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Thermoelectric generators have strong potential for aerospace and aircraft applications. However, tradi-
tional manufacturing methods for thermoelectric devices severely limit device adaptability and conse-
quently marketability. Laser powder bed fusion is an additive manufacturing method which shows
promising potential for producing thermoelectric devices. Thermoelectric materials pose unique challenges
compared to metals because of low thermal conductivity, brittle fracture characteristics, and irregular
powder particle morphologies. Herein, we communicate processing procedures to fabricate thermoelectric
parts of Bi,Te; through laser powder bed fusion. We identify the successful combination of key process
parameters—laser power, scan speed, hatch distance, and powder layer thickness—to achieve high-quality
parts in terms of density and physical properties, and we demonstrate the impact of process parameter
variation on built part quality. While it cannot exclusively determine part quality, the volumetric energy
density is a useful guide in deciding process parameters for thermoelectric materials, and the optimal value
is between 9 and 11 J/mm> for Bi,Te;. We demonstrate successful fabrication of different freeform
geometries of Bi,Te; powders. The results suggest it is possible to extend this method more broadly to other
semiconductor materials, including thermoelectric power generation materials applicable for space appli-

cations.
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1. Introduction

Onboard power generation for space exploration vehicles is
a pressing issue. Radioisotope thermoelectric generators have
been used for decades to power space vehicles because
thermoelectric generators provide a reliable power source over
long times (Ref 1). Thermoelectric semiconductor devices have
unique advantages for thermal to electrical energy conversion.
As heat engines, thermoelectric generators can directly generate
electricity from waste heat; on the other hand, thermoelectric
coolers provide solid-state cooling through the Peltier effect.
Both thermoelectric generators and coolers have no mechan-
ically moving parts, so they are more compact than alternative
power generation (such as photovoltaic panels) and standard
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refrigeration systems. In spite of these advantages, thermoelec-
tric devices have failed to become widespread in energy
efficiency and thermal management applications, in part
because the manufacturing process limits device design and
adaptability. As the space exploration community turns to metal
additive manufacturing in order to reach design goals (e.g.,
lightweight parts, increased complexity, low volume manufac-
turing), it will be necessary to consider how power generation
can be integrated into the structural components made via metal
additive manufacturing. The work discussed in this manuscript
will report on how thermoelectric components can be made
using a common metal additive manufacturing process, thus
offering potential for integration of thermoelectric material and
traditional structural materials into vehicle design using addi-
tive manufacturing.

Traditionally, thermoelectric device manufacturing involves
a series of processing steps such as hot pressing, dicing,
polishing, metallization, brazing, and assembly (Ref 2). The
lengthy process inevitably leads to low production rate, limited
yield, and high cost. For example, thermoelectric materials are
typically expensive because they must be high purity and
sometimes require rare earth elements, and the ingot dicing step
wastes approximately 50% of this high-value material. More
importantly, the traditional fabrication technique does not
provide any capability to adapt the device geometry for optimal
performance or system integration. Most thermoelectric units
are made as cuboids because it is challenging to produce crack-
free parts of any other shape with the current manufacturing
approach. These limitations hinder the development of ther-
moelectric devices with broad applicability.

Laser powder bed fusion (L-PBF) (also known as selective
laser melting and direct metal laser sintering) is an additive
manufacturing technique used to build bulk structures in a
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layer-by-layer fashion. It offers unprecedented possibilities for
quickly producing lower cost, freeform, 3D parts. Additive
manufacturing has been applied to several material families,
including metals/alloys (Ref 3), polymers (Ref 4), and ceramics
(Ref 5). Recently, the L-PBF technique has also been attempted
on semiconductor thermoelectric materials, both in powder and
ink/slurry form. El-Desouky et al. demonstrated it was possible
to laser melt bismuth telluride (Bi,Te;) powders (Ref 6) and
investigated single melt lines (2016) (Ref 7) and the
microstructures therein (2017) (Ref 8). Zhang et al. first
realized successful L-PBF processing on loose powders of
Bi,Te; thermoelectric materials to form a bulk device without
any pre- or post-processing (Ref 9). Carter et al. investigated
the narrow process window for applying pulsed laser melting to
thermoelectric materials (Ref 10). Wu et al. demonstrated
dispenser printing combined with L-PBF on Bi,Te;-based
slurry (Ref 11). Mao et al. studied the L-PBF processing
window of Bi,Tes-based slurry (Ref 12), and Kim et al.
demonstrated extrusion-based 3D printing on Bi,Te;-based inks
(Ref 13). Slurry-based L-PBF requires development of suit-
able inks and an annealing post-processing step. By contrast,
the powder-based method is a one-step process, enables direct-
build of 3D shapes, and conforms to prevalent, industrial L-
PBF practices.

