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Abstract: Additive manufacturing offers several opportunities for thermoelectric energy harvesting
systems. This new manufacturing approach enables customized leg geometries, minimized thermal
boundary resistances, less retooling, reduced thermoelectric material waste, and strong potential to
manipulate microstructure for higher values of figure of merit. Although additive manufacturing has
been used to fabricate thin thermoelectric films, there has been comparatively limited demonstrations
of additive manufacturing for bulk thermoelectric structures. This review provides insights about the
current progress of bulk thermoelectric material and device additive manufacturing. Each additive
manufacturing technique used to produce bulk thermoelectric structures is discussed in detail along
with future directions and challenges.
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1. Introduction

Thermoelectric (TE) devices are solid-state, semiconductor devices in which an electric
potential results from the presence of a temperature difference or vice versa [1]. Thus, they
are an attractive option for waste heat recovery (direct heat to electricity conversion) and
localized thermal management. However, TE devices have failed to find a foothold in
prolific applications and markets. Their conversion efficiencies are low (~5%), and they are
not easily integrated into other systems. Thus, it is challenging for TE devices to be a viable,
cost-effective solution for distributed power generation or thermal management. Additive
manufacturing of thermoelectric devices offers the potential to improve thermoelectric
device efficiencies as well as enable integration of thermoelectric conversion into other
materials and systems.

A conventional TE module consists of p- and n-type semiconductor legs connected
thermally in parallel and electrically in series. TE materials are made of inorganic semicon-
ductors such as skutterudites [2], chalcogenides [3], half-Heusler alloys [4], oxides [5-7]
or conductive organic polymers like polypyrrole (PPy) [8], polyaniline (PANI) [9], and
poly(3,4-ethylenedioxythiophene) (PEDOT) [10]. The efficiency of a TE material is governed
by dimensionless figure of merit, ZT, which is defined in Equation (1):

_ s

ZT i

T )
where S, 0, T and k denote Seebeck coefficient, electrical conductivity, absolute temperature,
and thermal conductivity, respectively [11]. For a TE material to be considered efficient, high
power factor (S>c’) and low thermal conductivity must be achieved at a certain temperature.

In traditional fabrication of TE devices, high-energy techniques such as melt spin-
ning [12], spark plasma sintering [13], arc melting [14], and ball-milling [15] are commonly
used. The resultant ingots are diced into legs, which are subsequently assembled between
metal contacts on ceramic substrates [16]. However, traditional fabrication techniques are
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laborious and require use of expensive equipment. A substantial amount of the TE material
is wasted, especially during the dicing step [17]. Moreover, such techniques only allow
planar form factors (i.e., only thin, flat devices) which hinders efficient heat transfer on
non-planar surfaces because the high thermal boundary resistance is high as shown in
Figure 1. Hence, a fabrication process that renders conformal geometries or better system
integration would be transformative [18-20]. Additive manufacturing (AM) has emerged
as a promising alternative.
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Figure 1. Comparison of additive and conventional manufacturing for TE materials.

Additive manufacturing (AM), conventionally called 3D printing, is a way of rapid
prototyping complex geometries that are otherwise difficult to fabricate via conventional
methods [21]. It involves deposition of the feedstock material in a layer-by-layer fashion
with process parameters dictated by a computer-controlled algorithm. AM has been demon-
strated as more straightforward, versatile, flexible, and rapidly deployable than traditional
fabrication techniques owing to its minimized need for retooling, negligible waste, and
feasibility for a diverse range of materials [22,23]. According to the corresponding stan-
dard by International Organization for Standardization/American Society for Testing and
Materials (ISO/ASTM 52900:2015), AM methods are classified into seven sub-categories:
material extrusion, material jetting, powder bed fusion, vat photopolymerization, binder
jetting, direct energy deposition, and sheet lamination as summarized in Table 1 [24].

Table 1. Classification of AM methods material extrusion, material jetting, powder bed fusion,
vat photopolymerization, binder jetting, direct energy deposition, and sheet lamination as per
1SO/ASTM 52900:2015.

Method Used for Principle Advantages Disadvantages Ref Highest ZT
Reported
. Composites, Deposition through Widespread, Anisotropy, High
Material . . . 1.7 at
Extrusion Polymers, anozzle in inexpensive, Surface Roughness, [25] 485 °C [26]
Ceramics filament/ink form adaptable Low resolution
. . Support structure
Vat Polymers, Photocuring of the High resolution, needed, post- 1.0at27 °C
Photopoly- . . . excellent . . [27]
Lo Ceramics resin material - processing required, [28]
merization surface finish

poor strength.
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Table 1. Cont.

