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A B S T R A C T   

In view of the increased demand for electricity and the associated environmental and financial concerns, there is 
an urgent need to develop technological solutions that can improve the efficiency of engineering systems and 
processes. Thermoelectric (TE) technologies, with their capability of direct conversion of thermal energy into 
electrical energy, are promising technologies for green power generation through using them as energy har
vesting devices for waste heat recovery in industrial processes and power generation systems. 

To date, TE technologies are still not commercialized on a large scale due to various economic and technical 
obstacles. The majority of previous research on TE technologies concentrated on improving the TE properties, 
such as electronic transport and figure-of-merit, while limited attempts were made to identify the best material 
processing techniques or reduce the cost of manufacturing. Conventional Manufacturing (CM) of TE materials 
and devices is multi-stage, complex, labour-intensive, time-consuming, and has high energy requirements. Thus, 
manufacturing challenges are considered key contributors toward limited industrial adoption of TE technologies. 

The rapid advent of advanced Additive Manufacturing (AM) processes, in recent years, caused dramatic 
changes in engineering design thinking and created opportunities to solve manufacturing challenges. With its 
significant capabilities, AM can be the route to address the shortcomings of CM of the thermoelectric technol
ogies. In this regard, this paper presents an in-depth review of the literature studies on using AM technologies, 
such as selective laser melting, fused deposition modelling, direct ink writing, stereo lithography, etc., for 
manufacturing TE materials and devices. The benefits and challenges of each AM technology are discussed to 
identify their merits and the required future research. This paper demonstrates the role of AM in advancing green 
materials and technologies for solving some of the outstanding energy and environmental issues.   

1. Introduction 

The need to improve the efficiency of industrial processes and power 
generation systems is ever-urgent as global warming, caused by the 
heavy reliance on fossil fuels and the associated emissions of Greenhouse 
Gases (GHG), continues to impose serious challenges to our normal 
human life. Waste Heat Recovery (WHR) systems that recycle the wasted 
heat from industrial processes and power systems into practical use are 
one way to reduce waste energy and improve the efficiency of these 

systems. It is estimated that ∼ 20% − 50% of industrial energy con
sumption is not utilized usefully but conversely, it is discharged as waste 
heat into the environment [1]. Therefore, WHR systems can generate 
significant energy savings [2,3]. Among the various technologies, solid- 
state Thermoelectric Modules (TEMs), in their two configurations as 
Thermoelectric Generator (TEG) and Thermoelectric Cooler (TEC), have 
gained attention as environmentally friendly devices for harvesting 
waste heat through direct conversion of thermal energy into electricity 
and vice-versa [4]. TEMs are attractive because they are simple, silent, 
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versatile, reliable, and have low maintenance requirements and me
chanical failure probability as they have no moving parts [5]. TEG 
converts the thermal energy (heat) into electricity while TEC reversely 
converts electricity into thermal energy, i.e., generation of heat or 
cooling effects. TEGs can be used as waste heat harvesting systems in 
wireless sensor networks, wearable medical devices, hydrogen fuel cell, 
automobile engines, aerospace devices, and various industrial processes 
[6–8]. On the other side, TEC is a reliable, compactable, and silent 
refrigerator that provides many advantages over conventional 
compressor-based cooling systems [1]. For example, TEC does not need 
any exchange media such as a freon gas [9]. Also, TEC can be revised 
quickly from cooling to heating by changing the direction of the applied 
current. TECs are used for thermal management applications in medical, 
microchips and integrated circuits, optical equipment, aerospace and 
defence systems [10,11]. Some of the niche industrial applications of 
TEC are infrared detectors, temperature control of automotive seats, 
CPU coolers, and cooling of avionics and aviation components [12]. 

Despite their huge potential, the large-scale adoption of TEMs is 
hindered by many factors including manufacturing challenges, material 
costs, and low power conversion efficiency [7,13]. Many TE materials 
use germanium and/or tellurium which are expensive elements [5]. 
Conventional Manufacturing (CM) of TE materials and TEM is a complex 
multi-stage procedure, labour and energy intensive, time-consuming, 
requires complex equipment, not suitable for large-scale production, 
and can only fabricate simple planar geometry which has limited TE 
performance when the heat source has a complex shape [14–16]. The 
typical CM procedure of TEM starts with fabricating the TE material into 
pellets using a combination of processing techniques depending on the 
type of the material (further details are provided in Section 2.2). 
Following that, the pellets are diced and polished to form the different n- 
type and p-type TE legs. The legs are then joined to the interconnects 
(made of electrically conductive metal such as silver) which are con
nected to the substrates (made of electrically insulating but thermally 
conducting material such as ceramic). Solder or braze materials are used 
to connect the legs, interconnects, and substrates [17]. 

In recent years, AM, or Three Dimensional Printing (3DP), technol
ogies enjoyed significant and rapid developments as well as wide 
adoption in many industrial sectors such as automotive [18], railway 
[19], aerospace [20], construction [21], biomedical [22–24], food 
[25,26], fashion and jewellery [27], and energy [28–30]. AM provides 
many benefits compared to CM. The distinct advantage of AM is its 
capability to create complex geometrical shapes rapidly. AM can be used 
to create new parts or to repair existing ones, from a wide range of 
materials such as metals, ceramic, polymers, and composites. AM ac
celerates the product development process as it allows rapid 
manufacturing of the product prototypes so engineers can estimate the 
performance and redesign the parts at the early stages of the develop
ment process. 

AM not only add technical and economic benefits but also has many 
positive sustainability impacts. AM plays a key role in the transition to 
sustainable production and circular economy models. AM enables more 
efficient and flexible product and process design due to its significant 
design freedom. Such design freedom enables designing lightweight 
complex structures that may combine multiple functions together, thus 
reducing the number of required parts and simplifying the assembly 
process [31]. Due to its additive nature, AM maximizes the utilization of 
raw materials and minimizes material wastage making it a very 
resource-efficient manufacturing process [32]. Also, AM has great po
tential to be an important player in the models of on-demand, or make- 
to-order, product manufacturing and distributed manufacturing [33]. 
AM can mitigate supply chain costs and reduce transportation-related 
carbon dioxide (CO2) emissions by on-demand production closer to 
the customers [34]. Additionally, AM can be used for on-demand pro
duction of replacement parts instead of maintaining an inventory of such 
parts thus reducing the inventory waste of unsold parts. Within the 
framework of circular economy, AM enables closed-loop material flows 

through reclaiming unused AM materials, such as resin and powder, or 
using recycled materials, from other products, as a feedstock for 3D 
printers [31]. For example, plastic bottles can be converted into 3D 
printable plastic filaments for FDM technology. In the same context, AM 
is attractive for maintenance and repair, and remanufacturing of high- 
value engineering products, thus contributing to extending the life
span of such products. For instance, AM has been adopted for in-situ 
repairing of burners in gas turbines and blisks in jet engines [31]. Be
side the above, most AM processes are low labour and fully automated 
processes and therefore they have very low health and safety risks. 

With such versatile and advanced capabilities of AM, it is intuitive 
for the research community to consider AM as a potential solution to 
revolutionize the fabrication of TEM and to address the shortcomings of 
CM. Printing technologies, such as inkjet printing, aerosol jet printing, 
roll-to-roll printing, and screen printing, have been widely used for TEM 
fabrication [35]. The Technology Readiness Level (TRL) of TE technol
ogies is relatively low, in the range of 3–5, meaning that they are still in 
the research and development phases and require significant de
velopments to reach the deployment phase [36,37]. AM has the poten
tial to fabricate traditional and emerging TE materials, thus paving the 
road to prepare innovative TEMs with advanced shapes and enhanced 
performance, contributing to advancing TE technologies. To estimate 
the potential of AM processes for TE devices and materials, it is 
important to systemically analyse their technical merits and challenges. 
To this end, the focus of this paper is to conduct a thorough literature 
review of the applications of 3DP technologies for TE materials and 
technologies. The paper is structured as follows. In Section 2, an over
view of thermoelectricity and working principles of TEMs is provided. 
The application of the different AM technologies for fabricating TE 
materials and devices along with the main advantages and limitations 
are introduced in Section 3. Finally, the merits, challenges, and pros
pects of AM for TE materials are discussed in the conclusion section. 

2. Overview of thermoelectricity 

2.1. Working principles 

TEMs, including TEG and TEC, are solid-state energy conversion 
devices that consist of multiple thermocouples, or thermoelectric ele
ments, connected electrically in series and thermally in parallel [38]. 
Each thermocouple is composed of two dissimilar TE materials. TE 
materials are a class of semiconductors that directly convert thermal 
energy into electrical power and vice-versa [39]. According to the type 
of the primary charge carriers, TE materials can be either p-type or n- 
type. The p-type materials have holes (i.e., vacancies) as the primary 
carriers of the positive charge while n-type materials have electrons as 
the primary carriers of the negative charge. The working principles of 
the TE devices are based on three thermoelectric effects, including 
Seebeck, Peltier, and Thomson effects, that govern the energy conver
sion process between electricity and temperature gradient [7,40,41]. 

TEG produces electricity based on the Seebeck effect. The Seebeck 
effect states that when imposing a temperature gradient (ΔT = Thot −

Tcold) on the junctions of a thermocouple (a pair of p- and n-type TE 
materials), a potential difference, i.e., electrical voltage (ΔV), is gener
ated. The theory behind the Seebeck effect is that the applied ΔT induces 
the diffusion of charge carriers (electrons in the n-type material or holes 
in the p-type material) from the high temperature to the low tempera
ture. The reason for this diffusion is that the added heat makes the 
charge carriers at the hot side more energetic than their counterparts at 
the cold side and thus they travel faster toward the cold side and 
accumulate there. The accumulation of the charge carriers at the cold 
side creates opposite charges at the ends of the TE materials, as shown in 
Fig. 1, resulting in a gradient in the concentration of charge carriers 
across the material and building up a potential difference between the 
hot and cold ends. The resulted electric potential starts to impede the 
diffusion process and eventually stops it when reaching an equilibrium 

A. Baroutaji et al.                                                                                                                                                                                                                               



Sustainable Materials and Technologies 41 (2024) e01008

3

with the diffusion potential [42]. At the equilibrium, the induced ther
moelectric voltage (ΔV) is proportional to the temperature difference 
(ΔT). The Seebeck effect can be expressed as shown in Eq. ((1) [40]. 

Sab = Sa − Sb =
ΔV
ΔT

(1) 

Where Sa and Sb are the absolute Seebeck coefficients of the TE 
materials a and b, Sab is the relative Seebeck coefficient. The ΔV in the 
above equation is equal to the open circuit voltage (VOC) in a thermo
couple that has a temperature gradient imposed. The Seebeck coefficient 
of a TE material is a temperature-dependent material property. Metals 
normally exhibit very low S while semiconductor materials, such as 
Silicon (Si), Germanium (Ge), and Selenium (Se), exhibit high S [43]. 
The p-type material has a positive Seebeck coefficient while the n-type 
material has a negative Seebeck coefficient. 

