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Abstract

Among Additive Manufacturing (AM) methods, Laser Powder Bed Fusion (L-PBF), also called Selective Laser Melting
(SLM), is prevalent to printing complex metal parts in small and medium series. Recent studies in L-PBF processing
develops the manufacturing of new materials, including thermoelectric (TE) materials. This study presents manufacturing
of an N type SisoGez powder by L-PBF. Silicon germanium alloy is a TE material intended for high temperature
applications. It is the first time that this semiconductor material is studied by AM technology. Dense samples of various
shapes and sizes were produced, and a first process window was identified. Structural analyses have been performed,
highlighting good densification. Unfortunately, mechanical cracking occurs in all samples. TE properties were investigated
on as built samples, displaying low values (ZT=0.11 at 600°C), due to poor electrical conductivity. Overall, these results
show that L-PBF of silicon germanium is possible, which could open up its scope of applications.

© 2023 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Materials science in
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1. Introduction

Global energy consumption has risen significantly for 50 years and is expected to rise in the decades to come.
In addition, the need of alternative ways of producing electricity that are not relying on fossil fuels amplifies to
face current environmental issues. Many methods to produce energy involves heat, and therefore heat losses.
Thermoelectric materials are capable of producing electricity while under temperature differences (Seebeck
effect), and can conversely create a heat flux while under current (Peltier effect). So, these materials present
themselves as an environmentally friendly way to harvest energy from heat losses and other heat sources.

Thermoelectric power generation does not require moving parts, and involves only solid-state materials, which
makes this method reliable and durable for producing electricity with low-maintenance. Currently, the main
setback for Thermo-Electric Generators (TEG) is their efficiency [1,2]. TEG efficiency is highly dependent of
TE figure of merit (ZT) of materials, defined by equation (1):

0S?

with T the temperature and ¢, S and « the electrical conductivity, Seebeck coefficient, and thermal conductivity
respectively. Another weak point for TEG is their poor geometry variety. Current conventional methods of bulk
TE material production such as hot pressing or Spark Plasma Sintering (SPS) allow only to produce planar TE
modules [3]. Besides, heat or cold sources shapes are often curved, which does not allow optimal heat transfer
between TE device and hot/cold sources. Moreover, these techniques involve a dicing step to shape the bulk
material into legs, which produce many losses due to TE materials brittleness [4-8].

Additive manufacturing (AM) offers a new approach to produce TE materials, allowing a huge variety of shapes
and design. Parts are directly produced with desired shape, and can easily be removed from the plate, which
enables to avoid drawbacks of the dicing step. Furthermore, these techniques unlock new microstructures that
could lead to enhance materials TE performances. For the last five years, additive manufacturing of TE materials
was studied using various techniques such as Laser powder bed fusion (L-PBF), solution printing [9] or fused
deposition modelling [10]. Among these AM methods, L-PBF shows the most promising TE properties [10]
because it involves only TE materials, without the need to mix it with polymers, in an ink or a slurry.

El Desouki et al. were the first to introduce AM of TE materials, with their work on L-PBFof Bi>Tes [11]. Then,
more research on Bi,Tes; was carried out [6-8,12—18] and more specifically with the work of Qui et al. and Shi
et al. exhibiting especially high ZT (reaching peak values of 1.1 and 1.3 at 43°C and 50°C respectively)[13,14].
Other TE materials were also recently studied such as Sh,Tes [19], MnSi [20], or MgSi [21], leading for
instance to flexible TE composites [9] and tube-like TEG [22].

L-PBF is an emerging additive manufacturing technique mostly used to produce metal parts from Computer
Aided Design (CAD) models using metallic powder (Figure 1). This technique is well suited to produce complex
parts in small or medium production runs. The CAD model is sliced, and then the part is built layer by layer by
adding a thin layer of powder melt locally following the shape of the CAD model. Cooling rates involved in this
process are fast (up to 10* to 108 K.s%), and thermal gradients are mostly oriented along the Building Direction
(BD), which results generally in very fine grain anisotropic microstructures [23-25].
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Figure 1. Schematic illustration of the Laser-Powder Bed Fusion (L-PBF) process showing the various phenomena induced by laser-
powder interaction, solidification and solid-state transformation [26].