Method Used for Principle Advantages Disadvantages Ref Highest ZT
Reported
Powder Metals, Pol.ymers, Fu5101T1 of ppwders ngh resolution, High investment cost, 1.29 at
Bed Fusion Ceramics, via a high wide range of size limitations [29] 50 °C [30]
Composites energy beam printable materials
Selective
. . Metals, Pol.ymers, deposition of a Low cost, Poor strength,
Binder Jetting Ceramics, Lo . . [31] N/A
Composites binding agent onto high speed post-processing needed
powder layers
Layer-by-layer .
Material Polym?rs, solidification of High accuracy, Support
. Ceramics, . low waste, . [32] N/A
Jetting Composites droplets deposited multi-material material needed
p using a dispenser
Sheet Polymers, Sl?;estoll;d:io;g High speed, Post-processing [32] N/A
Lamination Metals, Ceramics 4 low cost needed
bulk structures
Beam/Arc melting
of a material High processing
DSZCtOSSf(Ey Metals d:%?sﬁeéiet}izuo%h rate, large parts Coarse surface finish [33] N/A
p g1 des manufacturable

freedom nozzle in
powder/wire form

2. Additively Manufactured Bulk TE Structures

The AM techniques used for fabrication of bulk TE structures with thicknesses in
the millimeter range are material extrusion, laser powder bed fusion, and vat photopoly-
merization. Material and binder jetting have been used to make thin film TEs, as well.
Excellent reviews about printed thin films with sub-millimeter thickness [34-36]; this
review discusses only printed bulk TE architectures.

2.1. Material Extrusion

Among all AM methods, material extrusion is the most commonly used since it
is inexpensive and allows fabrication of a wide range of materials such as composites,
ceramics, and polymers [21] (pp. 23-51). Material extrusion relies on deposition of a
material in a filament or viscous ink form onto a substrate which may be maintained at
a certain temperature (Figure 2A). As an inexpensive method that enables extrusion of
multiple materials, material extrusion is suitable for printing fully functional materials
with anisotropic properties [37]. Depending on to the material extruded, the method is
commercially licensed as fused deposition modeling (FDM), fused filament fabrication
(FFF) and direct ink writing (DIW) [38].

Material extrusion requires organic or inorganic binders as rheological modifiers to
ensure stable deposition. In solid filament-based material extrusion of TE bulk structures,
only organic polymeric binders have been employed so far. The first attempt was by
Wang et al. where they tailored TE and mechanical properties of PLA (Polylactic Acid)/BST
(Big55b1 5Tes) composite filaments at varying loadings of multi-walled carbon nanotubes
(MWCNTs), silane coupling agent and plasticizer. Although a functional bulk TE sample
was not fabricated, the filament with the Bip55b 5Te3 / MWCNTs weight ratio of 81.3/4%
resulted in a ZT of 0.011 at room temperature [39]. In this regard, Wang et al.’s strategy was
later used by Oztan et al. to fabricate bulk, p-type bismuth telluride (Biy Tez) structures. Bulk
cubes with an edge of 1 mm were fabricated with 20 wt% organic acrylonitrile-butadiene-
styrene (ABS) used as a binding agent. Heat treatment at 450, 500, 550 and 575 °C was done
to decompose the ABS matrix, resulting in a noteworthy enhancement in TE properties,
albeit with a reduction in the strength. The bulk cubes sintered at 500 °C exhibited a



Energies 2022, 15, 3121

40f16

maximum ZT of 0.54 at room temperature [40]. Aw et al. also used material extrusion to
fabricate conductive ABS/Zinc Oxide (ABS/ZnO) composites with various infill ratios
and patterns. The samples with 100% rectilinear infill pattern possessed the highest ZT of
5.7 x 1072 at room temperature [41].

