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ABSTRACT

Among engineering materials, ceramics are indispensable in energy applications such as batteries,
capacitors, solar cells, smart glass, fuel cells and electrolyzers, nuclear power plants,
thermoelectrics, thermoionics, carbon capture and storage, control of harmful emission from
combustion engines, piezoelectrics, turbines and heat exchangers, among others. Advances in
additive manufacturing (AM) offer new opportunities to fabricate these devices in geometries
unachievable previously and may provide higher efficiencies and performance, all at lower costs.
This article reviews the state of the art in ceramic materials for various energy applications. The
focus of the review is on material selections, processing, and opportunities for AM technologies
in energy related ceramic materials manufacturing. The aim of the article is to provide a roadmap
for stakeholders such as industry, academia and funding agencies on research and development in
additive manufacturing of ceramic materials toward more efficient, cost-effective, and reliable
energy systems.

Key Words: Ceramics, additive manufacturing (AM), energy and environment, processing,
materials selection, advanced manufacturing.
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1. Introduction

Among engineering materials, ceramics are indispensable in energy applications such as
batteries, capacitors, solar cells, smart glass, fuel cells and electrolyzers, nuclear power plants,
thermoelectrics, thermionics, carbon capture and storage, piezoelectrics, turbines and heat
exchangers, among others. They are of particular interest because of their inherent high
temperature capabilities and corrosion resistance, but they possess many other useful properties at
ambient and elevated temperatures and pressures. Figure 1 shows the US advanced ceramic market
size, it was valued at USD 97.0 billion in 2019 and is expected to grow at a compound annual
growth rate (CAGR) of 3.7% by 2027 (1). Rising demand from industry, including renewable
energy and medical sectors, are expected to propel market growth over the forecast period. Rising
product demand from the clean technology industry will also support market growth. Many of
these applications are directly for energy usage and storage and rely on the advancements of
ceramic processing and materials technology.

l U.S. advanced ceramics market size, by application, 2016 - 2027 (USD Billion)
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Figure 1 The US advanced ceramics market size and projection (1).

la. Ceramics in Energy Applications

Ceramics are used in many energy applications, and some of them are specifically
introduced in section. Ceramics are used in emission reduction, for example through control of
emissions from combustion engines, and CO2 (or carbon) capture. For emission control in
combustion engines, ceramic honeycombs (more than 90% of honeycombs currently used
worldwide in combustion engines) function as a filtering device and building foundation hosting
the catalytic coating. For these applications, the ceramic of choice is often cordierite, an extremely
low-cost refractory oxide ceramic capable of withstanding substantial temperature variations
downstream of an engine.

Significant advances in battery energy storage technologies have occurred over the past
decade with solid state batteries; in these systems, the materials used for the electrolyte and cathode

3



are monolithic ceramic oxides. Much of this work has led to battery pack price decreases of over
90% since 2010, with the lowest reported price under $100/kWh in 2020 (2). Li-ion battery
performance has increased, and the cost has decreased, which is especially good for the current
high demand for Li-ion batteries for electric vehicles (EVs). The annual deployment of Li-ion
batteries is projected to increase roughly eightfold over the next 10 years, reaching nearly 2 TWh
of capacity globally (3). However, there is a strong demand for increased performance, system
safety, lower manufacturing costs and lower environmental footprint. For example, transportation
applications will require additional advances including cost reductions below $60/kWh of usable
energy at the pack level, fast charging capabilities of less than 15 min, and energy densities that
will allow increased EV range between charges (4).

Nuclear reactors of both the fission and fusion types impose high temperatures, aggressive
corrosion requirements, and high radiation fluxes on materials. Silicon carbide (SiC) fiber
reinforced SiC matrix composite (SiC#/SiC), among other ceramics, have seen significant
worldwide interest in the development of cladding materials that are more resilient to high
temperature steam oxidation as would be experienced in many design-basis and beyond design-
basis nuclear accidents. Because of their high temperature severe environment capabilities and the
unique functionality, ceramic materials, in monolithic or composite forms, are essential for
enabling fusion energy, in components such as the flow channel inserts in liquid metal blankets,
tritium breeders, the radio frequency plasma heating window, diagnostic mirrors, the blanket and
first wall structures. Additionally, ceramics with high thermal conductivity (to transfer heat
effectively) and high strength (to afford thin tubular shapes or channels) are considered the best
materials for high temperature heat exchangers. These materials include metal oxides, nitrides, and
carbides such as WC, SiC, SizN4, and Al20s.