Silicon germanium SiGe is the most commonly used TE material for high temperature applications (800-
1000°C) such as Radio Thermoelectric Generators (RTG) for satellites, or surveillance in hostile environments.
SiGe alloy crystallizes in cubic diamond structure [27]. This structure is stable for all stoichiometries, with Ge
atoms in substitution within the Si crystal. N-type SiGe can be easily obtained with phosphorus doping, while
P-type can be obtained with boron, which enables producing TE devices with only one base material [2,5]. This
work presents the development of L-PBF processing parameters in order to produce N-type SiGe parts, and
characterization of the first SiGe samples produced via this process.

2. Materials and manufacturing methods
2.1. Powder properties

Figure 2 shows a SEM image of the N-SiGe powder used in this work, which was obtained by gas
atomization. This image displays that a significant portion of particles exhibits low sphericity. A high number
of small particles tends to group in clusters, or forms satellites around coarser particles, assuming strong static
gripping. Table 1 presents results of powder chemical analysis by Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES). Powder chemical composition is close to the common SiggGezo composition [2] with
1.2at.% phosphorus as doping element. Particle size distribution was measured with a laser scattering particle
size distribution analyzer Master sizer 2000 from Malvern Instruments® (Table 2). Median particle size of the
powder used is close to typical particle size for L-PBF (around 20um). However, size repartition (d90%-d10%)
is wide (55um) compared to powders usually employed in L-PBF process (~25um) [28] which corroborates
SEM observations.

Morphologic analysis of powder particles was conducted thanks to image analysis software Morphologi. 50000
particles were detected by the software. Aggregates and particles that are too small to be analyzed by the
software need to be excluded from the analysis, as they are not relevant. In this work, we first excluded particles
with a diameter < 2um (6054 particles excluded), and particles with solidity < 0.90 (1965 particles excluded).
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41981 particles were retained for the final analysis. Particle aspect ratio (width / height) is presented in Table 2.
This aspect ratio repartition is typical of particles with low sphericity, which corroborates SEM observations.
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Figure 2. SEM image of N-SiGe powder used in this work.

Table 1. Chemical composition of N-SiGe powder measured par ICP-OES.

i 0, ic9
Atomic element weight % WEIght. % atomic % atomlc_ %
uncertainty uncertainty
Silicon 61 3 79 2
Germanium 39 2 20 2
Phosphorus 1.0 0.1 12 0.1
Table 2. N-SiGe powder statistic repartition of particle size by volume and aspect ratio by number.
Size repartition (vol) Aspect ratio repartition (nb)
d10% 4.7um First decile (10%) 0.66
d50% 16.3um Median (50%) 0.87
d90% 60.2um Last decile (90%) 0.96

Powder apparent density pa and powder tapped density pt were measured and compared according to standard
3923-2. Table 3 presents powder density and avalanche angle. Hausner ratio Hr and Carr index C, are calculated
respectively with equation (2) and (3) [29].

Hg = pr/pa @)
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Powder flowability can then be qualified with Hausner ratio and Carr index according to Table 4. Carr Index
and Hausner ratio obtained for the powder used in this work indicate a very poor flowability, which is not ideal
for a good powder spreading. Avalanche angle was measured with a revolution mercury scientific rotating drum.
The powder is put in a drum, which rotates slowly [30]. Drum rotation will trigger avalanches that will be
captured on camera. 200 avalanches are registered, and the avalanche angle value is the median of the 200 angles
measured. Ideal avalanche angle for L-PBF is below 45°, in order to guarantee a good powder bed spreading.
Avalanche angle measured for this powder is 55.8°, which confirms the bad flowability. Finally, photonic
absorption at the laser wavelength (A=1064nm) was measured by spectrophotometry with a Perkin Elmer Landa
950. Powder absorption measured at A=1064nm is 85.3%, which is significantly higher than the typical value
(60%) for metallic powders employed usually in L-PBF process. Powder pycnometer density was measured
with an AccuPyc 11 1340 Pycnometer. SiGe theoretical density can be calculated relative to Ge content in the
material from [31] (3.008g.cm™ for a SigGezo composition). Pycnometer measurements yields 3.107g.cm,
slightly higher than theoretical value.