Rheological modification of inks using organic binders is less laborious than fabrication
of filaments with a homogeneously distributed organic binder matrix. While they have low
thermal conductivity, organic materials also suffer from low electrical conductivity [42]. To
overcome this limitation, Kim et al. reported a ground-breaking study where all-inorganic
viscoelastic TE inks with Sb,Te3 chalcogenidometallate (ChaM) ions as inorganic binders
for BipTes-based particles were used [43]. Bulk cuboid, disc and half-ring samples were
fabricated and characterized; maximum ZT values of 0.9 at 125 °C and 0.6 at 175 °C for p-
and n-type samples, respectively, were achieved. These superior numbers were attributed
to the transition of the highly soluble ChaM ions into crystalline semiconducting metal
chalcogenides after heat treatment. The authors also successfully printed a functional,
conformal TE device for power generation on an alumina pipe where a 2.3-5.2 times larger
output voltage per TE couple and up to an order of magnitude larger output power than
the planar TE generators were reported. Similar to Kim et al.’s work, inorganic ink-based
material extrusion of functional tubular TE generators for high temperature applications
was demonstrated by Lee et al. The doping-induced surface charges of PbTe particles
were exploited to improve the viscoelasticity of the ink. The impurity-free PbTe ink was a
suitable material for fabrication of substrate-free, self-sustaining structures. Bulk legs with
various shapes such as cuboid, cylinder, plate, disk, perforated plate, and tube were later
sintered without considerable loss in mechanical properties. Printed p- and n-type bulk legs
demonstrated maximum ZT values of 1.6 and 1.4 at 477 °C [44]. The high-ZT tubular device
yielded a maximum power density of 153.7 m-W/cm?, outpacing Kim et al.’s work [43]. As
with filament-based material extrusion, ink-based material extrusion enables multi-material
deposition [45]. A multi-material approach based on all-inorganic TE ink containing
BixSb,_,Te3 particles (x = 0.3-0.6) and ChaM was reported by Yang et al. where they
successfully fabricated compositionally segmented bulk, tri-block TE cuboid legs with a
high efficiency of 8.7% under a 236 °C [46].

Topology optimization of printed bulk TE legs using material extrusion with all-
inorganic inks has also been reported. Choo et al. investigated Cu,Se with inorganic,
electroviscous Seg?~ polyanion inks to print optimized bulk legs with superior power
output and mechanical stiffness. Hollow hexagonal column and honeycomb shaped bulk
TE architectures demonstrated ZTs as high as 1.21 at 727 °C owing to the Seg>~ polyanions
acting as a sintering promoting aid. Moreover, an improvement between 20-25% in power
density was observed in the customized legs compared to the cuboid ones, which was also
confirmed with simulation [47].

Aside from inorganic binders, a considerable amount of work uses ink-based material
extrusion with organic binders. Organic ink binder materials are less expensive and more
readily available than their inorganic counterparts. As with the filament-based material
extrusion with organic binders, an additional heat treatment step is required to decompose
the binder which causes porosity and reduces the electrical conductivity. One example is
bulk SnSe TE elements with organic carboxymethylcellulose (CMC) binder; the parts were
manufactured via a pseudo material extrusion method devised by Burton et al., where
the inks were deposited into sacrificial 3D printed ABS scaffolds. After curing at 600 °C,
the 1 mm X 1 mm X 2 mm sized bulk legs fabricated with 4 wt% CMC had a record
high ZT of 1.7 at 485 °C. Moreover, a fully functional module capable of producing 20 W
at 500 °C was demonstrated. The same research group later used a similar strategy on
Cup_Se (x = 0, 0.02, 0.03), a high temperature TE material, to fabricate bulk legs that
demonstrated a peak ZT of 0.63 £ 0.09 at 693 °C [26]. In addition to CMC, various water-
soluble organic polymers have been suggested as promising binders due to their excellent
viscoelasticity and non-toxicity [35,48-50]. Su et al. reported material extrusion of bulk
TE in-plane and annular legs using BiyTe3 /PVP and Biy 55b1 5Te3 /PVP slurries in various
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concentrations. The assembled tubular TE generator for power generation demonstrated a
maximum power output of 0.68 mW, and the n- and p-type legs exhibited maximum ZTs
of 0.11 and 0.104, respectively. The results were further corroborated via simulation [51]. In
another investigation, an unorthodox ink-based material extrusion method was employed
for fabrication of bulk BiyTes architectures by Kenel et al. The heat treatment step was
used for reduction of extruded Bi,O3 + TeO, + Poly-lactic-co-glycolic acid (PLGA) ink
to TE BipTe3. Despite warping and shrinkage, the printed samples were sufficiently self-
sustaining and achieved a fairly high ZT of 0.4 [52]. Figure 2 summarizes the operation
principle of material extrusion and shows bulk TE samples produced therewith.