TEC utilizes the Peltier effect as the working principle. The Peltier 
effect can be conceived as the opposite of the Seebeck effect. Simply, it 
states that when an electric current is passed through a junction con
necting two TE materials, a temperature gradient is generated across the 
materials allowing them to either produce heat or cooling effect at the 
other junction (cold side) [43], as illustrated in Fig. 2. The generated 
thermal energy (i.e., heating or cooling) is proportional to the electric 
current and can be evaluated as shown in Eq. ((2) [12,40]. 

Q̇ = (Πa − Πb)I (2) 

Where Πa and Πb are Peltier coefficients of TE materials, Q̇ = dQ
dt is 

heat power (also known as Peltier heat), I is electrical current. 
The Peltier coefficient is not normally measured in research work as 

it can be obtained according to Eq. ((3) which describes the relationship 
between the Seebeck and Peltier coefficients. 

Π = ST (3) 

The last thermoelectric effect is known as the Thomson effect (Fig. 3) 
which states that in the presence of both an electric current and a 
temperature gradient, thermal energy (either heating or cooling) is 
produced in a conductive material such as metals [7,40]. The generated 
thermal energy can be calculated according to Eq. ((4) [40,43]. 

qx = τI dT
dx

(4) 

Where τ is the Thomson coefficient, I is the electrical current, dT
dx is the 

temperature gradient, and qx is the generated thermal energy. The 
Thomson effect is responsible for the temperature dependence of the 
Seebeck coefficient. τ and S are related to each other according to Eq. 
((5) [12]. 

Fig. 1. Illustration of Seebeck effect (TEG working principle).  

Fig. 2. Illustration of Peltier effect (TEC working principle).  

Fig. 3. Illustration of Thomson thermoelectric effect.  
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τ = T
dS
dT

(5) 

Generally, the contribution of the Thomson effect to the energy 
conversion process in the TEMs is very limited and therefore it is nor
mally neglected [40]. 

2.2. Thermoelectric properties 

The performance of a thermoelectric material is estimated using a 
dimensionless value known as thermoelectric figure-of-merit (ZT) which 
can be computed according to Eq. ((6) [44]. 

ZT =
S2σT

κ
(6) 

Where σ is the electrical conductivity, S is the Seebeck coefficient, T 
is the absolute temperature, and κ is the thermal conductivity [45]. A 
high value of ZT indicates a good TE performance and a high conversion 
efficiency. Therefore, the effective TE material should have high elec
trical conductivity, low thermal conductivity, and high Seebeck coeffi
cient [7,46]. However, maximizing ZT is challenging because κ, σ and S 
are interdependent [47]. For example, increasing the charge concen
tration increases the electrical and thermal conductivity but decreases 
the Seebeck coefficient [48]. Thus, it is important to optimize these 
three conflicting parameters in order to achieve the best possible ZT 
performance. 

The power factor (PF), as given in Eq. ((7), is another important 
performance indicator of the TE materials because it evaluates the 
combined effects of σ and S [49]. 

PF = S2σ (7) 

S and σ can be obtained based on Boltzmann transport theory which 
can be described according to Eqs. ((8) and ((9) [1]. 

S =
(
8π2kB

2/
3eh2)

m* × T ×
( π

3n

)2/3
(8)  

σ = neμ (9) 

Where kB = 1.380649 × 10−23 J.K−1 is the Boltzmann constant, e =

1.60217663 × 10−19 C is the elementary charge, h = 6.62607015 ×

10−34 J.HZ−1 is the Planck constant, m* is carrier effective mass, n is the 
carrier concentration, μ is the carrier mobility. n and μ can be calculated 
using Eqs. ((10) and ((11) [50]. 

n = 1/(eRH) (10)  

μ = σRH (11) 

Where RH is Hall coefficient [50]. 
κ is composed of two components including electronic thermal 

conductivity (κE) and lattice thermal conductivity (κL), as explained in 
Eq. ((12). κE expresses the holes and electrons transport heat while κL 
expresses phonons travelling through the lattice. 

κ = κE + κL (12) 

κE can be estimated from σ using Wiedemann-Franz law as shown in 
Eq. ((13) [1]. 

κE = LσT (13) 

where L is the Lorenz number which can be calculated using Boltz
mann’s constant as explained in Eq. ((14) [51,52]. 

L =
π2

3

(
kB

e

)2

= 2.44 × 10−8 V2K−2 (14) 

Assessing the performance of TEM is normally achieved by calcu
lating their energy conversion efficiency. Considering that the TEM is 
composed of multiple TE elements (i.e., thermocouples), it is vital first to 

calculate the figure-of-merit for a TE element. The figure-of-merit for a 
TE element, combining p- and n-type materials, can be defined ac
cording to Eq. ((15) [6,53,54]. 

ZT(NP) =
(SP − SN)

2
× T

(
(ρNκN)

0.5
+ (ρPκP)

0.5
)2 (15) 

Where ρn and ρP are the electrical resistivity (note that ρ = 1/σ). 
The maximum conversion efficiency of a TE element working in 

power generation mode, i.e., TEG, can be obtained based on ZT(NP) value 
and the temperature difference between the hot and cold sides as 
explained in Eq. ((17) [7]. 

ηmax(TEG) =
Pelec

Q̇h
=

THot − TCold

THot
×

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + ZT(NP)

√
− 1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + ZT(NP)

√
+

TCold
THot

(16) 

Where Pelec is the produced electrical power, Q̇h is the input heat flow 
at the hot side, TCold and THot are the temperatures of the cold and hot 
reservoirs, respectively. It is worth noting that ηmax(TEG) forms a fraction 
of the ideal Carnot limit, or the maximum possible efficiency of a heat- 
based engine, given in Eq. ((17) [47]. 

ηCarnot =
THot − TCold

THot
(17) 

The performance of a TE element working in colling mode, i.e., TEC, 
is estimated by the Coefficient of Performance (COP). The maximum 
CoP can be computed as shown in Eq. ((18) [43,46]. 

CoPmax(TEC) =
Q̇c

Pelec
=

TCold

THot − TCold
×

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + ZT(NP)

√
− THot

TCold̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + ZT(NP)

√
+ 1

(18) 

Where Pelec is the supplied electrical power, Q̇c is the generated 
cooling capacity (i.e., the rate of absorbed heat). 

From Eqs. ((16) and ((17), it is clear that in order to improve the 
overall conversion efficiency of a TE device, the focus should be on 
optimizing the ZT value of the thermoelectric couple (Eq. ((15)) rather 
than the individual legs (Eq. ((6)). This can be achieved through 
selecting the p-type and n-type materials with peak ZT value at the 
average temperature of the device [55]. 

The ZT(NP), in Eqs. ((16) and ((17), is normally assessed at the mean 
temperature (Tm) of the hot and cold sides. Tm is given in Eq. ((19). 

Tm = 0.5 × (THot + TCold) (19)  

2.3. Thermoelectric materials 

TE materials can be either organic, inorganic, or hybrid. Such ma
terials can further be divided according to the operating temperature 
into low-temperature materials operating at 273–500 K, medium- 
temperature materials operating at 500–900 K, and high-temperature 
materials operating at 900–1300 K [56]. 

The organic TE materials are conductive polymers such as poly (3, 4- 
ethylene dioxythiophene) (PEDOT) poly (styrene sulfonate) (PEDOT: 
PSS), polypyrrole (PPy), polyaniline (PANI), etc. On the positive side, 
these materials offer several advantages such as low cost, low thermal 
conductivity, low density, good mechanical flexibility, and low envi
ronmental impact [1,11,57]. However, on the negative side, these 
polymers are characterized by a low Seebeck coefficient and low elec
trical conductivity which in turn lower their overall TE performance 
[35]. Therefore, chemical and electrochemical doping techniques are 
normally used to improve the TE properties of these conductive poly
mers. With their low thermal conductivity and high mechanical 
compliance, organic TE materials are mainly suitable for making flexible 
and wearable TE devices for low-temperature heat recovery applications 
[58]. The TE polymers are synthesized using electrochemical polymer
ization and wet-chemistry polymerization techniques [59]. In practical 
applications, the organic TE materials can either be in thin-film or bulk 
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material forms. Solution-based techniques, such as inkjet and spin 
coating; and vacuum deposition techniques, such as thermal evapora
tion and sputtering, are commonly used to deposit thin films of various 
organic thermoelectric [60]. On the other side, high-pressure and high- 
temperature processing techniques, such as extrusion and hot-pressing, 
are utilized to prepare bulk organic TE conductive polymer [60]. 

The inorganic TE materials are semiconducting compounds such as 
BiTe-based materials, half-Heusler, skutterudites, and oxides. Such 
materials exhibit good TE performance represented by high power factor 
and figure-of-merit under a wide range of temperatures. On the other 
side, some of the inorganic TE materials have some disadvantages 
including scarcity, high cost, toxicity, and relatively poor processibility 
[11]. For the low-temperature range, BiTe, AgS, and SbTe are the most 
popular options. In particular, Bi2Te3-based TE materials, including n- 
type Bi2Te3-ySey and p-type BixSb2-xTe3, have attracted intense research 
due to its promising TE properties near room temperature [61,62]. Such 
materials can be applied in wearable thermoelectric modules to convert 
human body heat to power health monitoring sensors [48]. Another 
application for low-temperature TE materials is powering intelligent 
sensors (nodes) used in IoT (Internet of Things) field [47]. For the mid- 
temperature range, half-Heuslers, skutterudites. PbTe, and PbSe have 
received considerable research [63,64]. These materials are important 
for waste heat recovery applications of many industrial processes such as 
cement, steel, and metallurgy [65]. The high-temperature TE materials, 
such as CuSe, CuTe and oxides, can be utilized for waste heat recovery 
from different industrial equipment such as copper reverberatory 
furnace, zinc refining furnaces, aluminium refining furnaces, glass 
melting furnaces, etc. [1]. The inorganic TE materials are fabricated 
using different routes and by applying a combination of different pro
cessing techniques that can broadly be divided into two stages: a) pre
paring an alloy and b) sintering. The most popular fabrication route 
involves using a mechanical alloying approach, i.e., ball milling, to 
prepare TE alloy powder and then apply one of the sintering techniques, 
such as hot-pressing, pulse plasma sintering, and spark plasma sintering, 
to consolidate the powder into ingots or pellets. This route is suitable for 
TE materials with high melting temperature [40]. Another fabrication 
route involves using melting techniques, such as arc melting and melt 
spinning, instead of ball milling. In this approach, melting of the pre
cursor elements takes place in an evacuated quartz tube followed by 
quenching using oil, water, or liquid nitrogen to form ingots. The ob
tained ingots are normally annealed to improve their mechanical 
properties and then grounded into powder to be used in the sintering 
process. 