Overall, the N-SiGe powder used in this study is not optimal for L-PBF process, especially concerning its
flowability characteristics, which will limit the choice of recoating systems usable for its spreading.

Table 3. N-SiGe powder flowability characteristics.

Powder characteristics

Apparent density (g.cm™®) 1.219
Tapped density (g.cm®) 1.824
Pycnometer density (g.cm) 3.107
Hausner ratio 1,50
Compressibility index 33,2
Avalanche angle 55,8°

Table 4. Powder flowability relative to Hausner ratio and Carr Index[29].

Flowability expected Hausner ratio Carr Index

Excellent / very free flow 1.00-1.11 <10

Good / free flow 112-1.18 11-15

Fair 1.19-1.25 16 -20

Passable 1.26-1.34 21-25

Cohesive / poor flow 1.35-1.45 26 -31

Very cohesive / very poor flow 1.46 -1.59 32-37
Approximately no flow > 1.60 >38

2.2. Printing parameters development

Printing parameters development was performed on a 3D systems ProX200 device, equipped with a 270W
1064nm wavelength laser with a 70um spot diameter. ProX200 recoating system is a roller, which allows
spreading powders with poor flowability. All productions in this work were conducted under argon atmosphere
with a 1000ppm of dioxygen threshold, on a SAE 430 stainless steel plate support with a layer thickness value
set to 30um.
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As there is no reference works of SiGe manufacturing by L-PBF, a study of single tracks stability with laser
power ranging from 15W to 268W and laser speed ranging from 400 to 2000mm.s™* was conducted. A printing
quality map was drawn up (Figure 3) and displays a stable zone at speed ranging from 400mm.s* to 600mm.s*
and laser power from 100W to 270W.

V =600 mm/s ; P=248W

[P,..=270w]

- * X
V = 1000 mm/s ; P=185W ;
~ S = Lack of fusion, P
) 1 [ .
500 ym < g balling
. <] o6
& . 7
,
9 100 o’ L e
s .
L L e emmemimimimimis
o o o % ’.*" (8ol
V= 2000 mm/s ; P=216W B = e EZ E et -
. S Lack of fusion, @ = 7 _.«: =" . o o o . . . .
; 3 bllg = | : i : : i :
S ————— b . ,. O
§ Dl > - 400 800 1200 1600 2000
e

Mark speed (mm.s?)

Figure 3. Printing quality map of N-SiGe single tracks with binocular images of the three groups identified.

The first attempt to build 3D parts with these stable parameters led to balling parts. Thermal behaviours are
different between single tracks and 3D parts. SiGe thermal conductivity is low (4W.m™.K1) compared to regular
alloys used in L-PBF (316L Steel: ~20W.m™.K'* and AlSiz: ~170W.m™.K™%). As a result, heat accumulation
occurs during 3D parts building, whereas in the case of single tracks, the steel tray quickly dissipates heat.

Therefore, a new lasing strategy is necessary to avoid heat accumulation and limit balling phenomenon while
building 3D parts. The approach retained in this study is to give heat more time to dissipate by increasing the
time between two laser tracks. To achieve this, the laser jump speed between two adjacent tracks was reduced
from 5000mm.s?* to 150mm.s?, in conjunction with a unidirectional scan strategy. This method led to
successfully build 3D SiGe samples with various shapes, designed for TE properties characterisation.

Table 5 displays the eight sets of printing parameters that led to successfully build samples, on two trays. Their
calculated volumic energy density VED is also presented. VED helps to draw qualitative comparison between
different printing parameters sets, as it summarizes the combined effects of several L-PBF parameters. It is
defined by equation 4 [32]:

P
VED = —— 4)
th Vmark

with P the laser power, t the layer thickness, h the hatch, and vimark the laser mark speed.
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Table 5. Printing parameters that led to successfully build samples, with their calculated VED.

