.mm>

Tableau 2 : Manufacturing conditions for multi-material parts.

The assemblies obtained (Fig. 16) show the association of the dielectric parts of gray
color with the predominantly metallic parts of black color. The dielectric ceramic areas are not
completely white as one would expect from a material consisting essentially of alumina.
However, no heterogeneity of composition was observed at the surface of the samples. Taking
into account the observations of cross sections, which reveal strata containing metallic silicon,
it is possible that the shades of gray observed result from these regions concentrating small
guantities of metal. These regions could thus be perceived by transparency. It has also been
observed that the side faces of the ceramic parts are not very well defined when they are not
in contact with a merged metal wall. The formation of the ceramic therefore takes place in a
better controlled geometry when it is confined in even relatively thin metal walls (about 0.5
mm).
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Figure 16 : 3D multi-material parts composed of conductive areas (black)
and dielectric areas (grey)(side of multi-material squares: 2 cm).

The ceramic-metal interface is not perfectly smooth (Fig. 17). In fact, an
interpenetration of the oxide phases and of the metal, is observed over a thickness of
approximately 200 micrometers. For the manufacturing of certain microwave devices, this
interface will have to be improved in the future. As the entire area where the dielectric
materials are located in the diagram of figure 13, has not yet been explored, it seems possible
to improve the ceramic-metal interfaces. In addition, specific part construction strategies can
be considered on either side of the interfaces, to achieve better ceramic-metal assembilies.
There are therefore real prospects for improvement.

-
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Figure 17 : Interface between dielectric ceramic and metallic region in a multi-material part
fabricated by laser fusion on powder bed.

4. Conclusion

The feasibility of manufacturing by laser fusion on a powder bed, multi-material parts
made up in the three directions of the space, of ceramic or metal zones, was demonstrated
during this work. Such parts could be of interest for instance, to microwave electronics since
they can potentially associate, in complex geometries, an electrically conductive metal with
an insulating ceramic material of high dielectric constant.
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The process developed uses a single AlSil12 alloy powder previously activated with a
sodium hydroxide solution. This treatment allows the compact and protective passivation
layer of the starting alloy to be replaced by a more porous layer. The powder thus activated
then becomes easier to oxidize and it is then possible to manufacture multi-material parts
from a single powder. To achieve the production of multi-material parts, it is however
necessary to apply differentiated manufacturing conditions depending on whether one wishes
to obtain a metallic or ceramic zone. It is shown that obtaining and sintering oxides requires
adjusting the manufacturing parameters so that the laser provides an energy per unit area E,
which is higher than for the melting in the metallic state of the activated powder. The
manufacturing parameters to be set as a priority are the power P of the laser beam, its
scanning speed v and the hatch spacing h. The energy E supplied per unit area of the powder
bed using the laser, is in fact equal to the ratio P /(v.h). When E is less than approximately 36
J.mm2, the material obtained is predominantly metallic. It then conducts electricity. For
higher E values, a ceramic predominantly made up of alumina, is formed and sintered. The
material obtained is then dielectric (dielectric constant # 8).

The three-dimensional ceramic-metal associations obtained by laser fusion still suffer
from some imperfections. The surface of the parts is relatively rough, especially in the ceramic
regions, which are otherwise modestly densified (less than 70%). The ceramic-to-metal
interfaces are also quite rough. All of these characteristics will therefore have to be improved
in the future with a view to producing devices for the space industry or other sectors of activity
wishing to combine in complex geometries, a ceramic and a metal. However, different degrees
of freedom not yet exploited, point to future positive developments.
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