The hybrid TE materials are simply composites of organic conductive 
polymers with nanofillers. The nanofillers can be either inorganic TE 
nanoparticles or carbon nanofillers, such as carbon fibres, carbon 
nanotubes (CNTs), and graphite, due to their high electrical conductivity 
[11]. The TE properties of hybrid materials depend significantly on the 
shape and size of the nanofillers. The hybrid TE materials are typically 
fabricated by solution mixing in an organic solvent. The hybrid mate
rials are broadly considered for low-temperature applications. 

Table 1 and Table 2 summarize the advantages and disadvantages of 
different types of TE materials and possible waste heat recovery appli
cations for each type. 

3. Additive manufacturing of thermoelectric materials and 
modules 

Unlike subtractive manufacturing technologies (turning, milling, 
laser cutting, etc.) that involve material removal, AM refers to a process 
of building a part by adding the material layer upon layer. ISO/ASTM 
52900:2015 standard specifies seven main categories of AM namely 
Photopolymerization (VP), Material Jetting (MJ), Binder Jetting (BJ), 
Material Extrusion (ME), Directed Energy Deposition (DED), Sheet 
Lamination (SL), and Powder Bed Fusion (PBF) [66,67]. 

Regardless of the AM category, the AM process workflow, as 

illustrated in Fig. 4, is divided into three phases, including pre- 
processing, processing, and post-processing transferring, a digital CAD 
model into a physical part. The pre-processing phase involves four steps. 
In the first step, a 3D CAD model that fully describes the geometry of the 

Table 1 
A summary of advantages and disadvantages of organic and inorganic TE ma
terial [35,49,124].  

TE Materials 
Classification 

Advantages Disadvantages 

Organic 

Lightweight 
Environmentally friendly 
Cheap 
Low thermal conductivity 
High mechanical compliance 
so they are suitable for flexible 
TE devices. 

Low Seebeck coefficient. 
Low electrical conductivity. 
Limited applications due to 
low TE performance. 

Inorganic 

High power factor. 
High figure-of-merit. 
Good performance under wide 
range of temperatures. 
Wide range of heat-recovery 
applications. 

High cost of production per 
power output. 
Inflexibility and limited 
shape conformity. 
Heavy. 
Brittle. 
Health and safety risks due to 
toxicity of some 
semiconductor materials.  

Table 2 
Temperature range with typical TE materials and possible waste heat recovery 
applications [1,48].  

Temperature range Typical TE material 
family 

Possible waste heat recovery 
applications 

Low temperature 
(273–500 K) 

Organic and hybird 
TE materials. 
BiTe 
BiSbTe 
AgSe 
SbTe 

Sensors and devices for Internet 
of Things (IoT). 
Neurological implantable 
devices. 
Wearable personal health 
devices. 
Other medical diagnostic and 
rehabilitation applications. 

Medium temperature 
(500–900 K) 

Half-Heuslers 
Skutterudites 
PbTe 
PbSe 
GeTe 
AgSbTe 
SnSe 
SnTe 

Drying And Baking Ovens 
(503–873 K). 
Steam Boiler Exhaust (503–753 
K). 
Reciprocating Engine Exhaust 
(588–873 K). 
Gas Turbine Exhaust (643–813 
K). 
Reciprocating Engine Exhaust 
(Turbo Charged) (503–643 K). 
Heat Treating Furnaces 
(698–923 K). 
Annealing Furnace Cooling 
System (698–923 K). 
Catalytic Crackers (698–923 K). 

High temperature 
(900–1300 K) 

CuSe 
CuTe 
LaTe 
CuS 
PrTe 
FeSi 
Oxides (Ca3Co4O9, 
CaMnO3, ZnO) 

Aluminium Refining Furnace 
(923–1033 K). 
Zinc Refining Furnace 
(1033–1373 K). 
Steel Heating Furnace 
(1198–1323 K). 
Copper Refining Furnace 
(1033–1088 K). 
Copper Reverberatory Furnace 
(1173–1373 K). 
Open Hearth Furnace (923–973 
K). 
Hydrogen Plants (923–1273 K). 
Cement Kiln (Dry Process) 
(893–1003 K). 
Solid Waste Incinerators 
(923–1273 K). 
Fume Incinerators (923–1723 K).  
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part is established. The second step involves converting the CAD model 
into STL (Standard Tesselation Language) file format as it is the standard 
format recognised by all AM systems; and contains only the surface 
geometry data of a 3D CAD model. In the third step, the STL file is 
transferred to a slicing software, which can be part of the AM system, to 
divide the model into a specific number of layers and generate G-Code to 
control the components of the AM system during the building process. 
The last step of the pre-processing phase is to prepare the AM machine 
by setting up the build parameters such as speed, atmosphere, temper
ature, etc. The processing phase involves the actual building process 
which is conducted automatically by the AM system with minimal 
human monitoring or supervising. Once the building is completed, the 
post-processing phase starts where the part undergoes some necessary 
treatments, such as removing the additional support structures, clean
ing, and heat treatment, before it is ready to be used. 

This section will explore the different AM technologies that were 
recently adopted for manufacturing TE materials and modules. The 
section is limited to PBF, MJ, and ME technologies as they are the main 
AM methods used for fabricating TE materials. 

3.1. Powder bed fusion (PBF) 

3.1.1. Overview of PBF 
PBF takes its name from using powder as a starting material which is 

placed on a platform, known as a powder bed, and then processed by 
irradiating their particles, to fuse them together, using a thermal energy 
source. Depending on the type of the thermal energy source, there are 
three main types of PBF including Selective Laser Melting (SLM), Se
lective Laser Sintering (SLS), Electron Beam Melting (EBM). A laser 
beam is used in SLM and SLS to melt and sinter the powder particles, 
respectively. For EMB, an electron beam is utilized as a heat source to 
melt the powders. 

SLM is the most used PBF technique for additive manufacturing of TE 
material. In this process, a thin layer of the powder is first deposited in 
the powder bed. Then, a highly focused laser beam, with power 
(~100–1000 W) and small spot size (~20–100 μm), selectively scans the 
powder bed at high speed (~0.05–4 m.s−1) melting the powder particles 
line by line and creating a melt pool. The molten material then rapidly 
solidifies and bonds with the adjacent material creating a solid layer of 
the part. To inhibit oxidation and reduce oxygen pickup by the molten 
material, an inert environment, such as nitrogen, argon, and helium, is 
normally used to protect the molten pool during the SLM process. 

There are different factors that influence the SLM process and the 
quality of the printed part. These factors include the powder charac

teristics, such as particle shape and size, laser parameters such as laser 
power (Plaser), hatch distance (h), laser beam diameter (D), and scanning 
velocity (v) 

[
m.s−1]

, and build parameters such as layer thickness (t) and 
build orientation. Among the aforementioned factors, P, h, t, and v are 
the most important as they determine the Energy Density (ED) irradiated 
by the laser beam on the powder bed. ED can be determined at different 
dimensions including linear (EL), areal (EA), or volumetric (Ev) which 
can be computed according to Eqs. ((20), ((22), ((21), respectively [68]. 

EL =
Plaser

v
(20)  

EA =
Plaser

v × h
(21)  

Ev =
Plaser

v × h × t
(22) 

P, h, t, and v should be optimized to ensure that an adequate amount 
of ED is provided to the powder bed as inadequate ED may degrade the 
quality of the as-printed part. For example, high ED may vaporise the 
powder particles, instead of only melting them, generating bubbles in 
the melt pool, which may get trapped during the solidification phase 
forming gas pores within the fabricated part [69]. On the other side, low 
ED may be insufficient to melt all the powder particles leaving some un- 
melted particles which in turn cause defects known as incomplete fusion 
holes [70]. 

SLM (Fig. 5) is a complex process as a series of physical and chemical 
interactions, such as laser energy absorption, different heat modes, laser 
scattering, spattering, etc., take place in the molten pool once the laser 
beam impinges the powder bed. Due to such complex interactions, the 
as-printed parts may contain different types of defects such as residual 
stresses, micro-cracks, pores, voids, inclusions, un-melted powder, high 
surface roughness, etc. [71,72]. Therefore, post-printing treatments, 
such as annealing, electropolishing, hot isostatic pressing, and ultrasonic 
impact treatment, are normally conducted to reduce the negative con
sequences of these defects and to improve the mechanical and functional 
performance of the parts [73]. 

3.1.2. PBF of TE materials 
The laser beam was used as a heat source for melting and sintering 

different types of TE powder such as β-FeSi2 [74], oxides [75], Bi2Te3 
[76], SnTe [77], skutterudite-based materials [14], etc. Among the 
earlier studies, Kinemuchi et al. [75] demonstrated the feasibility of 
laser melting technique to synthesize various types of TE compounds 
including binary systems (Bi–Sb and Mn–Se), ternary system (Mn-Al- 

Fig. 4. AM process workflow.  
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Si), and oxides (Ca3Co4O9 and SrTiO3). The laser was used to irradiate a 
single powder layer of each material. Helium (He) environment was 
used in the processing chamber for binary and ternary alloys while 
ambient air was used for oxides. It was found that the compositional 
differences between the laser-treated material and the starting material 
are minimal and negligible proving the ability of laser to fabricate such 
materials. 

As one of the best room-temperature TE materials, Bi2Te3 was the 
most studied material for SLM fabrication. El-Desouky et al. [76] were 
among the first researchers who used SLM to fabricate Bi2Te3 TE ma
terials. As the Bi2Te3 powder has insufficient flowability and spread
ability, it was first compacted, using a hydraulic press, into disks with a 
thickness of ∼ 0.5 mm and then single melt lines were formed on the 
surface of these disks. The effects of laser processing parameters on the 
densification and microstructure of the melt lines are investigated. 
Completely consolidated particles were observed at the centre of the 
scan line while partially consolidated particles were formed at the edges. 
Increasing the laser power resulted in increasing the width of the fully 
melted region. Powder consolidation beneath the melt line was observed 
for disks processed with 5 W laser power indicating the ability of the 
laser beam to generate sufficient melting depth and process at least one 
complete layer of powder. The surface of the processed disks contained 
randomly oriented microcracks which are common defects in Selectively 
Laser Melted (SLMed) materials. Such findings provided evidence that 
SLM can be used to process Bi2Te3. In another work, El-Desouky et al. 
[39] studied the influence of the laser energy density on the consoli
dation of Bi2Te3 powder and the microstructure of SLMed material. It 
was found that the porosity of the processed material decreases by 
increasing the power density, as shown in Fig. 6. The power density not 
only affected the porosity content within the processed material but also 
affected the shape and size of the pores. Spherical-shaped pores were 
mainly observed within the molten region while pores with irregular 
shapes were formed at the interface between the molten region and the 
powder compact. The high-power density of the laser enabled a com
plete melting of the specimen while the low-power density only melted 
the specimens partially. 

Carter et al. [78] used a nanosecond pulsed laser to selectively melt 
Bi2Te3 powder compacts. It was found that laser power in the range of 3 
W to 5 W can generate significant subsurface melting and consolidation 
up to a depth of 20–100 μm. The microstructure of the SLMed material 

Fig. 5. Schematic of SLM process.  