Printing parameters (Tray 1) Set 1 Set 2 Set 3
Laser Power (W) 99 99 127
Mark speed (mm.s™) 400 600 400
Volumic energy density (J.mm) 156 104 200
Jump speed (mm.s?) 150 150 150
Hatch (um) 45 45 45
Scan strategy Unidirectional, Unidirectional, Unidirectional,
0-90° 0-90° 0-90°
Layer thickness (um) 30 30 30
Printing parameters (Tray 2) Set4 Set5 Set 6 Set7 Set 8
Laser Power (W) 127 134 134 142 134
Mark speed (mm.s?) 350 400 350 350 300
Volumic energy density (J.mm) 229 212 242 256 282
Jump speed (mm.s™) 150 150 150 150 150
Hatch (um) 45 45 45 45 45
Scan strategy Unidirectional, Unidirectional, Unidirectional, Unidirectional,  Unidirectional,
0-90° 0-90° 0-90° 0-90° 0-90°
Layer thickness (um) 30 30 30 30 30

Table 6 displays samples printing quality relative to their shape, dimensions and printing parameters. Figure 4
shows top view of as built samples, alongside a general view of tray 2 (Figure 4a). Samples printed with set 1,
and 3 to 6 show a smooth and uniform surface (Figure 4b, d-g). Printing parameters sets 3 to 6 displays also the
best results in regards to printing quality. These four sets presents laser power ranging from 127 to 134W, laser
speed ranging from 350 to 400mm.s* and VED ranging from 200 to 250J.mm-3,

By contrast, set 2 sample (Figure 4c) display a large number of holes in its top surface. They were later found
to be columnar defects aligned with BD. These are likely lack of fusion defects, as set 2 display high mark
speed (600mm.s™) and low VED (104J.mm3) relative to other printing parameters sets. Some samples of set 7
and 8 display shinier areas on their top surface (Figure 4h, i). This surface state is also observed on cracked and
overmelted parts, and is linked to the fact that both sets are the ones with the highest VED (>250J.mm).

2 mm

Figure 4. Pictures of as built tray and samples. Figure 4a display a photo of tray 2. Figure 4b-i correspond to binocular top view of as
built shape 2 samples printed with printing parameters set 1-8 respectively.
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Table 6. Printing quality relative to samples shapes, dimensions and printing parameters.

General aspect

General aspect

General aspect

Tray 1 Section Height Set 1 Set 2 Set 3
Shape 1 Cylinder d=5.2mm 5mm Partially Partially Completely
crumbled crumbled built
Shape 2 Cylinder d=9.8mm 7mm Completely Completely Completely
built built built
Shape 3 Cuboid 3x15mm? 7mm Crumbled Partially Completely
crumbled built
Completely Completely Completely
built built built
Shape 4 Cuboid 5x5mm? 7mm Crumbled Crumbled Completely
built
Shape 5 Cuboid 10x10mm2 14mm Partially Completely Completely
crumbled built built
Shape 6 Cuboid 3x3mm? 14mm Teared off Teared off Crumbled
Tray 2 Section Height General General General General General
aspect Set4  aspect Set5 aspectSet6  aspect Set7  aspect Set 8
Shape 1 Cylinder d=5.2mm 3mm Completely ~ Completely ~ Completely ~ Completely ~ Completely
built built built built built
Completely  Completely  Completely ~ Completely  Completely
built built built built built
Shape 2 Cylinder d=9.8mm 5mm Completely ~ Completely ~ Completely ~ Completely ~ Completely
built built built built built
Completely ~ Completely  Completely ~ Completely ~ Completely
built built built built built
Shape 3 Cuboid 3x15mm? 5mm Completely ~ Completely ~ Completely ~ Completely ~ Completely
built built built built built
Completely  Completely ~ Completely ~ Completely Crumbled
built built built built
Completely ~ Completely ~ Completely Partially Crumbled
built built built crumbled
Completely  Completely  Completely Crumbled Teared off
built built built
Shape 7 Cylinder d=14mm 7mm Completely ~ Completely ~ Completely ~ Completely  Completely
built built built built built