O ¥ _

Reduced Sintered 3D printed
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. Ppecific :
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Bi/Sn solder Cu electrode

Figure 2. (A) Schematic of the working principle of material extrusion, (B) Bip5Sb; 5Te3/MWCNT
based composite filaments (Reprinted with permission from [39] Wang et al.), (C) Custom printed
Biy Te; shapes (Reprinted with permission from [40] Oztan et al.), (D) ABS/ZnO composite sample by
Aw et al. [41], (E) SnSe based TE generator by Burton et al. [26], (F) Bulk Bi, Te3 scaffolds (Reprinted
with permission from [52]. 2021, Kenel et al.), (G) Bulk PbTe samples in various shapes and the
resultant functional TE generator by Lee et al. [44] (H) Composition-segmented BiSbTe generator
(Reprinted with permission from [46]. 2021, Yang et al.), (I,J) Bulk samples and the tubular TE
generator printed using all-inorganic Bi, Tes + Sb, Tes ChaM inks (Reprinted with permission from [43].
2018, Kim et al.), (K) Cuboid, hollow hexagonal column, and honeycomb-shaped printed bulk Cu,Se
TE legs by Choo et al. [47], (L) As-printed and sintered bulk samples and the tubular TE generator
based on BiTe3 /PVP-Big 55b; 5Te3 /PVP inks (Reprinted with permission from [51]. 2020, Su et al.).
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As the most commonly used AM method, material extrusion is applicable to a broad
range of materials due to its scalable, adaptable, cost-effective, straightforward, and ver-
satile features. Various organic, inorganic and hybrid composite TE ink and filament
formulations have been devised so far. While filament-based material extrusion methods
enable fabrication of TE elements with considerably high strength, the need for a heat treat-
ment step to decompose the binder impacts the phase purity. Similar to its filament-based
counterpart, ink-based material extrusion requires a heat treatment step to cure the ink and
improve the part strength. In both methods, this heat treatment step induces porosity in the
microstructure, reducing the electrical conductivity and leading to lower ZTs than the bulk
counterparts. The heat treatment step also causes warping, shrinkage, and other geometric
inconsistencies in the legs, which arguably is the most severe drawback of the method.
For all these reasons, careful selection of the process parameters in the heat treatment
step is imperative. On the other hand, with the trailblazing introduction of ChaM as an
inorganic binder with excellent electrical and rheological properties, material extrusion has
evolved into a technique that offers ample opportunities for AM of bulk TE architectures.
Considering many of the TE waste heat recovery applications require TE devices to operate
on curved surfaces [53-56], material extrusion using all-inorganic inks can be an excellent
candidate to enable in-situ TE generator fabrication on such surfaces.

2.2. Vat Photopolymerization

Vat photopolymerization is another common additive manufacturing technique that
involves consolidation of a photocurable polymer resin by a light source in a selective and
layer-by-layer fashion [57]. The technique is patented under the monikers Stereolithography
(SLA), Digital Light Processing (DLP), and Continuous Liquid Interface Production (CLIP),
depending on the source and direction of the light used [58].

From a TE fabrication perspective, vat photopolymerization has limited interest so far.
The first attempt was made by He et al. in 2015 to fabricate p-type amorphous Big 55b1 5Tes
bulk samples with ultralow thermal conductivity. The composite resins were loaded with
40-60 wt% Biy55b1 5Tes and processed under a 405 nm laser beam at a laser power of
1.2 W and layer height of 100 um. A post-processing step with parameters optimized
via thermogravimetric analysis (TGA) was applied to decompose the residual resin and
enhance the electrical conductivity. Despite the resultant ultralow thermal conductivity
of 0.2 W/m-K, the remaining porosity caused a low electrical conductivity and led to a
maximum ZT of 0.12 at room temperature [59]. Vat photopolymerization was later used
by Park et al. for fabrication of bulk TE elements with orthorhombic (3-Ag,Se phase, a
TE compound for room temperature applications [60-62]. The bulk samples with various
ratios of 3-Ag,Se were fabricated and characterized for tensile strength and TE properties.
Despite an approximate loss by 55% in tensile strength, the samples loaded with 30 wt%
[-Ag,Se exhibited a maximum ZT of 0.12 at 27 °C. A quasi-printing technique using vat
photopolymerization for bulk TE fabrication was reported by Mallick et al. In this method,
n-type (3-AgsSe and p-type PEDOT inks were painted on vat photopolymerization printed
scaffolds with three distinct geometries for topology optimization [28]. N-type p-Ag,Se
yielded a maximum ZT of 1.0 in the room temperature, and a maximum output power of
7 uW was observed in cylindrical bulk legs.