Although there are many detailed studies for L-PBF on
metals or ceramics, L-PBF on thermoelectric materials is a
relatively new endeavor, so many aspects of the process still
require exploration. In this work, we communicate the laser
fabrication and process parameters for Bi,Te; powders. Bi,Te;
is a typical thermoelectric semiconductor material; Bi,Te; and
its alloys have been the most common materials for thermo-
electric applications in low temperature ranges (Ref 14). Here,
we demonstrate successful additive processing of Bi,Tes
powders with L-PBF to form bulk, 3D structures (including
geometries which are not achieved through the traditional
manufacturing approach).

2. Laser Processing Experiments

2.1 Methods

Bi,Tes dry powder (99.98% trace metal basis, Alfa Aesar)
was sieved (—270 mesh) to isolate particles smaller than 53 um
in size (Fig. 1). This semiconductor material has a thermal
conductivity of 3 W/(m'K) at 300 K and a melting point of 858

K (Ref 15). The electrical resistivity for a hot-pressed ingot
made from this powder is about 0.6 mQ-cm (Ref 9).

The uncharacteristic properties of thermoelectric material
powders create unique challenges for their processing via L-
PBF. For example, spreading powder layers is more difficult for
thermoelectric materials than for the more common metals or
alloys. Metallic powders used in L-PBF have particles with
spherical morphology, but the morphology of thermoelectric
powder particles is highly irregular. A comparison of the
particle morphology for typical stainless steel powders and the
Bi,Te; powders which are used in this work is shown in Fig. 1.
Unlike spherical powders, irregularly shaped particles can
result in mechanical interlocking during the spreading process.
As a result, the “flowability” for thermoelectric powders is
generally worse than that for metals, and, consequently, the
powder bed density and surface flatness are usually different.
The Bi,Te; powder employed in this work frequently formed
clumps, inhibiting powder flow.

The angle of repose was measured for both the Bi,Te; and
the stainless steel powders using the fixed funnel method (Ref
16). A photograph of the newly formed powder pyramid was
taken. Using an image processing software (FLJI), the angle
between the top horizon, the top of the point, and the bottom
corner, was measured. Each of these measurements was taken
five times per trial, for a total of five trials. For each trial, the
powder previously used was put back into the vial it came from
and mixed with the powder stock in the vial. This mixing helps
reduce error associated with smaller diameter particles settling
to the bottom of the vial and thus being disproportionately
underrepresented in the measurement. All measurements were
conducted in a fume hood.

The average angle of repose for this powder was
50.67 +1.74 degrees (Fig. 2a), which suggests poor or
“cohesive” flowability, according to the Carr classification of
flowability (Ref 16). By comparison, the stainless steel powder
had an average angle of repose of 34.97 + 0.97 which indicates
good or “free” flowability (Ref 16), and, indeed, that powder
flowed smoothly (Fig. 2b). Furthermore, the thermal conduc-
tivity (and thus thermal dissipation) is higher in metals than in
thermoelectric materials. The powder bed properties and the
light-matter interactions are very different when comparing
thermoelectric, metallic, and ceramic materials. For example,
the powder layer thickness of thermoelectric materials (here
100-150 um for BiyTe;) may be much greater than that for
metals. For instance, Wang et al. (Ref 17) employed 17 ym and
30 um for particle size and layer thickness for 316L stainless
steel, respectively. So, the process parameters which are
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Fig. 1 A scanning electron micrograph comparison of particle morphologies used in laser powder bed fusion process. (a) A commercial Bi,Te;
powder which has been separated through a -270 mesh (53 um) sieve. (b) Stainless steel SS340 atomized powder
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Fig. 2 Angle of repose for (a) a commercial Bi,Te; powder which has been separated through a —270 mesh (53 pm) sieve. (b) a standard

stainless steel SS340 atomized powder

suitable for metals [e.g., laser wavelength 1.09 um, power
150 W for 316L stainless steel (Ref 17)] or ceramics [e.g., laser
wavelength 10.6 um, power 120 W for silica sand (Ref 18, 19)]
may be different, sometimes by a large amount, for thermo-
electric materials [e.g., laser wavelength of 1.07 um, laser
power 30 W for half-Heusler material ZrNiSn (Ref 20)].