2.3. Sample preparation

All samples were removed from the tray via localized shock. Samples studied by optical microscopy were
coated with epoxy and polished with a PRESI Mecatech 234 disc polisher and colloidal silica. Samples studied
by SEM were coated with a composite carbon black/phenol and polished with colloidal silica. SEM images and
EDS analysis were conducted on a LEO 1530 SEM, and EBSD analysis was conducted on a Zeiss Merlin FE-

SEM.
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3. Results and discussion
3.1. Density

Shape 5 and 7 samples density was measured by Archimedes method [33] with a Mettler balance (Type
AE200) for all printing parameters sets. The fluid used is anhydrous ethanol. Table 7 displays measured
densities and open porosity, along parts density and closed porosity, calculated relative to powder pycnometer
density (3.107g.cm3).

Table 7. Density and open porosity measured on shape 5 and 7 samples by Archimedes methods. Closed porosity and parts density are
calculated relative to measured powder pycnometer density.

Setl Set 2 Set3 Set4 Set5 Set 6 Set7 Set 8

Density (g.cm) 2.99 2.85 3.00 2.95 2.98 3.00 297 2.96
Open porosity (%) 0.8 5.4 0.5 1.9 0.9 0.8 1.2 18
Closed porosity (%) 2.9 2.8 3.0 33 3.1 2.6 31 29
% of pycnometer density 96.4 91.8 96.5 94.8 96.0 96.6 95.7 95.3

Part densities are between 91.8% and 96.6% of powder density, with a calculated amount of closed porosity of
3%. Figure 5 shows measured densities relative to VED. Set 2’s point displays the lowest density for the lowest
VED value. This sample presents columnar lack of fusion defects, which explains the low densities observed.
Samples from set 1, 3, 5 and 6 are above 96% of theoretical density. These four sets are within VED between
140 and 220 J.mm3,

] 3.2
= = Tray 1
. e Tray2
G L % =
e 3.1F3,107 0/05
o L98% >
> L T . &2
£ 3,0 . ' L96% &
5 - ’ °
= L94%
29}
) L92%
. 238 : : :
. 100 150 200 250 300
°]@ Set 2 Energy density (J.mm?)
@

Figure 5. Density measured by Archimedes method relative to VED. Density was measured on shape 5 samples in tray 1 and shape 7
samples in tray 2. The horizontal line displays powder pycnometer density, which was used as reference.

An optical analysis was conducted on sample cuts along BD, to gather more information on porosities. Two
samples were studied: set 1 shape 5 (three cut planes) and set 6 shape 7 (four cut planes). Table 8 displays
densities measured by optical analysis. On set 1 shape 5 sample, relative density measured with optical analysis
is equal to the one obtained by Archimedes method. However, Set 6 shape 7 sample’s density measured with
optical analysis is slightly higher than its density obtained with Archimedes method.
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Table 8. Density of set 1 shape 5 and set 6 shape 7 samples measured by optical analysis.

Density (%) Cut plane 1 Cut plane 2 Cut plane 3 Cut plane 4 Mean
Set 1 shape 5 96.3 95.8 97.2 / 96.4
Set 6 shape 7 97.5 97.8 97.6 97.8 97.7

Figure 6 displays optical microscope images of set 6 shape 7 sample. Figure 6 b) highlights a high number of
cracks, aligned in two directions: parallel and perpendicular to BD. As displayed in Figure 6 c), these cracks
tend to intersect each other, and intersect porosities, which limits their identification by the software.