Nanocomposite materials based on electrically conducting percolative networks,
particularly those consisting of carbon-based secondary phases dispersed within a ceramic matrix
(as in polymer-derived ceramics) possess high piezoresistive response and are attractive for
applications operating in harsh conditions, e.g., high temperatures, corrosive environments, etc.,
because of the intrinsic robustness of the ceramic matrix materials. Piezoelectric ceramics such as
lead zirconate titanate, barium titanate, lead titanate, and potassium sodium niobate are excellent
candidates for sensors and energy harvesting devices, such as in wind energy harvesters.

Yttria-stabilized zirconia (YSZ) for the electrolyte and YSZ-based composites (for
example Ni-YSZ cermet) as the fuel electrode are the state-of-the materials for solid oxide fuel
cells (SOFCs) and solid oxide electrolysis cells (SOECSs). In these devices, the electrolyte must be
sufficiently densified to avoid leakage of the fuel/oxidant gases through the electrolyte to the
electrodes, while both cathode and anode are required to be porous, electrically conductive and
should possess high activities for fuel oxidation and oxygen reduction.

Semiconductor materials alloyed to provide high ZT values are used in thermoelectric
solid-state energy conversion devices that convert heat to electricity and vice versa. For conversion
of very high temperature heat (from sources such as hydrocarbon combustion, concentrated
sunlight, or nuclear generation processes) directly into electricity, ceramic materials with high



power density outputs are needed for heat-to-electricity conversion efficiencies of interest in
thermionic energy converters (TECs).

Ceramic turbine blades and vanes are needed to further improve turbine efficiency owing
to the refractive ceramic properties including higher melting temperature, potentially high creep
resistance, potential for high corrosion resistance at elevated temperatures, and low density.
Ceramic cores and molds also use similar material to turbines, and the benefits of using ceramics
include higher temperature processing and improved wear properties.

Smart glass and smart glass devices are glass-based materials or devices utilizing
constructions for active or adaptive response to environmental or interventional stimulation to
tailor functional properties. Most prominently, these can be smart windows or other components
of a building with adaptive energy (photovoltaic or heat) harvesting ability, cooling functions or
emissivity control and shading techniques.

1b. Traditional Ceramics Processing

Ceramics have inherently high melting temperatures, and this makes them difficult to
process by melting. Oxide ceramics have some degree of ionic bonding, which allows for self-
diffusion, so they can be sintered in powder form. Because of high degree of covalent bonding in
carbide, nitride, and boride ceramics, their sintering is very difficult. Traditionally, casting and
molding, sintering, and machining is carried out to reach high precision monolithic ceramic parts.
Additionally, for many carbides and ultra-high temperature ceramics, hot pressing and spark
plasma sintering with subsequent machining is done. These methods achieve highly dense material
with good properties and microstructure, but the geometries formed by these methods are simple
and axis symmetrical, as shown in Figure 2A and B. Also, these methods require tooling to shape
the preform (as in injection molding) or tooling to keep the powder compact under constant
mechanical load during heating and sintering (as in hot pressing). After densifying into objects
with simple shapes, they may need to be machined into complex shapes, which requires machining
with expensive tooling.

Several methods have been developed to form SiC preforms with more complex
geometries such as die extrusion, slip casting, tape casting, gel casting, and injection molding (5-
7). These methods utilize solvent-based slurries with dispersed powders to shape parts, typically
with dies. In die extrusion, axisymmetric dies are used in extrusion producing geometries like the
ones in Figure 2B. The geometries achievable with the other slurry-based casting methods are
shown in Figure 2C. Although the forming provides more freedom compared to compacts and
pressure-assisted methods with dies (not including hot isostatic pressing (HIP)), there are still
certain designs such as ones with internal features that are not achievable. Additionally, there is a
cost associated with die tooling, so there is motivation to use methods without the associated dies.
The comparison of AM versus traditional processing are pointed out in Table 1.