Fig. 6. SEM micrographs showing the influence of power density on the porosity of SLMed Bi2Te3 [39].  
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was composed of fine columnar grains. The fabricated material exhibi
ted some defects such as microcracking and high surface roughness. The 
authors indicated that applying thermal management for the powder 
bed, i.e., controlling the temperature of the substrate, may allow SLM of 
TE material with a smaller number of defects. Zhang et al. [79] were the 
first who applied SLM on loose Bi2Te3 powders. The SLM process was 
conducted in an inert environment of nitrogen (N2) where the level of 
oxygen was maintained below 4%. The laser power, hatch distance, and 
scan speed were set to 25W, 37.5 μm, and 500 mm.s−1, respectively, 
resulting in an overall laser energy density of 1.3 J.mm−2. The process 
proved to be successful as the printed material exhibited 88% relative 
density and good consolidation within and between the layers. The SLM 
process did not alter the structure of the Bi2Te3 as the XRD spectrum of 
the SLMed materials matched well the one of Bi2Te3 powders. The au
thors also characterized the thermoelectric, thermal, and electrical 
properties, including Seebeck coefficient, thermoelectric figure-of- 
merit, electrical conductivity, thermal diffusivity, specific heat, and 
thermal diffusivity, of the SLMed samples at room and elevated tem
peratures. The room-temperature properties varied from sample to 
sample where the values of Seebeck coefficient and electrical resistivity 
were in the ranges of 85–189 μV⋅K−1 and 1–15 mΩ.cm, respectively. All 
the measured properties were temperature-dependant, as shown in 
Fig. 7, due to the evolution of crystalline point defects, carriers, and 
mobility with temperature. The best ZT value of 0.11 was obtained at 
temperature of 50◦ C. 

Zhang et al. [80] identified the SLM process parameters to fabricate 
Bi2Te3. The used Bi2Te3 powder in this work had particles with irregular 
shapes (non-spherical) and sizes of <53 μm. The angle of repose for 
Bi2Te3 powder was ∼ 50.67◦ indicating a poor flowability of this powder 
compared to the other metallic or ceramic materials used in SLM. Inert 
gas (nitrogen or argon) was used in the building chamber to maintain a 
low oxygen level of <4% during the SLM process. It was reported that 
the disks manufactured with volumetric energy density in the range of 9 
to 11 J.mm−3 had sufficient relative density and good mechanical 
strength to resist fracture during handling. The study suggested that the 
optimal SLM parameters are a laser power of 25W, a scan speed of 500 
mm.s−1, a hatch distance of 37.5 μm, and a powder layer thickness of 
150 μm. 

In addition to the standard Bi2Te3 material, SLM was also applied to 
form its n-type version Bi2Te2.7Se0.3. Mao et al. [81] used SLM for 
fabricating bulk n-type Bi2Te2.7Se0.3 TE material. Self-propagating High- 
temperature Synthesis (SHS) was first used to produce Bi2Te2.7Sey0.3 
ingots and then these ingots were grinded to obtain the powder. The 
SLM build substrate was formed by using Spark Plasma Sintering (SPS) 
for some of the Bi2Te2.7Se0.3 powder. To facilitate easy spreading, a 
slurry with a solid content of 17 vol% was prepared by mixing the 
Bi2Te2.7Se0.3 powder with alcohol. The results of the study revealed that 
in order to produce a high forming quality of this material, the laser 
energy density should be controlled between 10 and 33.3 J.mm−3 while 
the laser power should be <8 W. It was found that the chemical 
composition of the fabricated materials is sensitive to the laser energy 
densities as the densities >33.3 J.mm−3 caused evaporation of Se and 

Te. The SLMed materials yielded ZT value of 0.84 at 400 K which is 
comparable to that of the commercial material. 

Wu et al. [82] combined non-contact dispenser printing with SLM to 
fabricate n-type Bi2Te2.7Se0.3 material. Ball mill dispersion is used to 
prepare Bi2Te2.7Se0.3 slurry from Bi2Te2.7Se0.3 powder mixed with small 
amounts of additives (Tween 20 and antitoam AR) which helped to 
achieve suitable rheological properties of the slurry. The slurry is then 
placed in a nozzle dispenser which is used to prepare a smooth powder 
layer for the SLM process. Successful SLM printing was achieved with a 
laser power density of 16.7 J.mm−3 which yielded high-quality layers 
with only limited vaporization of Te and Se and without any balling. 
Following the SLM, the printed material was annealed at 673 K for 36 h 
to restore its homogeneity. The formed bulk Bi2Te2.7Se0.3 material 
exhibited thermoelectric properties comparable to those materials pre
pared by conventional methods such as Zone Melting (ZM) and SHS as 
shown in Fig. 8. 

Welch et al. [83] studied the nano- and micro-structures of SLMed 
Bi2Te2.7Sey0.3. Bi2Te2.7Sey0.3 ingots were ball milled and sieved to 
generate the Bi2Te2.7Sey0.3 powder with a nominal effective diameter of 
<75 μm. The obtained powders were placed manually on the powder 
bed and flattened using a stainless steel roller. The building was 
completed in an argon environment using SLM process parameters of 25 
W laser power, 37.5 μm hatch spacing, and 150 μm layer thickness. The 
measured relative density of the SLMed materials was 74%. The XRD 
results of the SLMed materials matched those of the raw powder indi
cating that the SLM process didn’t generate any new phases. The grains 
of the SLMed material were columnar grains oriented in the build 

Fig. 7. The temperature-dependant thermal, electrical, and thermoelectric properties for the SLMed Bi2Te3 [79].  

Fig. 8. Thermoelectric properties of SLMed and traditionally fabricated 
Bi2Te2.7Sey0.3 material [82]. 
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direction and spanned through several layers. The SLMed material 
contained multi-scale pores, microscale cracks, low-angle grain bound
aries, and nanoscale inclusions. The pores had spherical and aspherical 
shapes, as can be seen in Fig. 9, and they are caused by the keyhole 
processing mode and lack of powder fusion. The microscale cracks 
(Fig. 9) are caused by the residual stresses resulted due to the temper
ature gradients in the melt pool. The nanoscale oxide inclusions 
appeared at different locations, and they were different in size (aspect 
ratio) and composition. It was found that the fabricated material had a 
maximum Seebeck coefficient of 143 μV⋅K−1 at 95 ◦C. This positive 
Seebeck coefficient indicates that SLM process shifted the material from 
n-type material to p-type material. Such shift is due to oxide inclusions 
which change the primary charge carriers of the material from electrons 
to holes. 

Xiong et al. [84] used SLS to prepare TE materials from a composite 
powder of E12 epoxy resin binder and n-type Bi2Te2.85Sey0.15 with a 
weight ratio of 1:7. The homogeneous composite powder was obtained 
using mechanical mixing (ball milling) for 2 h. Degreasing treatment 
was used to remove the E12 binder after the SLS process. The influence 
of SLS process parameters on the relative density of the TE material was 
explored and found that the laser power has the most impact while the 
scanning speed has the lowest effect. The prepared TE material exhibited 
a maximum ZT of 0.88 at 350 K when fabricated using a laser power of 
20 W, a scanning interval of 0.26 mm, and a scanning speed of 3000 mm. 
s−1. 

SLM was also used as a forming process for p-type Bi2Te3-based 
materials (BixSb2-xTe3). Shi et al. [85] studied the thermoelectric per
formance of a 3D-printed porous Bi0.5Sb1.5Te3 material in the temper
ature range of 25◦ C − 250◦ C. Ball milling was used to prepare the 
feedstock powder. The porous structure was achieved by adjusting the 
printing parameters as such they only partially melt the powder parti
cles. The motivation for fabricating porous TE material was to reduce 
the thermal conductivity while maintain the electrical conductivity, 
thereby improving the overall figure of merit. The sizes of the pores and 
their distribution pattern were the main factors influencing the TE 
properties of the material. The microstructure characterization revealed 
that the Selectively Laser Sintered (SLSed) material had micro and nano- 
scaled pores. The thermoelectric performance analysis, as presented in 
Fig. 10, showed that the power factor, electrical and thermal 

conductivities of the 3D-printed porous material are less than those of 
the bulk material. On the other side, the porous material yielded a 
Seebeck coefficient and ZT higher than the bulk counterpart. The 
highest ZT value of the porous SLSed Bi0.5Sb1.5Te3 material was 1.29. 

Qiu et al. [50] fabricated p-type Bi0.4Sb1.6Te3 TE material using SLM. 
Thermal explosion reaction was first used to prepare Bi0.4Sb1.6Te3 ingot 
from cold-pressed pellet then ball milling was applied to produce 
Bi0.4Sb1.6Te3 powder. The obtained powder was mixed with alcohol to 
generate a slurry that can be used in the SLM system. The SLM building 
was conducted in a protective environment of argon and hydrogen (Ar: 
H2) with a volume ratio of 95:5. The thermoelectric and mechanical 
performance of the Additively Manufactured (AMed) material were 
compared to those prepared by traditional methods including ZM and 
SPS. The SLMed material showed anisotropic TE properties where its ZT 
value in the SLM building direction was 65% greater than that measured 
perpendicular to the building direction. The peak ZT value of the SLMed 
material in the building direct was 1.1 at 316 K which was slightly 
higher than the ZM-prepared material. The compressive strength of the 
SLMed material along the building direction was also greater than 
counterparts fabricated by ZM or SPS methods. 

In addition to Bi2Te3-based material, Sb2Te3 is another low- 
temperature material which was fabricated by SLM. Shi et al. [38] 
determined the optimal SLM process parameter to fabricate p-type 
Sb2Te3 TE material. Ball milling was utilized to mix the Sb and Te 
powder together and then the powder mixture was used for the SLM 
process which is conducted in an argon atmosphere. The study revealed 
that the SLMed TE samples fabricated by low laser energy density have 
better TE properties compared to those fabricated by high energy den
sity. The TE properties of the best SLMed sample, which is fabricated 
using laser energy density of 3 J.mm−2, are Seebeck coefficient of 73 
μV⋅K−1 electrical conductivity of 3.52 × 105 S.m−1 and power factor of 
19 μW.cm−1⋅K2 at room temperature. The power factor of the SLMed 
material was greater than its zone-melted counterpart. The material 
offered a maximum ZT value of 0.4 at 250◦ C. 

Besides its uses for low-temperature TE materials, many studies 
explored the feasibility of SLM for fabricating medium- and high- 
temperature TE materials. Yan et al. [65] formed n-type CoSb2.8Te0.15 
skutterudite thermoelectric material using SLM. CoSb2.8Te0.15 powder 
was obtained by crushing an ingot obtained via a SHS technique. The 
powder was dispersed in ethanol to obtain a slurry with a solid content 
of 30 vol%. Argon was used as an inert gas while titanium substrate was 
used as the building platform. It was found that a laser power density in 
the range of 58–130 J.mm−3 was able to produce high-quality layers of 
CoSb2.85Te0.15 material with flat and dense surfaces. As-built and 
annealed (at 450◦ C for 4 h) SLMed samples were analysed. The micro
structure of the as-prepared SLMed samples is composed of fine grains 
with CoSb2, Sb, and CoSb3 as main phases. For the annealed materials, 
its microstructure contained a few microcracks and composed of CoSb3 
as the main phase. It was reported that the fabricated SLMed bulk ma
terial contained submicrometer grain size and yielded a maximum ZT 
value of 0.56 at 823 K. The annealed material provided better thermo
electric performance than the as-built material, but lower performance 
compared to the SPS-fabricated material, as can be seen in Fig. 11. 