Our L-PBF experiments were conducted with a custom-built
L-PBF system since no commercial systems were designed to
work with thermoelectric materials. The overall system consists
of three main parts: laser system, power bed platform, and
oxygen-deficit environment. The laser system controls the laser
spot for accurate movements in a 2-D horizontal plane with the
adjustable power, speed, movement mode, etc. The powder bed
platform enables powder spread and formation of a flat powder
layer with desirable thickness. The platform also adjusts the
powder bed vertically after completion of one laser scan to
guarantee the height of each new powder layer is identical
during the whole process. The laser head and the powder bed
platform are completely enclosed inside a laser welding
enclosure which is filled with inert gas to form an oxygen-
deficient environment. This custom-built system allows sub-
stantial flexibility for a wide variety of powder materials, large
ranges of process parameters, and ease of future upgrades and
modifications. A schematic of the L-PBF process and the
experimental setup are shown in Fig. 3.

The powder was spread onto the build platform to form a
thin, flat surface. The layer thickness was controlled by a
manually actuated Mitutoyo micrometer with a resolution of
10 um which was sufficient for the targeted layer thickness of
100 to 150 um. A 1070 nm laser (IPG Photonics, YLR-series
fiber laser, equipped with a mid-power scanner) was scanned
over the powder surface following a pre-designed pattern
composed of vectors paths. The diode-pumped Ytterbium fiber
laser operated in CW mode with a power output up to 100 W.
During the experiment, the laser spot size was focused to about
50 um. At 300 K, the absorption coefficient o for a 1070 nm
light is about 1.4 x 10° cm ™' for Bi,Tes, and the corresponding
real and imaginary parts of the complex refractive index »n and
K is about 6.7 and 5.9, respectively (Ref 21). It is noted that the
L-PBF process enters high-temperature zone to form a melt
pool and evaporate materials, and the optical properties will
deviate from the values at room temperature. It is also known
that the light absorption for a smooth bulk surface is usually
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much lower than a powder format due to the multiple
reflections effect (Ref 22, 23). The laser energy was partially
absorbed by the power bed, resulting in rapid melting and
solidification of powder. A thin layer of Bi,Te; was then
solidified in the shape of the scanned pattern with the layer
thickness in the range of 100 to 150 um. Another layer of
powder was spread, and the process was repeated. Using the
layer-by-layer approach, an ingot of Bi,Te; with desired shape
and thickness was eventually fabricated. The unprocessed
powders were collected and recycled. The L-PBF process was
conducted in an inert gas (nitrogen or argon) environment with
the oxygen level no greater than 4%. Even though commercial
L-PBF is conducted with a lower threshold for the oxygen
limit, no apparent oxidation was observed for the Bi,Te;
processing experiments as evidenced by the lack of oxide peaks
in x-ray diffraction analysis (Ref 9). While oxygen level could
impact transport properties, the process parameter exploration
in this work targeted mechanical integrity of the final part.
Initial investigations in which the oxygen level was below 0.5%
showed no apparent difference in terms of part formation or
surface roughness compared to parts made in the highest
oxygen level of 4%. L-PBF-produced parts were assessed
through a series of steps: visual evaluation of the surface
condition, surface crack formation or propagation in response
to handling, and density measurements. As reported elsewhere,
the thermoelectric properties of parts that remained intact were
characterized separately. The Bi,Te; samples manufactured
from different process parameters exhibited clear difference in
mechanical strength. In response to a slight tapping from a
sharp stainless steel tip, crack formation was observed in
samples fabricated with process parameters that deviated from
the optimal parameters. Therefore, a combination of the three
steps provided sufficient information about the welding status
and mechanical strength of the L-PBF-produced parts to
determine the feasibility of subsequent transport property
characterization.