Although the vat photopolymerization technique offers excellent surface finish and
high resolution, it has numerous hurdles such as limited photopolymerizable resins [63]
and a requisite post-curing process to eliminate the binder in the resin as with material
extrusion. The samples fabricated by this method exhibited significantly lower ZTs than
their traditionally manufactured bulk counterparts. A summary of the use of vat pho-
topolymerization bulk TE fabrication is provided in Figure 3.
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Figure 3. (A) Working principle of vat photopolymerization, (B) Quasi-vat photopolymerization
printed -AgySe-PEDOT TE generators fabricated by Mallick et al. [28], (C) Bulk 3-AgySe TE struc-
tures made by Park et al. [62], (D) Bulk Big5Sb; 5Te; samples made by He et al. [59] (Reproduced
with permission).

2.3. Powder Bed Fusion

Powder bed fusion utilizes a laser or electron beam as an energy source to enable local-
ized melting of a powder material followed by solidification in a layer-by-layer fashion. The
method is versatile because it allows fabrication of highly dense metal, composite, ceramic,
and polymeric parts with small-to-medium size and customized shapes [64—-66]. Powder
bed fusion is classified into several sub-categories such as Selective Laser Sintering (SLS),
Direct Metal Laser Sintering (DMLS), and Electron Beam Melting (EBM) [67]. In powder
bed fusion, as the beam interacts with the material, a melt pool forms and solidifies with a
unique microstructure comprised of preferential grain alignment along the direction of the
thermal gradient, resulting in anisotropic properties [68]. Powder bed fusion involves a
complex combination of multiple physics such as conductive, radiative, and convective
heat transfer, surface tension driven mass transport and thermo-capillary convection [69].
Hence, a comprehensive understanding of this process is still a major goal in the field of
AM. Certain dimensionless numbers that are commonly used in fluid mechanics and heat
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transfer such as normalized enthalpy, Marangoni number, Fourier number and Peclet num-
ber [70,71] have enabled more precise understanding of the physics involved in the process,
and a commonly used process parameter to predict the microstructure is the volumetric
energy density (E,) given in Equation (2):

P

Ev = % (2)

where P, v, h, and d are the beam power, scan speed, hatch spacing, and layer thickness,
respectively. Sometimes, Equation (2) is used without the d or without both the 4 and h
terms to denote surface energy density (E;) or linear energy density (E;), respectively.

While AM of bulk TE structures via powder bed fusion is a rather new concept, it
has attracted significant attention. The main advantage of using powder bed fusion is
the potential to create hierarchical structuring. The technique can be used to introduce
inclusions and grain boundaries [72] that lead to increased phonon scattering for lower
thermal conductivity and increased charge carrier energy filters for enhanced Seebeck
coefficient simultaneously [73]. This AM approach can also enable meso-/macro-scale
topological design and optimization for system-level benefits.

Prior to achieving the fabrication of a bulk TE sample via powder bed fusion, notewor-
thy investigations were performed on Bi;Tez using single melt lines on powder compacts
to determine the optimum process parameters. The first published attempt was made by
Read et al. using an Nd: YLF pulse laser setup. Under a laser spot size of 173 um and vary-
ing laser powers and scan speeds between 0.5-2 W and 540 mm/s (which corresponded
to energy densities of 0.07-1.17 ] /mm?), formation of stable single melt lines was observed.
Bi, Tes underwent excessive vaporization at heat fluxes above 33.5 W/ mm? [74]. Subse-
quently, these promising results were expanded by El-Desouky et al. using the same Nd:
YLF pulse laser setup to optimize the laser spot size. With a larger laser spot size of 300 pm
and laser scanning speeds and powers of 1-2 W and 5-20 mm/s (which corresponded
to an energy density range of 0.29-1.17 J/mm?), minimized ejection of the powder was
observed. Excessive material ejection and splatter were reported at a higher energy density
of 1.8 /cm? [75]. El-Desouky et al. later observed that under the laser spot size of 300 um,
higher laser powers of 3-5 W led to reduced porosity [76]. In their subsequent research,
El-Desouky et al. continued investigating the melt pool and microstructure formation of
Bi, Te; disks under even higher laser powers and scan speeds (10-25 W and 350 mm/s),
yet with similar volumetric energy intensities due to the reduced laser spot size (70 pm).
Imaging revealed increased laser power allowed deeper permeation of the laser heating
into the matrix, resulting in higher melt pool depth. On the other hand, increased levels of
energy density significantly mitigated the surface porosities, but formation on spherical
and irregular subsurface pores persisted due to the trapped gases and shrinkage at the melt
pool boundaries. In this research, phase purity, which is primarily governed by the beam
parameters and oxidation, was also characterized using X-ray diffraction; no secondary
phases were detected [77]. These studies showed Bi,Te; was a suitable candidate for pow-
der bed fusion using a single-layer consolidation strategy on compacted Bi,Tez disks to
explore the process-microstructure relationship.