Chen et al. [86] combined SLM with SPS for rapid fabrication of n- 
type and p-type filled skutterudites TE materials including 
Yb0.4Co4Sb12.1, In0.5Co4Sb12.1, and Ce0.95Fe3CoSb12.1. The SLM with its 
fast melting and solidification rates reduced the peritectic segregation of 
Co–Sb precursor phases and confined them into zones with micro size. 
The SPS process is used in place of annealing to shorten the fabrication 
time from 9 days to <1 h. The SLM-SPS fabricated filled skutterudites 
exhibited very good ZT measurements of ~1.09 at 700 K for n-type 
In0.5Co4Sb12.1, ~1.23 at 850 K for n-type Yb0.4Co4Sb12.1, and ~ 0.79 at 
750 K for p-type Ce0.95Fe3CoSb12.1. 

Chen et al. [77] analysed the influence of SLM process parameters on 
the quality and thermoelectric performance of p-type SnTe TE material. 
The powder for the SLM process was obtained by ball-milling of SHS- 

Fig. 9. SEM micrograph of SLMed Bi2Te2.7Sey0.3 showing the pores and 
cracks [83]. 
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prepared SnTe ingot. The obtained non-spherical SnTe powder was 
mixed with alcohol to form a slurry, with 29 vol% alcohol, which was 
then deposited on SPS-formed SnTe substrate for the laser melting 
process. Argon atmosphere was used in the SLM process to minimize 
oxidation. The optimal SLM process parameter window was determined, 
and it was found that a laser with energy density in the range of 
0.015–0.030 J.mm−1 can produce a good quality layer with a thickness 
of 25 μm. The SLMed material exhibited uniform chemical composition 
and contained nanograins with a size of 20–50 nm. Such nanostructure 
can reduce the thermal conductivity and improve the overall TE prop
erties of the material. The SLMed material exhibited comparable ther
moelectric performance to its traditionally-manufactured counterpart 
where the Seebeck coefficients of the SLMed and SPS materials were 
28.08 and 29.77 μV⋅K−1, respectively. 

Zhang et al. [87] fabricated half-Heusler thermoelectric materials 
including half-Heusler ZrNiSn and Hf0.3Zr0.7CoSn0.3Sb0.7/nano-ZrO2 
using SLM. The SLMed materials were found to be porous with high 
surface roughness. The chemical compositions of the SLMed materials 
were slightly different compared to the starting compositions due to the 
oxidation and decomposition events associated with the SLM process. 
Yan et al. [88] investigated the possibility of combining SHS and SLM for 
forming half-Heusler ZrNiSn TE material. SHS was used to synthesize 
ingots which were subsequently crushed into powders to be processed 
using SLM. To facilitate the deposition of the powder in the SLM system, 
a slurry was prepared by mixing the ZrNiSn powder with anhydrous 
alcohol in a mass-to-volume ratio of 3:1 g.ml−1. The SLM process was 
conducted using a titanium building platform and an inert environment 
of argon mixed with 10% hydrogen. It was found that a laser power 
density between 88 and 146 J.mm−3 can form a single layer of ZrNiSn 
with good surface quality. The SLM process led to the formation of a 
small amount of Sn phase which in turn increased the carrier concen
tration in the SLMed material. The SLMed material underperformed the 
material fabricated by a combination of SHS and SPS. The maximum ZT 
value of the SLMed ZrNiSn material was 0.39 at 873 K, as can be seen in 
Fig. 12. 

Thimont et al. [89] studied the influence of laser power density and 
scanning speed on the microstructural and structural properties of 
SLMed Higher Manganese Silicide (HMS) sheet samples. Manganese and 
silicon powders were ball-milled; and then used in the SLM process 
which is conducted in an inert environment of argon. The material 
fabricated with moderate laser power of 91 J.cm−2 exhibited melted 
grains with good intergranular boundaries and good surface homoge
neity. The XRD results of this material showed MnSiy phase which 
proved the capability of the laser to initiate the reaction between the 
manganese and the silicon. On the other side, the materials prepared 
with higher power density contained overmelted balls grains which 
normally yield brittle mechanical performance. 

3.1.3. Challenges and prospects of PBF for TE materials 
SLM is mostly used for metallic alloys, such as stainless steel [90], 

aluminium [91], titanium [92], cobalt‑chromium [93], silver [94], and 
copper [95], and it is rarely used for thermoelectric and other functional 

Fig. 10. Comparison of thermoelectric properties of SLSed porous and bulk Bi0.5Sb1.5Te3 [85].  

Fig. 11. Thermoelectric properties of SLMed, annealed SLMed, and SPS- 
prepared CoSb2.8Te0.15 skutterudite [65]. 

A. Baroutaji et al.                                                                                                                                                                                                                               



Sustainable Materials and Technologies 41 (2024) e01008

11

materials. Compared to metals, thermoelectric materials are character
ized by lower thermal conductivity, lower boiling and melting points, 
weaker thermal shock resistance, and lower mechanical strength [96]. 
Therefore, it is more challenging to prepare thermoelectric materials 
using SLM. However, it is evident from the reviewed studies in Section 
3.1.2 that the SLM process can successfully be used to fabricate various 
semiconductor materials with satisfactory thermoelectric performance 
for both low-temperature and high-temperature thermal-electric con
version. Table 3 summarizes the SLM process parameters and thermo
electric performance for some of the SLMed TE materials. It is clear from 
the data reported in this table that the SLMed materials subjected to 
post-SLM annealing treatment outperform the as-printed materials in 
terms of ZT measurements. Generally, annealing treatment improves the 
homogeneity of the material composition and enhances the uniformity 
of the TE properties resulting in better overall TE performance. 

Among the specific advantages of SLM for TE applications is its 
ability to create nanostructured materials. Nanostructuring is one of the 
strategies to improve thermoelectric performance; and it means creating 
nanograins and introducing nano-scaled lattice defects, such as pre
cipitates, dislocations and interfaces, etc. [1,97]. Nanostructuring assists 
in phonon scattering and reduces the lattice thermal conductivity of the 
material, thereby increasing ZT and improving the overall TE perfor
mance. SLM, with its high heating and cooling rate, can generate grains 
with nanoscale, as reported by Chen et al. [77], therefore PBF can be 
considered as a feasible nano-structuring approach of TE materials. 

Despite its capability to fabricate TE materials with complex 

Fig. 12. Thermoelectric properties of SLMed, annealed SLMed, and SHS-SPS 
prepared ZrNiSn [88]. 

Table 3 
Summary of SLMed TE materials with SLM process parameters and TE properties.  

Material Type Reported SLM process parameters Post-processing ZTmax Reference 

Bi2Te3 p- 
type 

P = 25 W 
v = 500 mm.s−1 h = 0.0375 mm EA =
1.3 J.mm−2 

None ZT = 0.11 at 323 K [79] 

Bi2Te2.7Se0.3 n- 
type 

Ev = 10–33.3 J.mm−3 Annealing Temp =
673 K 
Time = 36 h 

ZT = 0.84 at 400 K [81] 

Bi2Te2.7Se0.3 n- 
type 

EV = 16.7 J.mm−3 Annealing Temp =
673 K 
Time = 36 h 

ZT = 0.3 at 450 K [82] 

Bi2Te2.85Se0.15 n- 
type 

P = 20 W 
v = 3000 mm.s−1 h = 0.26 mm 

Degreasing treatment ZT = 0.88 at 350 K [84] 

Porous Bi0.5Sb1.5Te3 p- 
type 

P = 30 W 
v = 3200 mm.s−1 

h = 0.05–0.08 mm 

None ZT = 1.29 at 232 K [85] 

Bi0.4Sb1.6Te3 p- 
type 

– None ZT = 0.72 at 415 K (measured parallel to the building 
direction) 
ZT = 0.21 at 420 K (measured perpendicular to the 
building direction)     

Annealing Temp =
673 K 
Time = 24 h 

ZT = 1.1 at 316 K [50] 

Sb2Te3 p- 
type 

P = 60 W 
v = 200 mm.s−1 

h = 0.05 mm, Ev = 4.77 J.mm−3 

EA = 3 J.mm−2 

None ZT = 0.4 at 523 K [38] 

CoSb2.8Te0.15 skutterudite n- 
type 

Optimal processing window 
P = 12–16 W 
Ev = 56–130 J.mm−3 

Annealing Temp =
450C 
Time = 4 h 

ZT = 0.56 at 823 K  
[65] 

Yb0.4Co4Sb12.1 skutterudite n- 
type 

P = 150 W 
v = 200 mm.min−1 

h = 3.75 mm 
t = 2 mm 

SPS ZT = 1.23 at 850 [86] 

In0.5Co4Sb12.1 skutterudite n- 
type 

P = 150 W 
v = 200 mm.min−1 

h = 3.75 mm 
t = 2 mm 

SPS ZT = 1.09 at 700 K [86] 

Ce0.95Fe3CoSb12.1 

skutterudite 
p- 
type 

P = 150 W 
v = 200 mm.min−1 

h = 3.75 mm 
t = 2 mm 

SPS ZT = 0.79 at 750 K [86] 

half-Heusler ZrNiSn n- 
type 

Optimal processing window 
Ev = 88–146 J.mm−3 

Annealing ZT = 0.39 at 873 K [88]  
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geometrical architecture, SLM still encompasses some technical and 
economic challenges. The economic challenge is associated with the 
high initial investment required due to the high cost of SLM systems. 
Also, it is challenging to use SLM to manufacture a full TEM continu
ously as the traditional SLM can only process one type of powder in a 
single build. Furthermore, the limited flowability of the commercial TE 
materials powder is another main challenge for processing them using 
commercial SLM systems. As it is known, the characteristics of powders, 
as starting material, play a key role in the SLM process and also influence 
the performance of the printed parts. Currently, commercial TE powders 
are prepared via mechanical comminution methods which produce 
particles with aspherical, flaky, and high aspect ratio shapes. Such shape 
characteristics are undesirable for SLM as they result in insufficient 
powder bed spreadability. Due to this poor spreadability, TE powders 
were either mixed with additives to produce a spreadable slurry or 
compacted into disks before applying SLM. Thus, it is suggested that 
powder manufacturing techniques, such as gas atomization (GA), 
plasma atomization (PA), etc., should be used to produce TE powder 
with shape characteristics suitable for PBF. 