In general, an L-PBF process can be affected by laser-,
powder- and material-related factors (Ref 19, 24-26). Although
many factors can influence the fusion process in a laser powder
bed, laser and scanning parameters as well as powder layer
thickness are among the most important ones. Selecting them
appropriately critically affects the formation and properties of
the fabricated part. Laser melting systems often have fixed
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Fig. 3 (a) Schematic of the laser powder bed fusion process (known colloquially as 3D printing). (b) Custom-built L-PBF system for

thermoelectric materials. The inset shows the powder spreading rig

operation mode (pulsed or continuous wave), light wavelength,
and beam spot size. The adjustable laser processing parameters
include laser power p, scan speed v, and hatch distance /4 (the
distance between two neighboring melted lines). Isolating the
appropriate laser and powder layer parameters is closely related
to the complex light-matter interaction of converting optical
energy to thermal energy at the powder bed. It is common
practice to use one factor to represent the combined effect of all
these parameters. There are several approaches to define such a
factor. These include line energy (J/mm) (Ref 27),

P
g-P Eq 1
” (Eq 1)

laser energy density (J/mm?) (Ref 28),

V4
_r Eq 2
o (Eq 2)
volumetric energy density (J/mm?) (Ref 29),
p
— Eq 3
“hd (Eq 3)

or another way of calculating volumetric energy density (J/
mm?) (Ref 30)

p
E= voh (Eq 4)
where E is the respective energy density, d is the layer
thickness, and ¢ is the laser spot diameter. The adoption of any
method usually depends on the particular laser system and
properties of materials. In this work, we use volumetric energy
density Eq 3 (J/mm’®) to represent the overall influence from
laser heating and powder layer properties. It has been suggested
that the volumetric energy density (J/mm®) is more accurate to
describe energy intensity threshold or energy dose than the
surface energy density (J/mm?) in 3D printing of polymeric
structures (Ref 31).

For the experiments, we used sieved particles of Bi,Te; with
the particle sizes below 53 pum (—270 mesh). The information

for powder separation, selection, and particle size distribution
can be found elsewhere (Ref 32), which confirmed that the
majority of the particles are non-spherical with <53 um
nominal diameter, and the powder contained a large amount of
particles with effective diameter below 10 um. This size range
balanced powder “flowability” and powder bed density. As
shown in Fig. 1, Bi,Te; powder consists of irregularly shaped
particles which do not flow or spread as effectively as spherical
particles due to mechanical interlocking between powder
particles. In order to improve flowability, larger particle size
is desirable because smaller ones have larger total surface and
contact areas resulting in greater friction between the particles.
However, larger powder particles result in voids in the powder
bed, so packing density is low. A balance between these
competing factors was achieved by using a sieved particle size
below 53 um as demonstrated in (Ref 32). In addition, this
particle size is not greater than the laser spot size, which
enables uniform melting. Because of the large particle size and
low flowability of the Bi,Te; powder, a layer thickness of 100-
150 um was achievable. Powder layers thinner than 100 um
with flat surfaces were more difficult to achieve because
particles would protrude from the surface. Layers with 300 ym
thickness were formed more easily (Ref 32), but the thickness
was too large for light penetration or sufficient layer melting
and fusion between layers. A layer thickness of 100-150 um
was used for Bi,Te; processing described in this work, and
further tuning of powder morphology and size distribution to
enable thinner layers is a necessary step in the development of
laser processing for thermoelectric materials.

2.2 Experimental Results

We used the L-PBF process described in Fig. 3 and adjusted
the three laser processing parameters and the powder layer
thickness to build 3D objects out of Bi,Te;. The results are
shown in Fig. 4 where the x-axis is the laser power, and the y-
axis is the hatch distance. Images with solid and blue frames
(color online) represent a scan speed of 500 mm/s, and those
with dotted and red frames represent a scan speed of 350 mm/s.