Defects circle equivalent (CE) diameter, aspect ratio and orientation relative to horizontal plane (with BD=90°)
were measured on cut planes with Leica Application Suite X software (Figure 7). CE diameter follows a
Gaussian repartition centred around 3pum. Aspect ratio curves display two peaks: one at 0.2, and a smaller one
around 0.8. The 0.2 peak corresponds to the high number of cracks observed in Figure 6 ¢). The smaller peak
around 0.8 aspect ratio is attributed to circular pores observed throughout samples. Defects orientation is more
equally distributed, probably due to intersecting defects. Two preferential orientations are observed, at circa 80°
and 25°, and those peaks are mirrored relative to 90° orientation. These peaks could be attributed to cracks

alignment observed on Figure 6 b).
500 pm
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Figure 6. Optical microscope analysis of shape 7 set 6 sample cut along BD. Figure 6a shows an optical microscope composite image of
all sample’s cut plane. Figure 6 b is a zoomed image of figure a, and Figure 6 ¢ shows porosities detection by Leica Application Suite X
software.
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Figure 7. Defects CE diameter, aspect ratio and orientation relative to horizontal plane (with BD = 90°) measured on samples set 1 shape
5 and set 6 shape 7 cut planes with Leica Application Suite X software.

3.2. Chemical composition

Table 9 presents set 6 shape 2 sample ICP-OES chemical analysis results. The atomic percentage of silicon
and germanium does not vary significantly. However, the amount of phosphorus in the sample (0.8at%) is 33%
inferior to its initial amount in the powder (1.2at%), due to its vaporization during the manufacturing process.
Drops in phosphorus concentration are also encountered in atomisation[34], hot pressing[2,35], and other
processes[36]. In all of these processes, phosphorus losses are compensated by increasing base material
phosphorus content relative to target composition. More broadly, element vaporisation was also observed with
other thermoelectric materials processed by L-PBF due to the high temperatures reached by the melt pool [16].

Table 9. Chemical composition of set 6 shape 2 sample measured par ICP-OES. Last column shows powder chemical composition for
comparison.

i 0, ic O ic o
Atomic element weight % welght_ % atomic % atomlc_ % atomic %
uncertainty uncertainty (powder)
Silicon 60 3 79 2 79
Germanium 40 2 20 2 20
Phosphorus 0,6 0.1 0.8 0.1 1.2

3.3. Microstructure

Figure 8 shows SEM images of set 5 shape 3 sample. On these pictures, dark structures with a bright outline
are visible. These structures are columnar-shaped and aligned along BD (Figure 8b). Anisotropic microstructure
along BD is common in AM, as in most of the cases, thermal gradient, which drives solidification process, is
oriented along this direction. In perpendicular plan relative to BD (Figure 8a), some structures are locally
aligned with their neighbours, however no preferential direction is observed on macroscopic scale. The average
area of these structures was measured on Figure 8 a with ImageJ. The CE diameter of these structures average
area is 8um. These structures are observed on samples from all sets, with no major difference between sets.
Finally, cracks are visible on both images, and were observed on all samples; they are discussed on part 3.4.
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Figure 8. SEM images of set 5 shape 3 sample with a X500 magnification. Figure 8a and 8b correspond to sample top and side views,
respectively.

To investigate the nature of these structures, an Electron Backscatter Diffraction (EBSD) analysis was
conducted on a set 8 shape 3 sample side view (Figure 9). Figure 9a displays grain boundaries with the image
quality (1Q) map. Grain boundaries are identified by local disorientation observed in inverse pole figures. They
are classified in three categories: low angle grain boundaries (misorientation from 5° to 15°), high angle grain
boundaries (misorientation from 15° to 59°), and Coincident Site Lattice (CSL) X3 (misorientation from 59° to
61°). SiGe displays a high number of CSL X3 grain boundaries, which was also observed in EBSD analysis of
SiGe thin films [37]. Grains identified with EBSD are larger than structures observed in Figure 9c, which
suggest that these are substructures within grains. Substructures within grains are common in L-PBF, as
cellular[38] and dendritic[32,39] microstructures.

Figure 9b presents an inverse pole figure map along BD. Orientations close to [101] and [111] plans families
are more represented within this image. Preferential growth for SiGe diamond structures is [101][40]. The high
representation of [101] orientations in figure 9b confirms that preferential growth happen along BD. In L-PBF,
grains aligned along melt pool shapes are common, however such alignment are not visible in Figure 9b, which
suggest that grain formation follows through different melt pools. Finally, large grains close to [111] orientation
are observed on the top right of the image. When observed in figure 9c, these grains present substructures
parallel to each other, which suggest that these substructures are dendritic arms.