As it is known, materials prepared with SLM are characterized by 
different metallurgical defects, such as pores and microcracks, and TE 
materials are no exception, on the contrary, the extent and intensity of 
such defects are greater due to the nature of TE materials. For example, 
bismuth telluride is a brittle material with low fracture toughness and 
low thermal conductivity. The low thermal conductivity of bismuth 
telluride results in poor heat transfer between the melt pool and the 
surrounding material during SLM which causes a large temperature 
gradient leading to intense residual stress [47]. The intense residual 
stress combined with the low fracture toughness leads to generating 
microcracks during the SLM of such material. 

The physical and mechanical properties of SLMed materials depend 
significantly on the different mass and heat transport processes within 
the melting pool. Obtaining detailed knowledge of such processes is 
important to understand the influence of SLM process parameters. In 
addition to time-consuming experimental techniques, numerical simu
lations can assist in generating a sound understanding of the different 
phenomena and interactions in the melting pool. Limited attempts have 
been made in the literature to simulate SLM of TE material [96,98]. 
Therefore, future studies may focus on numerical simulation to attain a 
comprehensive understanding and overcome the different SLM fabri
cation challenges of TE material. 

3.2. Material extrusion (ME) 

ME is an additive manufacturing category in which the starting 
material is selectively dispensed through a nozzle under the influence of 
pressure. Direct Ink Writing (DIW) and Fused Deposition Modelling 
(FDM) are the two main ME processes used for TE materials. 

3.2.1. Direct ink writing (DIW) 

3.2.1.1. Overview of DIW. DIW, also known as robocasting, is a material 
extrusion 3D-printing process which uses a nozzle to deposit viscous ink 
solutions, i.e., slurries or pastes, at a regulated flowrate and temperature 
over a surface in a layer-by-layer manner [99]. A schematic of DIW is 
shown in Fig. 13. A TE ink comprises three major ingredients including 
active TE particles, binder, and solvent. Since the TE particles are nor
mally solid, the ink can be conceived as a solid phase of TE particles 
dispersed in a matrix phase of the binder. The non-active ingredients of 
the inks (i.e., binder and solvent) are crucial to enable the inks to have 
appropriate rheological behaviour, maintain their stability, and facili
tate continuous extrusion from the nozzles during the printing process. 
The concentration of the different ingredients of the ink should be 
optimized to achieve desirable thermoelectrical properties and good 
printability. From one side, the ink should have a low viscosity so it can 

be extruded with less frictional losses and without clogging the extrusion 
nozzle, thereby improving the productivity of the printing process. On 
the other side, the ink should solidify quickly after deposition and its 
post-printing stiffness should be sufficient to enable the 3D shape 
retention [100]. After the deposition of the ink, the material solidifies 
either naturally or via an extra process such as heat treatment. Post- 
deposition treatments have a significant impact on the dimensional ac
curacy and mechanical properties of the printed object. For TE inks, a 
post-printing annealing process is normally used to evaporate the excess 
agents (i.e., binder, reinforcement, solvent, etc.) and sinter the TE par
ticles into a continuous phase. 

The flow properties of ink, back pressure, the inner diameter of the 
nozzle, nozzle translational velocity, and distance between the nozzle 
and the substrate (standoff distance) are the key parameters for a suc
cessful DIW process. The standoff distance determines the layer thick
ness. This distance is proportional to the inner diameter of the nozzle 
where it is normally taken as 50%–100% of it [101]. DIW has been 
successfully used for a wide range of materials including ceramics, 
polymers, cement, food, and alloys [102,103]. More recently, DIW has 
received increased applications for TE materials. 

3.2.1.2. DIW of TE materials and modules. The earliest studies on DIW of 
TE materials focused on forming a film (i.e., one layer) of TE material on 
a substrate. For example, Madan et al. [104] were among the first 
adopters of dispenser printing to synthesize a thick film of n-type Bi2Te3 
and p-type Sb2Te3 TE materials. The printable inks were formulated by 
dispersing the semiconductor powders in an epoxy resin system (i.e., 
polymeric binder) composed of diglycidyl ether of bisphenol f (EPON 
862) as the epoxy resin and methylhexahydrophthalic anhydride 
(MHHPA) as the hardener. The prepared inks were printed on a glass 
substrate to form films with a thickness ranging from 100 to 200 μm and 
then cured at different temperatures. The highest ZT values of 0.16 and 

Fig. 13. Schematic of DIW process.  
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0.41 were achieved for Bi2Te3 and Sb2Te3 when they were cured at 
350 ◦C for 12 h. These measurements for dispenser-printed TE material 
were higher than those materials prepared by screen-printing processes. 

Chen et al. [105] also used dispenser printing to produce TE material 
and TEG. The TE ink is composed of active TE powder (either n-type 
Bi2Te3 or p-type Sb2Te3 particles) and a polymeric binder of a bisphenol- 
F epoxy resin and an anhydride-based hardener. The printed Bi2Te3 and 
Sb2Te3 materials exhibited ZT of 0.18 and 0.19, respectively. The TEG 
generator was fabricated by using DIW where the n-type and p-type TE 
materials were deposited on flexible polyimide substrate, as shown in 
Fig. 14. The TEG was capable of generating 10.5 μW at 171.6 mV for a 
temperature difference of 20 K. 

In another study, Cao et al. [106] used DIW to fabricate 3D TEG. The 
printed TEG is composed of a flexible polyimide substrate, p-type SbTe 
thermoleg, n-type BiTe thermoleg, top and bottom silver (Ag) elec
trodes, and an epoxy structure layer to support the top electrode, as 
shown in Fig. 15. It was found that the electrical resistance of DIW- 
printed samples is much higher than those screen-printed thermocou
ples. The high contact resistance between silver electrodes and the 
thermoelectric materials was considered the main reason behind the 
overall high resistance of the 3D-printed TEG. 

Shakeel et al. [107] applied DIW to fabricate TEG composed of 
PEDOT: PSS and silver thermolegs on a glass substrate, as shown in 
Fig. 16. The materials were extruded through a pneumatic-type 3D 
printer equipped with a metallic nozzle of 750 μm diameter. Following 
the printing, the samples were cured at 140◦ C for 30 min to remove any 
solvent. The printed TEG yielded a maximum power of 5.17 ± 0.5 nW at 
a temperature difference of 120◦ C. 

Du et al. [108] used DIW to prepare mechanically flexible double- 
layer TE material. Two composites inorganic/organic layers of Ag/ 
PLA and Bi2Te3-based alloy (BTBA)/PLA are used. The solution used for 
BTBA/PLA is prepared by dissolving 0.5 g PLA in 5 mL chloroform and 
then mixing the obtained solution with 2 g of BTBA. Ag/PLA solution is 
obtained by mixing an appropriate amount of Ag with a solution pre
pared by dissolving 0.5 g PLA in 5 mL chloroform. The additive 
manufacturing process was completed by printing the BTBA/PLA solu
tion on a glass substrate to form the BTBA/PLA layer, after that the Ag/ 
PLA solution was printed on the BTBA/PLA layer to form the double- 
layer material. A nozzle diameter of 0.5 mm and a printing speed of 
300 mm.min−1 were used as printing process parameters. The chloro
form was evaporated as the last step before obtaining the double-layer 
TE material. The double-layer material with 41.7 vol% of Ag exhibited 
the best TE performance represented by a power factor of 875 μW m−1 

K−2 at 360 K. 
Du et al. [109] assessed the TE performance of AMed n-type tungsten 

carbide/polylactic acid (WC/PLA) composites. To prepare WC/PLA ink, 
0.8 g of PLA was first dissolved in 12 mL of chloroform and then the 
formulated solution was mixed with an appropriate amount of WC to 
produce the final viscous printable ink. The 3D printing process started 
by inhaling the ink into the syringes and then depositing it through a 

nozzle with a diameter of 5 mm at a flow speed of 300 mm.min−1. The 
deposited material was dried at 60 ◦C for 12 h where the chloroform was 
evaporated, and the WC/PLA composite was formed. The AMed WC/ 
PLA composite with a mass ratio of 15:0.8 yielded the highest ZT value 
of ~6.7 × 10−4 at 300 K; and exhibited good flexibility and stability. 
Therefore, the fabricated composite was considered suitable for flexible 
TE devices. 

Du et al. [110] used DIW to prepare flexible ternary carbon black/ 
Bi2Te3-based alloy/polylactic acid (CB/BTBA/PLA) TE composites. It 
was found that both electrical conductivity and Seebeck coefficient in
crease as the mass ratio of BTBA in the composite increases. The highest 
ZT value of 0.024 was obtained at 320 K for the CB/BTBA/PLA TE 
composite with a 71.4% mass ratio of BTBA. 

Hwang et al. [111] fabricated carbon TE materials and TEGs by 
utilizing DIW. The printable ink consisted of thermoelectric particles of 
Single-Walled Carbon Nanotubes (SWCNTs), a solvent of diethylene 
glycol (DEG) and polymeric binders of p-type poly(acrylic acid) (PAA) 
and n-type poly(ethylenimine) (PEI). The concentrations of the ink in
gredients were optimized to ensure suitable rheological properties and 
continuous extrusion from the nozzles during the printing process. The 
n-type SWCNT/PAA material with 30 wt% concentration of PAA 
exhibited a power factor of 235.05 μWm−1 K−2. On the other side, the p- 

Fig. 14. 3D-printing of TEG using DIW [105].  

Fig. 15. Illustration of a 3D-printed thermocouple with the electrodes and 
support structure [106]. 

Fig. 16. DIW-printed TEG with PEDOT:PSS and silver legs [107].  
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type SWCNT/PEI material with 18 w.% concentration of PEI yielded the 
highest power factor of 200.17 μWm−1 K−2. The 3D printed TEG with 35 
thermoelectric pairs produced a power of 288.33 nW and provided an 
open-circuit voltage of 39.18 mV at ΔT of 15 K. The study also proved 
that the DIW-fabricated materials provide better TE properties than 
blad-casted material. 

Kee et al. [112] fabricated stretchable and self-healing wearable 
TEGs using DIW of a ternary composite of PEDOT:PSS blended with a 
polymeric surfactant as a soft matrix, dime-thyl sulfoxide (DMSO) as a 
thermoelectric performance booster, and Triton X-100 as a healing 
agent. The DIW-fabricated TEG yielded an electrical output of 12.2 nW. 
Interestingly, the TEG retained approximately 85% of its power output 
after inducing damage through repetitive cutting. 