Journal of Materials Engineering and Performance



T S
. i
37.5 0 a ]
1] =
0}
25
- [ @@ ©
— AR T
11 12 14 15 16 20 25 P (W)
I:l y=500mm/s i7" P y=2350 mm/s v=500 mm/s
d~150 pm fveanr d~150pm d~100 pm

Fig. 4 Photographs of parts fabricated with different process parameters: (a)-(d) show the situation when excess photon energy was applied the
powder bed; (e)-(i) and (k) show the situation when deficient laser energy was absorbed by the powder bed; (j) and (1) show the situation when
laser parameters and power layer thickness are chosen close to the optimal values. (a)-(h) are disks with diameter of 8 mm; (i) and (j) are
rectangular samples ~ 3 x 11 mm and ~ 3 x 14 mm, respectively. (k) is square with a side length of ~ 12 mm; (1) is a disk with diameter of
~ 12 mm (and is not to scale with the other disk images). All samples are thicker than 1 mm. In order to improve readability, the axes are not

linearly scaled

Table 1 Laser processing parameters corresponding to Figure 4 for laser powder bed fusion of Bi,Te;

Power p Scan speed v, Hatch distance 4,  Layer thickness d, Volumetric energy density E, J/ Inert gas
Bi,Te; W) mm/s um um mm’® environment
a 20 350 10 ~150 ~38 N,
b 12 350 10 ~150 ~23 N,
c 15 500 10 ~150 ~20 N,
d 11 500 10 ~150 ~15 N,
e 15 500 25 ~150 ~8 N,
f 14 500 375 ~150 ~5 N,
g 15 500 37.5 ~150 ~5 N,
h 16 500 375 ~150 ~6 N,
i 20 500 37.5 ~150 ~7 N,
j 25 500 375 ~150 ~9 N,
k 15 500 37.5 ~100 ~8 Ar
1 20 500 375 ~100 ~11 Ar

Laser power, scan speed, and hatch distance are nominal values from IPG Photonics

A single-line frame represents a layer thickness of ~150 um,
and a double-line frame represents a layer thickness of
~100 um. The process parameters shown graphically with
the images in Fig. 4 are also presented in tabular format in
Table 1. Fig. 4(a)-(h) and (1) is disks, while Fig. 4(i) and (j) is
rectangular, and Fig. 4(k) is square. Different shapes illustrate
the advantage of the L-PBF process over the traditional
thermoelectric part fabrication method since completely new
tooling would be required to achieve different shapes with the
traditional method. Excess or deficient laser energy density
results in weak mechanical integrity in the L-PBF-produced
Bi,Te; parts. When excess photon energy was applied to the
powder bed (Fig. 4a-d), balling phenomena were observed.
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This is illustrated in Fig. 4(c) where the sample readily
shattered after gentle handling, and the original disk shape was
not preserved. On the other hand, insufficient laser energy
(Fig. 4e-i) led to inter-layer fusion but rough surfaces. Figure 4f
shows this situation, and the sample cracked when light force
was applied. The surface condition was only qualitatively
evaluated because of the apparent roughness and mechanical
weakness from those constructed using the suboptimal process
parameters. When laser parameters are properly chosen, a
mechanically stronger product with lower surface roughness
can be achieved, as shown in Fig. 4(j) and (1). By comparison, a
disk formed with a volumetric energy of 6 J/mm® shows a
density of 6.27 g/cm’, while a disk made with 9 J/mm® has a



density of 6.81 g/em®, causing an increase in relative density
from 81 to 88% (Ref 9). Other samples formed with smaller
volumetric energy (for example, ~ 5 J/mm’, Fig. 4f and g)
were less dense and had a propensity to crack. The overall best
specimens were produced with the volumetric energy density in
the mid-range, approximately 9 to 11 J/mm?®. Therefore,
although the volumetric energy density £ cannot be used as a
quantitative measure, it can provide a useful guide in the L-PBF
processing of Bi,Ti; materials.

The samples that did not crack or fracture with handling
were characterized for structure and physical properties (Ref 9).
A scanning electron micrograph of a polished cross section is
provided in Fig. 5 where no separation between powder layers
was observed, but pores inside the L-PBF samples were evident
(Ref 9). The thermoelectric properties of the intact Bi,Ti;
samples (for example, Fig. 4j) have been reported elsewhere
(Ref 9) and show that laser processing alters the nanostructure
such that thermoelectric properties change compared to tradi-
tionally formed thermoelectric parts. The temperature-depen-
dent absolute Seebeck coefficient and electrical conductivity for
the optimal L-PBF samples are reproduced in Fig. 6 (Ref 9).
The thermal conductivity measurement and the figure of merit
of the L-PBF-processed Bi,Te; sample can be found elsewhere
(Ref 9). The nano-structure of a similar L-PBF-processed
Bi,Seg3Te, 7 sample shows nanoscale inclusions and highly
textured columnar grains oriented in the build direction (Ref
33).

