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Selective laser melting is a well-established additive manufacturing technique for metals and ceramics,
and there is signi cant interest in expanding the manufacturing capability of this technique by enabling
processing of more materials. Notably, selective laser melting has not been demonstrated on semicon-
ducting materials which are signi cant for energy conversion technologies. Thermoelectric materials are
semiconductors that can convert heat into electrical power. The traditional thermoelectric manufactur-
ing process involves many assembly and machining steps which lead to material losses, added time and
cost, and performance degradation. Utilizing selective laser melting in the manufacturing of thermoelec-
tric modules can minimize assembly steps and eliminate machining processes. In this study, a standard
bismuth telluride thermoelectric powder was processed for the rst time in a commercial Prox™ 100
selective laser melting system under different energy densities. The surfaces of Bi,Te; specimens were
successfully melted under all processing conditions, and the entire thickness of specimens processed at
higher laser power inputs was mostly melted. The increase in laser power also reduced the presence
of porosities on the surface of the specimens. However, cross-sectional examination showed that inter-
nal pores were present within the molten region and at the interface between the molten region and
the unmelted powder under all investigated laser power inputs. The consistency of these results with
early results for select laser melting of metals demonstrates the promise for expanding the materials
processing capabilities of this additive manufacturing technique.

" 2016 The Society of Manufacturing Engineers. Published by Elsevier Ltd. All rights reserved.
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1. Introduction side, ultimately resulting in a voltage drop a phenomenon known

as the Seebeck effect.

Thermoelectric devices convert waste heatinto electrical power,
creating opportunities for waste heat recovery in high-temperature
systems from industrial power plants to automobiles [1,2]. A ther-
moelectric device typically consists of multiple junctions of n- and
p-type semiconducting thermoelectric legs. The legs are connected
electrically in series and thermally in parallel as shown in Fig. 1.
When a temperature gradient is applied across the thermoelectric
material, electric charge carriers move from the hot side to the cold
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The performance of a thermoelectric material is evaluated
through the dimensionless gure of meritZT = S? /k T,where$
is the Seebeck coef cient, is the electrical conductivity, Kk is the
thermal conductivity, and T is the absolute temperature. A material
with good thermoelectric properties has a high Seebeck coef -
cient, high electrical conductivity, and low thermal conductivity
to maintain the temperature gradient across the material. Chalco-
genide materials are commonly used in thermoelectric devices that
operate over a wide range of operating temperatures (100 1000 K)
[3,4]. Bismuth telluride (Bi,Te3) and its solid solutions are among
the most commonly used chalcogenides in off-the-shelf thermo-
electric devices operating near room temperature [3,5,6]. Although
noteworthy progress in enhancing the thermoelectric properties
of Bi, Tez and its alloys through microstructural and compositional
changes has been recently reported [7 10], challenges related to
device manufacturing and assembly continue to slow the progress
of thermoelectric power generation [4,11].

1526-6125/" 2016 The Society of Manufacturing Engineers. Published by Elsevier Ltd. All rights reserved.
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Fig. 1. Schematic of a thermoelectric device showing multiple n- and p-type leg
couples connected electrically in series and thermally in parallel. A typical thermo-
electric device can consist of hundreds of legs.

The traditional thermoelectric device manufacturing process
involves multiple steps including processing and assembly. First,
the constituents of the thermoelectric compound are alloyed using
mechanical milling processes. The alloyed powder is then con-
solidated through methods such as hot pressing or spark plasma
sintering. The resulting ingots are diced into the leg shape, and

nally the legs are generally picked and placed into the nal
assembly. In contrast, additive manufacturing represents an attrac-
tive manufacturing alternative for thermoelectric devices. A recent
workshop by the U.S. Department of Energy indicates that labor
accounts for a signi cant portion of the cost of these devices [12].
Additive manufacturing technologies such as selective laser melt-
ing (SLM) are capable of producing 3-dimensional objects directly
fromadigital CAD model [13] without the need for customized tool-
ingor manual assembly. This capability can potentially be leveraged
to eliminate the assembly of many components and reduce the time
and cost involved in producing complex thermoelectric modules.
For example, Crane et al. [14] present a simulation case study using
a prototype thermoelectric system to highlight the potential capa-
bility of additive manufacturing in automated self-assembly and
integration. Co-authors of this work recently provided an overview
of challenges in thermoelectric device manufacturing and high-
lighted the potential of additive manufacturing technologies in
thermoelectric materials processing [15].