In all the above studies, organic binders were employed in the TE 
inks to enhance the viscoelastic behaviour and printability. However, 
the intrinsic poor electrical conductivity of such organic compounds will 
inevitably degrade the thermoelectric performance of the final printed 
material. Therefore, many studies attempted to prepare printable inks 
with all inorganic ingredients. Kim et al. [113] fabricated TE material 
with complex geometries, suitable for the shape of heat sources, using 
inorganic viscoelastic inks composed of Sb2Te3 chalcogenidometallate 
(ChaM) ions as inorganic binders and Bi2Te3 as TE particles. The printed 
material exhibited good TE measurements with ZT of 0.9 and 0.6 for p- 
and n-type, respectively. Kim et al. [114] expanded the previous work 
by using DIW to fabricate a high-performance micro thermoelectric 
generator (μ-TEG) with Bi0.5Sb1.5Te3 and Bi2Te2.7Se0.3 as p-type and n- 
type legs, respectively. The TE legs were directly printed on Ag elec
trodes which were screen-printed on a Si/SiO2 substrate. The TE inks 
consisted of the TE powder with an inorganic binder of Sb2Te4 ChaM and 
a solvent of glycerol. The 3D-printed n-type and p-type materials offered 
ZT values of 0.37 and 0.92, respectively. The 3D-printed μ-TEG exhibi
ted a maximum output voltage of 42.4 mV, a power of 2.8 μW, and a 
power density of 479.0 μW cm−2 at a temperature difference of 82.9 ◦C. 
Such power density is enough to power advanced wireless sensor 
networks. 

Eom et al. [100] investigated the rheological properties of BiSbTe- 
based TE ink that uses ChaM as an inorganic binder. Bi, Sb, and Te 

granules were first ball-milled and then sieved to obtain Bi2Te3-based TE 
powder with appropriate particle size. The ink was synthesized by 
adding 2 g of the TE powder and the desirable amount of ChaM 
dispersed in 2 g of glycerol. A pneumatic extrusion-based 3D printer 
with a nozzle diameter of 260 μm was used as the printing system. The 
3D printing process was conducted with a speed of 18 mm.s−1 and a 
pressure of 0.34 MPa. The ink containing 25 wt% ChaM exhibited stable 
flow behaviour and good printability resulting in high structure integrity 
of the 3D-printed material. 

Wang et al. [115] synthesized water-based quasi-inorganic inks and 
then used them to fabricate n-type Bi2Te3Se0.3 and p-type Bi0.5Sb1.5Te3 
TE materials by DIW process. The inks contained 65–85 wt% of TE 
particles with very small amounts of organic composites (PAA and PEI) 
as binder and deionized water as solvent. The printed samples were 
dried at room temperature for 24 h and then annealed at 450◦ C for 2 h in 
an inert environment to remove any remaining organic compounds as 
well as consolidate the TE particles. The DIW-prepared material showed 
excellent TE performance yielding maximum ZT values of 0.71 and 0.59 
for p-type and n-type, respectively. TEG was also assembled from three 
pairs of additively manufactured p- and n-type legs with half-annular 
shapes connected in series using Cu electrodes. The TEG provided 
maximum electrical output of 0.38 mW for a temperature difference of 
55 K. 

Wang et al. [116] formulated DIW-printable inks from TE particles 
with polyelectrolyte additives including anionic PAA and cationic PEI as 
well as methylcellulose (MC) reinforcement, as can be seen in Fig. 17. 
The ink with 0.9 wt% MC and 70.2 wt% TE loading exhibited very good 
viscoelasticity, enhanced mechanical properties, extrusion stability and 
printability, and excellent structural recovery. The DIW-printed p-type 
Bi0.5Sb1.5Te3 and n-type Bi2Te3Se0.3 TE materials using this ink showed 
very good thermoelectrical properties including ZT values of 0.65 and 
0.53, respectively. 

3.2.1.3. Challenges and prospects of DIW for TE materials. DIW is a 
simple, cost-effective, and versatile method that offers many advantages 
over other AM technologies. First, DIW has the capability to produce the 
whole TEM as it is suitable for multi-material printing through separate 

Fig. 17. Schematic of DIW-printable TE inks containing TE particles, PAA and PEI additives, and MC reinforcement [116].  
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and simultaneous extrusion of different TE slurries [102]. Also, unlike 
FDM and SLM, DIW takes place at the ambient temperature without 
heating the feedstock (ink) making it an energy-efficient process and 
reducing the potential of material oxidation [45]. Furthermore, DIW is 
not restricted by material type as long as the ink has viscoelastic prop
erties [102]. Similar to inkjet and screen printing technologies, DIW is 
attractive for fabricating Flexible Thermoelectric Modules (FTM) due to 
its simplicity and reduced energy input and waste [13,105]. DIW can be 
used to realize FTM through two main approaches. One approach is 
about using DIW to print rigid inorganic TE materials, such as Bi2Te3 and 
Sb2Te3, on flexible substrates. The second approach involves employing 
DIW to print flexible organic TE materials, such as PEDOT:PSS, and 
PANI [49]. 

Preparing well-formulated, stable, and printable ink is the primary 
obstacle of DIW technology. The composition, wettability, and visco
elastic properties of the ink are the main factors affecting the DIW 
process. The ink should have suitable concentrations of the solid and 
liquid phases to balance the rheological behaviour, during printing, with 
the thermoelectric properties and mechanical stability, after printing. 
The end properties of the ink are sensitive to the characteristics of its 
ingredients such as particle size and shape, and concentration of the 
solid particles. For example, the high concentration of solid particles will 
cause aggregation of the solid particles in the ink which might clog the 
nozzle during the printing and at the same time increase the pressure 
required to induce flow. For the TE inks, the solid particles are mostly 
obtained by grinding or crushing bulk ingots and therefore their 
morphology might not be the best for preparing a well-formulated ink. 

The low dimensional accuracy and geometrical defects are other 
challenges for the DIW-fabricated parts. Normally, shrinkage takes place 
during the curing of the deposited ink which might cause the warpage of 
the final part [117]. 

Another disadvantage of DIW is that it is relatively slow, compared to 
other AM methods such as PBF, due to the limited translational velocity 
of the nozzle (∼ 1 − 20 mm.s−1) that can be used during the printing. 
The high relative speed between the nozzle and the substrate can cause 
different forms of manufacturing defects such as discontinued lines, 
bulging, liquid puddles, and liquid splashing [101,118]. Therefore, DIW 
is considered to be unsuitable for mass production of TE materials. 
Recently, a novel approach represented by using an electric field to 
facilitate DIW with electrohydrodynamic jetting has been used and 
resulted in increasing the printing speed to 500 mm.s−1 [101]. 

3.2.2. Fused deposition modelling (FDM) 

3.2.2.1. Overview of FDM. FDM, also termed Fused Filament Fabrica
tion (FFF), is an extrusion-based 3D printing technique in which fila
ment feedstock is selectively extruded via a nozzle or orifice to build the 
part layer-by-layer, as shown in Fig. 18. FDM is mainly used to addi
tively manufacture thermoplastic polymers, such as Acrylonitrile Buta
diene Styrene (ABS), Polylactic Acid (PLA), Polyvinyl Alcohol (PVA), 
Nylon, and Polyimide (PA), as well as Fibre Reinforced Thermoplastics 
Composites (FRTC), such as carbon fibre reinforced PLA composites 
[119–121]. 

The extruder in FDM systems consists of a liquefier chamber and 
nozzle. During the printing process, the feeder wheels push the filament 
into a liquified chamber where the material melts and then flows out the 
nozzle tip due to the pressure difference between the chamber and the 
surrounding atmosphere [122]. Subsequently, the extruded molten 
material solidifies and bonds with the adjacent materials. The position 
control system of the FDM machine controls the motion of both the 
extruder head and the building platform. The extruder head moves in 
the horizontal plane, to control the deposition path of the material, 
while the building platform moves vertically to build the individual 
layers. The main process parameters that influence the quality and 
mechanical properties of the FDM-built part are deposition speed (feed 

rate), layer thickness, nozzle diameter, infill density, fill pattern, 
building orientation, extrusion temperature, and platform temperature 
[120]. The building platform is heated sometimes to improve the 
adhesion with the extruded material and also to reduce the possible 
defects in the printed part [123]. 

3.2.2.2. FDM of TE materials. Oztan et al. [16] prepared Bi2Te3 TE 
material by FFF. The filament, used in the FFF process, was obtained by 
extruding a mixture composed of 80% Bi2Te3 powder with 20% ABS 
polymer powder. The filament was then deposited on a building base 
through a nozzle with a diameter of 0.4 mm. The temperatures of the 
nozzle and the building base were maintained at 260◦ C and 90◦ C, 
respectively. The printed material was then sintered to remove the 
polymer matrix and fuse any remaining Bi2Te3 particles. The as-printed 
FFF-fabricated material demonstrated a compression strength of 46.53 
MPa while the material sintered at 500◦ C yielded 40% less compression 
strength (33.14 MPa). The sintering temperature has an influence on all 
thermoelectric properties of the printed samples, as can be seen in 
Fig. 19. The maximum ZT of 0.54 at room temperature was achieved for 
samples sintered at 500◦ C. Authors reported that the FFF process can 
produce TE material with ZT higher than those materials prepared by 
SLA printing or dispenser printing. 

AW et al. [124] studied the influence of FDM process parameters, 
including infill density and printing pattern, on the mechanical and 
thermoelectric properties of conductive acrylonitrile butadiene styrene/ 
zinc oxide (CABS/ZnO) thermoelectric composites containing 14 wt% 
ZnO. It was found that the tensile strength and dynamic storage modulus 
increase while the loss modulus and damping factor reduce as the infill 
density increases. The as-printed composite exhibited low electrical 
conductivity and Seebeck coefficient. The highest ZT value of ∼ 5.7 ×

Fig. 18. Schematic of FDM process.  
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10−5 was obtained for material fabricated with 100% infill and line 
printing pattern. 

Wang et al. [125] investigated the TE and mechanical properties of 
PLA/Bi0⋅5Sb1⋅5Te3 composite wires that can be used as feedstock in the 
FDM process. The composite wires were obtained by extruding PLA 
powder as the matrix, Bi0⋅5Sb1⋅5Te3 powder as the filler, Multi-Wall 
Carbon Nano Tubes (MWCNTs) as the conductive additive, and 3-(Tri
methoxysilyl)propyl methacrylate as the coupling agent. The composite 
containing 4 wt% MWCNTs and 81.3 wt% Bi0⋅5Sb1⋅5Te3 exhibited the 
best TE performance of PF = 11.3 μW m−1 K−2 and ZT = 0.011 at room 
temperature. 

3.2.2.3. Challenges and prospects of FDM for TE materials. Given that the 
FDM process uses heat with temperatures up to 200◦ C, oxidation might 
take place for the FDM-fabricated inorganic TE materials such as PbTe- 
and BiTe-based alloys. Oxidation is a significant concern for TE mate
rials because it damages both the mechanical and thermoelectric per
formance. Oxides have high thermal conductivity and low electrical 
conductivity so they reduce ZT performance when exist within the TE 
materials [126]. The oxides are also brittle and have a high cracking 
probability; therefore, they can cause mechanical failure of the TE ma
terials during operation [40]. Using a protective atmosphere might be an 
effective solution to minimize oxidation during the FDM process. 

The low electrical conductivity of the filament is another challenge 
for adopting FDM for TE materials. The filaments normally contain high 
polymeric content which restricts their electrical conductivity [127]. 