3. Discussion

Additively manufacturing thermoelectric devices is a rela-
tively new endeavor, so it is critical to evaluate the influence of
the process parameters on the L-PBF-produced thermoelectric
parts. A analytical method based on a heat transfer model was

Fig. 5 Scanning electron micrograph of a polished cross section of
the SLM processed Bi,Te; bulk sample. Reprinted by permission
from Springer Nature Customer Service Centre GmbH: Springer
Nature, Journal of Materials Research, Laser additive manufacturing
of powdered bismuth telluride, Haidong Zhang et al., Copyright
2018 (Ref 9)

developed to simulate the characteristics of the three-dimen-
sional, transient melt pool due to L-PBF processing for
thermoelectric Bi,Te; powders (Ref 34). For the process
parameters similar to the experiments (i.e., laser power of
20 W, scanning speed of 500 mm/s, and laser spot size of
50 um), the predicted melt depth (100 um) was in the same
range of the powder layer thickness (~100-150 um) used in
experiments. Therefore, full melting through the thickness of
the entire layer was predicted and experimentally supported.
For high integrity processed parts, the maximum melt depth
must be higher than the powder layer thickness to achieve
complete layer melting and inter-layer fusion.

The process parameters have shown strong influence on the
additively produced thermoelectric samples. The parts in
Fig. 4(e) and (k) provide an interesting comparison. They were
produced by similar volumetric energy density, but the resulting
parts were different. The specimen in Fig. 4(k) has a slightly
better surface quality and appears less porous than the one
shown in Fig. 4(e). The processing differences between these
two are a smaller hatch distance 4 for 4e and a smaller layer
thickness d for 4k; the product (ked) is the same for the two
cases. This suggests that scanning parameters (e.g., hatch
distance) and powder bed characteristics (e.g., layer thickness)
have different influences on surface quality and overall sample
quality although the two parameters appear to have the same
influence when considering only the equation for volumetric
energy density. The varied influence among the key laser
factors was previously reported: laser power, hatch distance,
and scan speed have different impacts on the mechanical
bending strength, relative density, and sample morphology (Ref
35-37). Our experiment resulted in different products in 4e and
4k and thus demonstrated varied influence between hatch
distance (laser factor) and layer thickness (powder bed factor).
Therefore, the results on Bi,Ti; thermoelectric materials
compared the effect of one laser factor to one powder bed
factor and concurred with the general conclusions that pro-
cessing parameters do not necessarily influence the final parts
equally in laser powder bed fusion. Because the volumetric
energy density E cannot differentiate the influence of each
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Fig. 6 The absolute Seebeck coefficient and electrical conductivity
from 50 to 473 °C for the L-PBF-processed Bi,Te; sample.
Reprinted with permission from Springer Nature Customer Service
Centre GmbH: Springer Nature, Journal of Materials Research,
Laser additive manufacturing of powdered bismuth telluride,
Haidong Zhang et al., Copyright 2018 (Ref 9)
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parameter (p, v, &, or d), it is a useful guide but may not be a
comprehensive metric for the laser powder bed fusion process.

The morphology of powder particles has significant influ-
ence on additively manufactured parts. For example, Yi et al.
investigated the effect of the surface morphology of a solidified
droplet on remelting between neighboring aluminum droplets;
the outcome showed the surface morphology of solidified
droplets can lead to cold lap pores due to the blocking effect of
ripples and solidification angles on the fusion between droplets
(Ref 38). Yi et al. studied hole-defects in soluble core-assisted
aluminum droplet printing (Ref 39) and performed hybrid 3D
metal printing via droplet deposition over soluble cores (Ref
40). This body of research suggested irregular morphology of
the building block can directly obstruct the remelting process
and lead to hole defects in the formed parts. Overall, the surface
morphology of metal particle has shown important influence on
the metallurgical bonding and fusion process.