An Energy-Dispersive X-ray Spectroscopy (EDS) map was conducted on a set 6 shape 3 sample top view
(Figure 10). Silicon and germanium repartition within material is inhomogeneous, with micro-segregation of
germanium observed at substructures boundaries. SiGe solidus temperature decreases with Ge concentration.
Solidification structures with higher Si content form first, as their solidification temperature is higher. As they
grow, Si content in the liquid phase diminishes, and solidifies at the end in a Ge-rich phase at substructure
boundaries. This phenomenon occurs also in other forming processes [27,37,41]. Such disparities in element
concentration are expected to limit TE performances as it alters locally the band gap, and increases locally
scattering sites [27]. Phosphorus tends also to group in cluster at substructure boundaries, with a similar
mechanism, limiting its doping effect [42,43]. In response to this, annealing and activation annealing are usually
performed to homogenize elements concentration[44].
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Figure 9. EBSD analysis of set 8 shape 3 sample side view. Figure 9a displays grain boundaries with 1Q map, Figure 9b an inverse pole
figure map along BD and Figure 9c a BSD image of studied zone.
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Fig 10. EDS map of a set 6 shape 3 sample top view.
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3.4. Cracks analysis

Figure 11 shows binocular, optical microscope and SEM images of printed samples. All printed samples
present cracks. In samples top views, cracks tend to be aligned with laser tracks direction, as presented in Figure
11a and 11b. Inter-crack distance was measured on optical microscope top view images for tray 1’s sets (Table
11). Shape 3 and 5 samples were investigated. Mean inter-crack distance measured ranges from 100 to 150 pm,
with no significant difference observed between sets or between the two samples types. This size corresponds
to single tracks width measured on printing quality map tray (respectively 117, 102 and 138um for set 1, 2 and
3). Figures 11c and 11d display side view of samples, with samples observed parallel to BD. From this view,
cracks are semi-circular shaped, with a size ranging from 70 to 150um. Cracks shape and size suggest that crack
propagation tend to follow melt pool shape, resulting in semi-circular cracks in side views and cracks aligned
with laser tracks in top views.

Table 11. Mean inter-cracks distance measured on top view of tray 1 shape 3 and 5 samples.

mean inter-crack standard deviation

Sample shape Parameter set distance (um) (um)
Shape 3 Set 1 126 35
Set 2 117 25
Set 3 159 23
Shape 5 Set 1 107 16
Set 2 117 17
Set 3 117 14

UTEN 100 pm fog= 119X EMT=1500kV S = Dato 2 Doc 2021 ey LTEN 10 pm Mag= 500X  EHT=1500kv  SignalA=SE2
oTNM || (e>a]

WD = 15.3 mm L e | WD = 15.3 mm

Figure 11. Images of printed samples. Figure 11a shows a top-view binocular image of set 1 shape 3 sample. Figure 11b shows a top-
view optical microscope image of set 1 shape 3 sample. Figure 11c and 11d show a side-view SEM image of set 5 shape 3 sample cracks.
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Figure 11d highlights a transgranular fracture mode, with cracks crossing substructures independently of their
boundaries. The same phenomenon is observed Figure 9 for grain boundaries, which indicates that cracking
happen after grain formation. This implies that cracks observed here are not due to hot cracking[45] but
corresponds more to solid state thermal induced cracking, likely caused by the high thermal gradients
encountered in melt pool periphery[46]. Although SiGe thermal expansion coefficient (3.11x10% K1) is inferior
to metals (circa 20x10°° K1), SiGe is also more brittle than metals, which can further support this hypothesis
[4,5]. Cracking was also observed in a lesser extent with other TE materials L-PBF processing [6,7,11].

3.5. Thermoelectric properties
Figure 12 presents the temperature dependence of TE properties measured on tray 1 sets. As each

characterisation tool needs samples of specific shape and sizes, TE properties are measured on different samples
printed with the same parameters set. They are compared to typical properties obtained for n-type sintered SiGe

[2].
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Figure 12. Temperature dependence of thermoelectric properties measured on tray 1 samples and of sintered N-type SiGe [Rowe,

1995][2].