The first research concerning single-step powder bed fusion manufactured bulk TE
structures was reported by Zhang et al. [78] using a continuous wave laser to consolidate
undoped BiyTe; powder. Bulk Bi;Tes structures over 1 mm thick were fabricated under
16 and 25 W laser power at constant scan speed, hatch space and spot size of 500 mm/s,
37.5 um and 50 um, respectively. The powder bed fusion-made bulk samples exhibited no
difference in phase purity from their hot-pressed counterparts. At a laser power of 25 W, a
maximum ZT of 0.11 at 50 °C was achieved. The relative density of 88% was attributed to
the voids and mechanical interlocking of the Bi,Te; powder before melting due to the pow-
der particles” high aspect ratio. Fully powder bed fusion-processed bulk TE samples out
of pure powder was reported by Shi et al., as well, where p-type commercial Big 55b1 5Tes
powder was laser processed under a constant scan speed of 3200 mm/s, laser power of
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30 W and varying hatch spaces of 50 um and 80 um [30]. A 12 mm x 3 mm X 2 mm square
block and cylinder sample with a diameter of 12.7mm and thickness of 2 mm were suc-
cessfully fabricated. Due to the process-induced artefacts, the samples exhibited a highly
porous microstructure with maximum relative densities of 54.3% (50 um hatch spacing)
and 45.5% (80 um hatch spacing). Although the porosity caused more than a 50% decrease
in electrical conductivity compared to the bulk Biy55b; 5Tes alloy, thermal conductivity
decreased by more than 75%. Thus, a maximum ZT of 1.29 at 50 °C was achieved, which
is 40% higher than the bulk Bij 55b; 5Tez sample. Welch et al. studied powder bed fusion
of n-type BiyTe; 7Sep 3 powder synthesized by ball milling. The microstructure and phase
purity of a 3 mm thick, laser-consolidated bulk sample were analyzed. Oxidation was
observed, likely due to trace oxygen in the processing chamber. The maximum density
recorded in this research was 75% due to low powder layer packing density and processing
close to the transition threshold between conduction and keyhole mode processing [79].
Welch et al. [80] also studied powder bed fusion of n-type Bi,Te; powder using a continu-
ous laser system to explore its process-structure-property relationship. A comprehensive
transmission electron microscopy analysis showed the presence of grain boundaries, oxide
inclusions, and tellurium deficient regions, the combination of which likely caused a shift
in primary charge carrier and resulted in p-type behavior. Other than Bi,Tes, Zhang et al.
also demonstrated the first laser powder bed fusion of half-Heusler alloys using pure
ZrNiSn and nano ZrO, doped Hfj 3Zrg7CoSng 3Sbg 7. The base powders were successfully
consolidated into flat disks with a diameter of 8 mm and thickness over 1 mm. Although
no TE properties were reported, the produced parts retained most of their original chemical
composition with small chemical variations due to the decomposition and oxidation during
the interaction of the materials with laser. The results manifested that TE half-Heusler
alloys are suitable for powder bed fusion [81].

In all works described so far, powder bed fusion experiments were conducted through
deposition of the pre-synthesized TE alloy powder on a build plate. In the innovative
approach reported by Gascoin et al., laser based powder bed fusion was exploited to
perform the alloying process itself, enabling a less time-consuming fabrication procedure
since the TE alloy would be formed at the same time that the part is manufactured. Laser
scanned higher manganese silicide (HMS) sheet samples exhibited high phase purity,
enabling a potential layer-by-layer fabrication of this material into a bulk sample [82].
This strategy was later employed by Shi et al. where a pseudo-homogeneous mixture of
individual elemental powders of Sb and Te were laser scanned twice under 60-100 W laser
power and 200-300 mm/s scan speed and 50 um hatch spacing [83]. X-ray diffraction
analysis indicated atomic ratios close to stoichiometry, and the parts had high relative
density of 99.91% and a ZT of 0.4 at 250 °C.