The particle morphology of metal additive manufacturing
has strong implications for the L-PBF process on thermoelectric
materials. As shown in Fig. 1, the powder particles of the
Bi,Te; thermoelectric material have irregular shapes. This
powder morphology leads to low flowability (Fig. 2) and is
expected to have direct influence on pore formation during the
remelting and fusion process. This work showed a relative
density of 88%, and the cross section of the sample had hole
defects even after optimizing the process parameters (Ref 9,
33). This result suggests higher relative density can be expected
with spherical powder particle morphology as was demon-
strated in metal additive manufacturing (Ref 38—40). Therefore,
a uniform, spherical thermoelectric material particle should be
ideal for the L-PBF process. However, it is challenging to
achieve such powder morphology with thermoelectric materi-
als. Typical routes to achieve spherical particle morphology are
atomization and plasma spheroidization. There are unique and
substantial hurdles to performing these processes on thermo-
electric material powders. First, thermoelectric materials are
quite expensive as they must be high purity, and they often
contain at least one rare earth element. Processes such as
atomization with specialized starting material form factors (e.g.,
wire spool) and low yield are prohibitively expensive, partic-
ularly for preliminary research. The same is true for plasma
spheroidization, a relatively newer approach that accommo-
dates powder starting material and results in high yield.
Exploratory work to attempt plasma spheroidization on novel
materials such as thermoelectric materials typically requires a
significant research and development effort in and of itself—be-
fore a spheroidized powder can be produced to enable L-PBF.

A key challenge with traditional thermoelectric part man-
ufacturing is the limitation on part geometry: parts are usually
cylindrical ingots and/or cuboid legs. To illustrate the freeform
advantage of the L-PBF process, an “S” shaped 3D part made
of Bi,Tej; is presented in Fig. 7. The part is ~10 mm long and
over 1 mm thick. This is a unique demonstration of using L-
PBF on Bi,Te; powders (or any thermoelectric material) to
create a form factor other than typical shapes (square, round, or
rectangular); this result experimentally confirmed the capability
of L-PBF to fabricate thermoelectric parts of complex shapes
with relatively high geometric accuracy directly from dry
powders. If the same part were manufactured with the
traditional fabrication process, it would require more time,
and up to ~80% of the thermoelectric material would be lost.
Notably, almost all the unmelted powders were recycled in the
current study.
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Fig. 7 An “S” shape part made of Bi,Te; is made additively using
laser powder bed fusion. The thickness of the specimen is greater
than 1 mm

4, Conclusions

This work provides processing information to build ther-
moelectric Bi,Te; material with the L-PBF process. Appropri-
ate process parameter selection is crucial to control the melting
and solidification processes that happen in the thin powder
layers in a very short period of time. The work demonstrates
unique features for L-PBF applied to thermoelectric semicon-
ductor materials. First, dry powders can be processed directly,
so this method completely avoids slurries and the post-process
heating they necessitate. Second, the process study qualitatively
shows how the choice of laser parameters and powder layer
thickness crucially influences material consolidation. The four
most influential parameters are laser power, scan speed, hatch
distance, and powder layer thickness, and a set of parameters
that enables successfully built macroscale parts are laser power
of 25 W, scan speed of 500 mm/s, hatch distance of 37.5 um,
and powder layer thickness of 150 um, for the non-spherical
Bi,Te; powder particles with the majority of the size below
53 pm used here. The L-PBF samples still had interior porosity
with these process parameters. Although volumetric energy
density E is not a comprehensive indicator of successful
powder fusion, it does provide a useful guide and a rough
processing range to fabricate thermoelectric parts via L-PBF.
For Bi,Tes, the E corresponding to a successful fabrication is ~
9 J/mm®. The agreement between experimental and computa-
tional results increases and represents the current understanding
of the temperature gradients present during L-PBF of thermo-
electric materials. Unique geometries of thermoelectric parts
have been achieved with a purely powder-based approach,
suggesting there are a broad range of possible applications
using this method.

The work presented here represents the current state of the
art in advanced “3D printing” of Bi,Te; thermoelectric powder
materials through laser powder bed fusion. The results
demonstrate laser-based additive manufacturing has credible
potential to improve processing and fabricating thermoelectric
materials and devices. Recent analysis suggests that changing
the shape of thermoelectric units can result in better perfor-
mance (Ref 41, 42). This work provides a practical method to
manipulate and create novel thermoelectric leg geometries.
Moreover, the successful processing of thermoelectric materials
indicates the viability of expanding laser additive manufactur-
ing to other semiconductor materials—and thus a broader range



of applications, including electronic and solid-state energy
conversion devices.
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