Selective laser melting (SLM) has been used in numerous stud-
ies in the literature to produce complex customized parts from
metallic materials and alloys including stainless steels [16 20],
titanium alloys [21 24], and nickel-based super alloys [25 28]
among others. Preliminary ndings on the formation of single melt
tracks of Bi,Tez powder compacts using a low repetition pulsed
laser [29,30,15] were previously reported. In the current work,
an initial investigation is conducted on the full consolidation of
bismuth telluride (Bi,Te3) powder using SLM. Bi,Tez powder is
the only commercially available thermoelectric pre-alloyed pow-
der. Off-the-shelf Bi, Tez powder lacks the physical characteristics
that would allow it to spread into sequential thin layers which is
essential for the SLM process. The irregular shape of the particles
and the large particle size distribution (visible in Fig. 2) result in
increased friction between the particles and leads to poor owa-
bility and spreadability of the powder. This initial investigation
is focused on processing Bi,Tes in powder compact form primar-
ily to provide insight into the effect of laser energy density on
the microstructural evolution and densi cation behavior of laser-
irradiated Bi, Tez. These insights will serve as a foundation to enable
subsequent layer-by-layer SLM processing of thermoelectric mod-
ules.

Fig. 3. Scanning electron micrograph of a polished cross-section of a Bi Tez powder
compact.

Table 1
Selective laser melting processing parameters for the 16 powder compacts pro-
cessed in a ProX100.

Specimens Power (W) Speed (mm/s) Energy density (/mm?)
14 10 350 0.57
58 15 350 0.86
9 12 20 350 114
13 16 25 350 1.42

2. Experiments

Bi,Tez powder ( 325 mesh, 99.99% trace metals basis, Sigma
Aldrich) was compacted using a hydraulic press and a hardened
steel 6 mmdie. The nalcompactsare 6 mmdiameterand 500 m
thick. Fig. 3 shows a scanning electron micrograph of a representa-
tive Bi, Tez powder compact used in this study. Next, the powder
compacts were processed on acommercial ProX™ 100 SLM system.
The ProX™ 100 uses a50-W ber laser with a Gaussian pro le and
approximately 100 m spot size to selectively melt metallic pow-
derina3.94 3.94 3.15in. build envelope. This study is the rst
of itskind in processing thermoelectric powder on this SLM system.

The powder compacts were placed on the build plane and pro-
cessed under an argon atmosphere with the oxygen level kept
below 700 ppm. Sixteen specimens in total were processed. The
scanning speed of the laser and the hatch distance were kept con-
stant at 350mm/s and 70 m, respectively, and the laser energy
density was varied by adjusting the laser power as shown in Table 1.

For subsurface analyses, the specimens were cleaved normal
to the build direction. The specimens were then cast in epoxy
resin, and an Allied High Tech Multiprep polishing unit was used
to grind and polish the cross-sectional surface down to 0.04 m
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Fig. 5. Cross-sectional scanning electron fractographs of Bi, Tez powder compacts processed with laser powers 10 25 W showing the depth of the melt zone for each laser

power input setting.

nish. A Leica DM2700 M RL optical microscope equipped with
a light polarizer was used for microstructural observation. Den-
si cation depth and porosity content were evaluated using a FEI
Teneo LV scanning electron microscope. ARigaku Mini exIICu K
X-ray diffractometer was used for phase identi cation in the SLM-
processed specimens. The processed specimens were rst gently
crushed into powder using mortar and pestle to alleviate preferred
crystallographic orientations.

3. Results and discussion

Fig. 4 shows SEM micrographs taken of the top surface of
the laser-processed Bi,Tez powder compacts. A large amount of
homogeneously distributed porosity is observed on the surface of
specimens processed at 10 W. The porosity content decreases with
the increase in laser power, and at the higher power settings the
average size of the surface pores also decreases. Cross-sectional
examination of the fractured surface of the processed powder
reveals that the depth of melt increases with the increase in laser
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power (Fig. 5). At 10 W and 15W, the powder compacts are only
partially melted at depths of 80 mand 180 m, respectively.
Specimens processed at the higher power settings are almost com-
pletely melted with scattered unconsolidated regions at the bottom
of the specimens. The large increase in molten depth observed in
the powder compacts processed at higher laser powers may be
explained by the exponential dependence of recoil pressure on sur-
face temperature. The high laser intensities associated with SLM
can drive strong evaporation at the surface of the molten region
[31,32]. Evaporation and collisions from re-condensing particles
give rise to a back-pressure on the free surface of the molten pool,
termed recoil pressure [33]. Analytically, recoil pressure has been
shown to increase exponentially with increasing surface tempera-
ture [34].

Randomly oriented river lines are observed on the fracture
surface indicating a transgranular fracture mode which is com-
mon in brittle materials with lamellar crystallographic structures
such as bismuth telluride (Fig. 6) [35]. Optical micrographs of the
polished cross-section with polarized light are used for microstruc-
tural examination. Fig. 7 shows the microstructural evolution of
Bi,Tes powder processed with different laser power inputs. At
higher power settings the shape of the grains is elongated in adirec-
tion normal to the build direction. The formation of grains with
similar shape and orientation is common in SLM of metals and has
been reported by Niendorf et al. [37] and Kanagarajah et al. [26].