As with material extrusion, rheological modification of the feedstock material in
powder bed fusion is possible with organic binders, surfactants, and solvents for enhanced
flowability and mechanical integrity [84,85]. For example, Xiong et al. used E12 epoxy as
the binder in n-type BiyTez powder to fabricate prismatic bulk samples with a diameter
of 4 mm x 4 mm X 20 mm. Due to its low melting point, good bonding property and
minimal heat shrinkage, E12 epoxy was a suitable candidate as a binder. A bulk sample
was successfully manufactured with a laser power of 22 W, scan speed of 3000 mm/s and a
hatch spacing of 260 um. Subsequent degassing of the epoxy resulted in a relative density
and ZT of 63.30% and 0.88 (at 77 °C), respectively [86]. Figure 4 displays the powder bed
fusion manufactured TE samples from select publications.
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Figure 4. (A) Working principle of powder bed fusion, (B) Nano ZrO, doped Hfj 3Zry7CoSng 3Sbg 7
bulk disks with a diameter of 8 mm and thickness over 1 mm [81], (C) 2 mm-thick Bip5Sb; 5Tes
parts and their porous microstructure (Reprinted with permission from [30]. 2019, Shi et al.),
(D) 1 mm-thick Sb,Te; samples alloyed via powder bed fusion (Reprinted with permission
from [83]. 2021, Shi et al.), (E) Preferential grain orientation in powder bed fusion processed
BiyTes (Reprinted with permission from [77]. 2017, El-desouky et al.), (F) Bulk rectangular prism
(4 mm x 4 mm x 20 mm) and cylinder (12.7 mm x 3 mm) samples made via laser powder bed fusion
of n-type Biy Tez samples/epoxy composite powder by Xiong [86], (G) Bulk Bi; Tez samples (Reprinted
with permission from [78]. 2018, Zhang et al.), (H) Bulk p-type BiSbTe samples fabricated (Reprinted
with permission from [87]. 2008, Qiu et al.).

Hybrid manufacturing of bulk TE elements involving powder bed fusion has also
attracted considerable attention. Wu et al. combined powder bed fusion and ink-based ma-
terial extrusion to enable multi-material printing for device fabrication [88]. A slurry made
of Tween 20, Antifoam AR and n-type BiyTe; 7S¢y 3 was prepared via high temperature
synthesis and ball milling and ink-printed onto a substrate in a drop-on-demand manner.
The deposited slurry was later processed by powder bed fusion at 6 W and 80 mm/s. A
bulk composite sample with a thickness of 1.5 mm was obtained by consecutively stacking
75 layers of ink-deposited slurry. A maximum ZT of 0.3 at 177 °C was reported. Due to the
presence of the organic additives in the slurry, unidentified peaks in XRD analysis were
detected; these peaks were not present after annealing. Mao et al. [89] studied powder
bed fusion of n-type BiyTe; 7Se( 3 powder deposited on a substrate made of the same ma-
terial. The laser processing parameters were 4-8 W, 50-200 mm /s and 30-80 pum (hatch
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spacing) with a powder layer height of 30 um. Due to the high propensity of Te and Se to
evaporate during consolidation, different compositions of Bi;Te; 7.xSeg 3.y, (0.72 > x > 0.1,
0.2 >y > 0.07) were observed. To mitigate this, a bulk sample with 10 mol% of excess Te
was fabricated and characterized for phase purity and TE properties. A bulk composite
1.5 mm thick sample was manufactured under the optimum parameters of 6 W, 200 mm/s,
50 um and 0.6 J/mm? for laser power, scanning speed, hatch distance and energy density,
respectively. Subsequent annealing at 400 °C for 24 h was performed to eliminate any
residual stress and inhomogeneity. The maximum ZT was 0.84 at 127 °C.