Seebeck coefficient and electric conductivity were measured on shape 3 samples, perpendicular to BD, via four-
probe method with ZEM3 machine from ULVACE®. Seebeck coefficient values are close to Rowe’s work, and
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no significant difference was observed between Seebeck coefficients for the three parameters sets. However,
electrical conductivity values are one decade below usual values obtained for SiGe. Electrical conductivity of
set 3 sample is lower than electrical conductivities of the two other sets. The high number of cracks can explain
low electrical conductivities. Ge content inhomogeneity within the grains can also create scattering sites for
electrons as lattice constant depends on Ge content in SiGe [47], and those differences in lattice constant are
likely to produce intra-granular defects. Finally, EDS analyses showed that phosphorus repartition is
inhomogeneous throughout the material, which can reduce the dopant role in enhancing electric conductivity
of the material.

Thermal conductivity x can be expressed as the product of density p, thermal diffusivity a and specific heat C,,
as in equation 5:

k= Chap (5

Thermal conductivities presented in this work are the product of three separate measures of respectively density,
thermal diffusivity and specific heat. Specific heat was measured on shape 1 samples, perpendicular to BD, with
a thermo-gravimetric analyser STA 449 F3/F1 Jupiter from NETZCH®. Thermal diffusivity was measured on
shape 2 samples, parallel to BD, with a diffusimeter LFA 457 from NETZCH®. Specific heat and thermal
diffusivity were measured relative to temperature whereas density is considered constant in regards to
temperature variation.

Thermal conductivities obtained in this work are advantageously lower from Rowe’s by a factor two, with a gap
of 2W.m™.K'! between Rowe and this work. Thermal conductivity can be viewed as the sum of phonon
contribution kp and electron contribution xe (x = xp + k). With Wiedemann-Franz law, «. can be estimated with
electrical conductivities values thanks to equation 6:

Ke= LooT (6)

with Lo the Lorentz number, o the electrical conductivity, and T the temperature. The gap of x. between Rowe
and this work calculated with electrical conductivities values is circa 1W.m™.K™1, which suggest that «, of
samples from this work is inferior to Rowe’s. Cracks and defects observed throughout the material can explain
this lower .

Finally, figure of merit obtained in this work are approximately one decade behind reference values for SiGe.
The one decade gap observed while measuring electrical conductivities carries over to ZT diagram.
Interestingly, set 3 presents the weakest ZT whereas it was the most effective set of the three in regards to
printing quality. Maximum ZT values for sets 1, 2 and 3 are respectively 0.11, 0.07 and 0.04 at 600°C.
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4. Conclusion and perspectives

In this work, N-type SiGe bulk materials were synthesized for the first time by L-PBF process, from a non-
optimized N-SiGe powder. Printing parameters were investigated, and four parameter sets successfully
produced dense samples of various shapes. Some of printed samples displays densities superior to 96% of
powder pycnometer density, which proves the process capability to produce SiGe parts with good density.
However, all samples present cracks that are likely to be caused by high thermal gradients induced in the
material during the printing process.

TE properties were investigated, with a peak ZT value of 0.11 at 600°C obtained with set 1 samples. Electrical
conductivities measured in this work are one decade below usual values for bulk SiGe-P samples processed by
other methods, showing that further improvement has still to be made to enhance carrier mobility within the
material. Cracks and micro-segregation observed within samples are likely to act as scattering site for electrons,
and could explain the low electrical conductivities measured.

Further work needs to be performed to avoid these two phenomena. For instance, cracking in L-PBF can be
limited by reducing thermal gradient with a high temperature heating plate, or with additional laser scanning. It
is known that nanostructured SiGe shows better mechanical and TE performance than regular SiGe alloy[48].
Nucleating agents could help reduce grain size, and distribute stress in more grain boundaries, which may reduce
cracking. Finally, annealing can help reduce micro-segregation by diffusing elements from grain boundaries to
the center. Overall, these results are promising for SiGe bulk manufacturability by L-PBF process, which can
open up its scope of applications by introducing new geometries and limiting material losses.
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