Fig. 8 shows scanning electron micrographs of the Bi, Tes speci-
mens sintered under different laser powers. Two different types of
porosity are observed below the surface of the molten region. At
the higher power settings (20 W and 25 W), spherical shaped pores
are observed across the thickness of the molten region, while more
irregularly shaped pores are present at the interface between the
molten region and the powder compact for all specimens. Spher-
ical pores generally result from trapped gases in the molten pool
[38,39]. Pre-existing closed pore structures in the original green
compacts act as initiation sites for gas porosity formation [40]. Dur-

River lines

Fig. 6. Scanning electron fractographs of the melt zone of a specimen processed at
20 W laser power, showing microvoids (indicated by red arrows) and transgranular
river patterns (yellow arrows) on the fracture surface. (For interpretation of the
references to colour in this gure legend, the reader is referred to the web version
of this article.)

ing laser melting of the powder, small pores will collapse under
the high surface tension of the molten pool, while larger pores will
overcome the surface tension. Trapped gases in the form of bubbles
will remain trapped in the molten pool due to the extremely rapid
solidi cation rates experienced in SLM. Another possible explana-
tion for the spherical pores observed at higher power settings is
keyhole instability and collapse, which can lead to trapped gases,
bubble formation and porosity upon solidi cation. Notably, this
has been observed in deep penetration laser welding at low speeds
[41,42]. On the other hand, irregular pores are generally present at
the melt pool boundaries and could be a result of unmelted pow-
der or shrinkage at the interface between the molten pool and the
unconsolidated powder.

The phase purity of the SLM processed Bi,Tez specimens is
identi ed using XRD (Fig. 9). For all laser processing conditions in

200 pm

200 pm

Fig. 7. Polarized light microscope images of the cross-sectional surface of Bi, Tez samples processed at different laser power inputs showing elongated microstructures.
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Fig. 8. SEM micrographs of the cross-sectional surface of Bi,Tes samples processed at different laser power inputs showing spherical pores (indicated by red arrows) and
irregulare shaped pores (indicated by yellow arrows). (For interpretation of the references to colour in this gure legend, the reader is referred to the web version of this

article.)
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Fig. 9. X-ray diffraction patterns of Bi,Tez powder compacts processed with laser
powers 10 25W.

this study, the XRD patterns are well-matched with binary Bi,Tes
(PDF#15-0863) indicating that no new phases were formed dur-
ing SLM. The relative intensities of the (0015) and (0018) planes
are clearly stronger for specimens processed at 20W and 25W
laser powers. Systematic variation in diffraction peak intensities
indicates preferred orientation of crystallites in the powder sam-
ple [43]. The presence of large, elongated crystallites in the 20 W

and 25W processed specimens makes it dif cult for the crushed
powder to adopt a random orientation. Preferred crystallographic
orientation is not evident in the XRD patterns of the specimens
processed at lower power settings due to the presence of a large
percentage of unconsolidated powder in the specimen. Any pre-
ferred orientation that may have been present in the partial molten
region would have been masked by the randomly oriented grains
in the unconsolidated region. Changes in peak intensities result-
ing from crystallographic preferred orientations were previously
reported for Bi, Tez powder processed with spark plasma sintering,
rolling, and forging [6,44,45]. Formation of preferred crystallo-
graphic orientation during processing of Bi,Tez was also found to
in uence anisotropy of thermoelectric properties.

4. Conclusion

The results presented here are a unique demonstration of selec-
tive laser melting of a thermoelectric material. Selective laser
melting of Bi,Tez thermoelectric powder was investigated on a
commercial SLM system (ProX™ 100) under variable energy den-
sities. Powder compacts were used for the investigation since
commercially available Bi,Tez powder lacks suf cient owability
and spreadability for layer-by-layer manufacturing. Results show
that the depth of the melt region in SLM-processed compacts
increases with an increase in laser power, and the specimens were
almost completely melted at the higher power settings (20 W and
25W). Surface porosities were found to decrease signi cantly with
the increase in energy density. However, for all processing con-
ditions, subsurface pores were present due to trapped gases and
shrinkage at the melt pool boundaries. X-ray diffraction phase anal-
ysis shows that no new phases were formed under all investigated
processing conditions. The results from the current study provide a
foundation for future work in investigating the manufacturability
of BioTez in a layer-by-layer fashion using SLM. The use of addi-
tive manufacturing can potentially provide an attractive alternative
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to traditional manufacturing in the fabrication of thermoelectric
devices.
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