3.3. Vat Photopolymerization (VP) 

3.3.1. Overview of VP 
VP AM processes use either visible or ultraviolet (UV) light to induce 

a photochemical reaction, known as photopolymerization, in which 
photosensitive resins (i.e., light-curable photopolymers) solidify or 
harden creating the part layer-by-layer [122]. The photochemical re
action simply links the small monomers within the liquid photopolymer 
together to form a chain-like polymer structure [128]. Compared to 
other AM technologies, VP processes provide the advantages of cost- 
effectiveness, high accuracy, and fast building. 

The light sources, used in VP, can be in different forms such as lamps, 
LEDs, or lasers with different wavelengths ranging from UV to visible to 
infrared (IR) depending on the type of photoinitiator [129,130]. The 
photopolymers, used in VP, are materials that change their chemical and 
physical properties when they are subjected to light. Photopolymers are 
composed of different ingredients such as photoinitiators, flexibilizers, 
liquid monomers, reactive diluents, and stabilizers [131]. (Meth)acry
late-based resins (such as PEGDA, TEGDMA, Bis-GMA, Bis-EDA, and 
TTA), Thiol–ene-based resins (such as TMPMP, PETMP, and PE-1), 
cationic systems (such as EPOX, DSO, DGEBA, and CDVE) are 
frequently used as 3D printable photopolymers [129]. 

Digital Light Processing (DLP), Stereo Lithography (SLA), and 
Continuous liquid interface Production (CLIP) are the three main tech
nologies of VP. DLP is a layer-wise, or mask projection, approach in 
which a digital mask, known as Digital Micromirror Device (DMD), is 
used to project the light onto the resin surface, thereby creating an entire 
layer at once [132]. Unlike DLP, SLA is a point-wise, or vector scan, 
approach in which an optical scanning module is used to selectively 
focus the light on specific points of the resin surface curing the resin 
point-by-point, as illustrated in Fig. 20. Contrary to the layer-by-layer 
approach used in SLA and DLP, CLIP is a VP process that fabricates a 
3D part continuously without interruption. CLIP uses a dead zone that 
contains atmospheric oxygen to prevent the photopolymerization pro
cess and maintain a liquid interface below the fabricated part [131]. 
During DLIP, a digital light-processing imaging unit projects UV images 
on the dead zone while simultaneously the cured part above the dead 
zone is drawn out of the resin vat enabling the continuous fabrication 
process [133]. 

3.3.2. VP of TE materials 
He et al. [134] fabricated p-type Bi0.5Sb1.5Te3 TE materials by using 

SLA. Composite resins, containing TE powders, Formlabs clear photo
resins, and customized epoxy resin, were used in the SLA process. Post- 
printing thermal treatment was conducted to remove the photoresins 
from the printed samples. It was shown that the thermal treatment en
ables achieving a single-phase of Bi0.5Sb1.5Te3 in the printed material. 
However, the annealing process caused the decomposition of photo
resins and generated amorphous carbons within the annealed material. 

Fig. 19. TE properties of FFF-fabricated Bi2Te3 [16].  

A. Baroutaji et al.                                                                                                                                                                                                                               



Sustainable Materials and Technologies 41 (2024) e01008

17

The decomposition of the photoresins increased the porosity in the 
annealed samples compared to untreated samples. The best ZT value of 
0.12 was achieved at 43 ◦C for a sample with 60 wt% of TE particles and 
annealed at 350 ◦C for 6 h. 

3.3.3. Challenges and prospects of VP for TE materials 
Application of SLA for fabricating TE materials is somewhat limited 

as most of photoresins used in SLA have low electrical conductivity 
which in turn reduces the ZT values of the SLA-processed material. 

One advantage of SLA is its multi-material printing capability which 
allows it to fabricate the complete TEM with both n- and p-type legs. 
However, multi-material printing is still impractical using SLA as it re
quires changing the resin in the vat and aligning the surface of the liquid 
with the processed solid segment. 

Despite that SLA generates good surface quality compared to FDM, 
the scanned lines, during SLA, sometimes appear and cause ribbing for 
the surface of the processed materials resulting in low surface quality 
and high surface roughness. Such low surface quality is unfavourable for 
TEM as it increases the thermal and electrical contact resistances leading 
to decreasing the overall thermoelectric performance. 

SLA uses a post-printing thermal annealing step to remove the photo- 
sensitive resin and to coalesce the TE solid particles. However, the 
annealing parameters depend on the type of materials and therefore it is 
challenging to design an SLA process that works for all types of TE 
materials. 

4. Conclusion 

Thermoelectric technologies play a key role in achieving a sustain
able energy solution via the direct conversion of heat into electricity. To 
date, the industrial applications of TE technologies are limited to some 
niche areas and not commercialized widely. The high material cost and 
manufacturing challenges are the critical barriers to the large-scale 
commercialization of TE technologies. 

This paper provided a detailed overview of the research advance
ments on the applications of additive manufacturing technologies for 
fabricating thermoelectric materials and devices and summarized their 
advantages and challenges. 

As a digital manufacturing approach, AM creates significant oppor
tunities to revolutionize TE technologies and provide key technical, 
economical, and environmental advantages at material and system 

levels. At the material level, AM technologies provide the ability to 
prepare high-performance TE material with complexly shaped mor
phologies and controlled microstructures that can reduce the thermal 
conductivity of the material through phonon scattering without 
compromising the electrical conductivity. Additionally, AM, with its 
layer-by-layer construction approach, maximizes material utilization 
and reduces the wastage of raw TE materials. This is particularly 
beneficial for either expensive and scarce TE materials, such as bismuth 
telluride-based materials, or TE materials with toxic elements, such as 
lead-based materials. Furthermore, some AM techniques, particularly 
those operating at ambient temperature, have lower cost and energy 
consumption than traditional manufacturing approaches, such as zone 
melting, hot pressing or spark plasma sintering, where high pressure and 
temperature are essential process parameters. At the system level, AM 
can facilitate one-step manufacturing of TE devices at lower costs. Also, 
AM facilitates the integration of different parts within the TE device 
reducing the number of parts required for it. Furthermore, AM can 
fabricate intricately shaped thermoelectric devices with optimized di
mensions and geometry that perfectly conform to the shape of the heat 
source. Such shape conformity yields better thermal dissipation and 
improves the electrical power output compared to conventional planar 
devices. 

Despite the high potential of AM for TE materials fabrication, many 
challenges still need to be addressed. The performance of AM- 
manufactured TE materials is still lower than the CM-prepared coun
terparts due to many inherent shortcomings of AM technologies. The 
surface quality of the AMed materials is generally not very good. AM 
processes normally produce rough surfaces due to the layer-by-layer 
nature of the processes and the staircase effects. The rough surfaces 
are not desirable for TE materials because they increase contact resis
tance and degrade the crack and corrosion resistance of the material. 
Enhancing the surface quality of AMed TE materials requires optimizing 
the process parameters such as building direction, layer thickness, etc. In 
addition to low surface quality, many of the AM processes, such as SLM 
and SLA, are known to generate some porosity within the produced 
materials. Despite that the porosity might be beneficial in reducing the 
thermal conductivity, its negative influence on mechanical properties 
and electrical conductivity is also considerable and may lead to lower 
overall TE performance. Furthermore, due to the nature of AM tech
niques, AMed TE materials have anisotropic thermoelectric properties 
where such properties are sensitive to the printing direction. The 
anisotropy of the AMed TE materials can make the design of the ther
moelectric devices more complicated and limit their maximum 
efficiency. 

While the thermoelectric properties of AMed TE materials have 
received acceptable studies, their mechanical properties, such as stiff
ness, bending strength, compressive strength, fracture toughness, and 
hardness, have received less investigation. The comprehensive knowl
edge of mechanical properties is critical to estimate the ability of TE 
materials to withstand the service conditions and to advance the prac
tical application of the technologies. Thus, future research is required to 
reveal all the important mechanical properties of TE materials. 

The performance of AMed TE materials depends not only on the 
material composition but also on the parameters of the printing process 
and the subsequent heat treatment. The optimization of these parame
ters to achieve the optimal TE output has received limited research 
attention and requires wider exploration. In this respect, the application 
of machine learning approaches could be significantly beneficial to 
explore the influence of a wide range of parameters on the important TE 
characteristics. 

The sustainability performance of AMed thermoelectric materials is 
another area that requires further studies because only limited attention 
was given in the literature to performing Life Cycle Assessment (LCA) 
and assessing the environmental impact of such materials. 

The additive manufacturing technologies have emerged at the right 
time to tackle the scalability and performance issues of thermoelectric 

Fig. 20. Schematic of SLA process.  
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devices. AM technologies are going through massive research in
vestigations which can only result in addressing the major obstacles 
associated with their applications for TE materials. 

Nomenclature 

Q̇h Heating power (W) 
Q̇c Cooling power (W) 
EA Areal energy density (J.m−2) 
EL Linear energy density (J.m−1) 
EV Volumetric energy density 

(
J.m−3)

Pelec Electrical power (W) 
Plaser Laser power (W) 
Q̇ Thermal power (W) 
RH Hall coefficient (m3.C−1) 
m* Carrier effective mass (kg)

h Hatch distance (m) 
CoP Coefficient of Performance 
I Electrical current (A) 
PF Power factor (W.m−1.K2)

S Seebeck coefficient 
(
V.K−1)

T Temperature (K) 
ZT Thermoelectric figure-of-merit 
n Carrier concentration (m−3) 
t Layer thickness (m) 
v Scanning speed (m.s−1) 
κE Electronic thermal conductivity (W.m−1.K−1) 
κL Lattice thermal conductivity (W.m−1.K−1) 
ΔT Temperature gradient (K) 
ΔV Electrical voltage (V) 
Π Peltier coefficient (V) 
η Efficiency 
κ Thermal conductivity (W.m−1.K−1) 
μ Carrier mobility (m2.V−1.s−1) 
ρ Electrical resistivity (Ω.m) 
3DP Three-Dimensional Printing 
AM Additive Manufacturing 
CLIP Continuous liquid interface Production 
CM Conventional Manufacturing 
DIW Direct Ink Writing 
DLP Digital Light Processing 
DMD Digital Micromirror Device 
ED Energy Density 
FDM Fused Deposition Modelling 
ME Material Extrusion 
PBF Powder Bed Fusion 
SLA Stereo Lithography 
SLM Selective Laser Melting 
TE Thermoelectric 
TEC Thermoelectric Cooler 
TEG Thermoelectric Generator 
TEM Thermoelectric Module 
UV Ultraviolet 
VP Vat Photopolymerization 
WHR Waste Heat Recovery 

Constants 

kB Boltzmann constant (kB = 1.380649 × 10−23(
J.K−1)

) 
h Planck constant (h = 6.62607015 × 10−34 (

J.HZ−1))

e Elementary charge (e = 1.60217663 × 10−19 (C)
)

L Lorenz number (L= 2.44 × 10−8 (
V2K−2))
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