The same hybrid AM approach was later employed as a post treatment for material
extrusion-printed samples by Greifzu et al. [90] to fabricate thin films with both n- and
p-type BiyTes. Considerably higher laser power and scanning speeds of 80-150 W and
2500-5000 mm /s, respectively, were employed under a regular hatch distance range of
0.3-0.5 mm, which corresponded to energy density ranges of 0.025-0.250 J/mm? for the
n-type BiyTez and 0.025-0.160 ] /mm? for the p-type Bi,Tes. The p-type material underwent
more than 40% enhancement in electrical conductivity from 15 S/cm to 22 S/cm although
the n-type material showed a significant reduction from 88 S/cm to 7 S/cm. On the other
hand, absolute Seebeck coefficients demonstrated dramatic reductions from 251 uV /K to
40-70 puV /K for the p-type material and from 142 uV/Kto 110 uV /K for the n-type material.
It was concluded that the design of experiments could not yield optimum parameters
due to the inconsistent results. In another hybrid approach combining traditional and
additive powder bed fusion technique, Yan et al. [91] laser processed n-type CoSb, g5Teq 15
skutterudite and ethanol slurry on a Ti substrate for medium-temperature TE applications.
A pulsed fiber laser system was used, and bulk samples with a thickness of 1.7 mm
were fabricated by consecutively processing 80 layers at laser parameter of 12-16 W and
50-100 mm/s. The sample was annealed at 450 °C to remove the ethanol from the matrix,
resulting in a maximum ZT of 0.56 at 550 °C. The same hybrid method was also used by
Qiu et al. [87] to laser process highly textured p-type Bip 4Sb; ¢Te3 synthesized via a thermal
explosion technique by Yan et al. [92] for n-type ZrNiSn, and by Chen et al. for SnTe [93].

The key advantage of powder bed fusion for TE over material extrusion techniques
is the possibility to make very dense, customized geometries without the need for an
additional binder material [94]. Powder bed fusion is also suitable for synthesizing the TE
material out of its constituent elements without a significant deviation from stoichiometry
of the desired TE alloy [83]. The unique, anisotropic microstructure with preferential grain
orientation along the temperature gradient could enable higher Seebeck coefficients and
lower thermal conductivity via phonon scattering [80]. However, high temperatures during
powder bed fusion may decompose TE materials. Lack of fusion, porosity, thermal cracking,
and oxidation are major challenges, and the brittle nature of TE materials [95,96] increases
the risk of thermal cracking. Moreover, TE properties are sensitive to any variation in the
chemical composition. Hence, the highly complex physics involved in the process require a
comprehensive understanding of the process-structure-property relationship. Thus, simula-
tion techniques could reduce the experimental burden and allow prediction of the resultant
microstructure [97-104]. The high equipment cost is certainly another major drawback
of the method. In conclusion, powder bed fusion of TE structures still needs substantial
research and development in order for it to be a viable TE device manufacturing technique.

3. Outlook and Future Directions

Thus far, TE energy harvesting on non-planar surfaces has been achieved with flexible
thin and thick film TE devices. As an alternative to this, topology optimization of bulk TE
legs and devices into customized, shape-conformable geometries has attracted considerable
attention. Additive manufacturing provides promising results albeit with limitations in all
techniques. In the majority of the material extrusion-based techniques where an organic
binder material is used, an additional heat treatment that impedes the TE performance is
needed. To overcome this, all-inorganic binders have been developed, which led to record
high values of ZT. On the other hand, powder bed fusion yields parts with hierarchical
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structuring and process-dependent microstructures with preferential grain alignment. Such
microstructure can enhance ZT by suppressing thermal conductivity, which is a potential
advantage of powder bed fusion over other additive methods. Moreover, powder bed
fusion enables binder-free processing of thermoelectric material powder. TE materials
typically have lower thermal conductivity and different charge transport mechanisms than
the conventional materials used in powder bed fusion, necessitating a more comprehensive
understanding of the process-structure-property relationship in powder fusion fabricated
TE materials. Finally, despite the high dimensional accuracy of vat polymerization, this
technique has attracted less interest than material extrusion and powder bed fusion because
there are a limited number of the photocurable resins. Future efforts may be devoted to
investigating novel composite resins for vat polymerization of bulk TE structures.

4. Conclusions

Additive manufacturing has recently emerged as an alternative for TE fabrication, with
promising results so far. TE energy harvesting on non-planar surfaces has been achieved
via AM of flexible thin/thick film TE devices, but topology optimization of bulk TE legs
and devices into customized, shape-conformable geometries also offers ample benefits for
increases in TE device performance in a broad range of applications. This review discussed
the recent progress in additively manufactured bulk thermoelectric structures. Additive
manufacturing techniques are adaptable to a wide variety of materials, reduce waste,
enable the flexibility to fabricate custom structures, are cost effective, and minimize the
need for retooling and post-processing. In conclusion, topologically optimized, additively
manufactured bulk TE structures offer an attractive solution for TE energy harvesting and
thermal management applications.
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