Figure 2 (A) Preforms of ceramic green parts formed by uniaxial and isostatic pressing
(some with green machining), (B) examples of the types of shapes that are commonly extruded,
and (C) sintered silicon nitride turbocharger rotors fabricated by injection molding (8).

Table 1 Typical features of 3D printing technology for the fabrication of ceramics and
ceramic components as compared with that of traditional processing methods (9).

3D Printing/AM

Traditional processing

Can realize the preparation of parts
and packaging materials at the same
time in one machine

High control over the microstructures
and shapes

Provide precise control in parameters
(area loading, microstructures)

Little waste of raw materials
Scalable, complex designs can be
produced

Little to no tooling

New designs can be implemented

Tedious processes involved

Time cost

Low accuracy

Cannot provide precise control in
parameters (area loading,
microstructures)

Component preparation and device
preparation should be carried out
separately on different machine
Difficult for complex designs
Tooling

New designs require new tooling

quickly and cheaply

Methods for reinforced ceramics also have more specialized processing and are of large
interest in energy applications. As such, ceramic matrix composites (CMCs) are processed by
different methods because they rely on continuous fiber reinforcement, interface coating, and a
matrix material that can bear and transfer mechanical load giving the CMC damage tolerance
through interfacial debonding, crack deflection and propagation along the interface leading to fiber
sliding and pullout. To process CMCs, the fibers must be spun, pyrolyzed, crystallized, woven into
2-D plies or fabrics, and coated with an interface coating. Then, the cloths are prepregged with
slurries to help hold the fabrics together and improve the fiber packing and density, and laid up
onto tools where they are subjected to some pressing with or without heating. Before deciding on
a densification method, the pre-impregnated preform is pyrolyzed. Preforms are infiltrated with
methods such as reactive melt infiltration (RMI), chemical vapor infiltration (CV1), or polymer
impregnation and pyrolysis (PIP).



1c. Additive Manufacturing of Ceramics

The market for ceramics made via additive manufacturing is also growing, as many
industries realize the benefits provided by advanced techniques for design, cost savings and, in
some cases, time saving. A recent report analyzed pros and cons and generated revenues of the
dominant AM technologies for processing ceramics, both technical (advanced) and traditional
(clay-like) (10). Trends can be seen in Figure 3. The advanced methods in the study included
material extrusion, photopolymerization and binder jetting 3D printing technologies. As the
aggressive design demands call for low-cost, high temperature ceramics in complex shapes, the
need for improved solution is significant. Compared to traditional ceramic processing techniques
and even casting techniques, solid free-form fabrication (SFF), additive manufacturing (AM), or
3D printing will be used in energy industries where is necessary and makes sense for the design,
properties, and cost. In this article, the three terms will be called AM to limit confusion. For
ceramics AM, there are several leading technologies for shaping preforms (11,12). One method is
called Vat photopolymerization, where a laser (traditionally called stereolithography) or light
projection (digital light processing (DLP) with LEDs or LCD screens) is used to cure the resin.
Another Vat photopolymerization method is called Lithography-based Ceramic Manufacturing
(LCM) and can use a laser, LED, or LCD system. Some newer light-based curing techniques use
machines without vats but rather use reservoirs of slurry or paste that is spread onto build platforms
and subsequently cured with a light source (such as Admatec and 3DCeram). Another method is
nozzle extrusion and is called direct ink write or robocasting if a liquid material
(gel/slurry/paste/thermosets) is used and FDM is a solid, thermoplastic material is used. A method
of forming dry powder bed with liquid binder is typically called binder jet 3D printing (BJ3DP).
A dry powder bed method with laser source to sinter layers is called selective laser sintering or
melting (SLS/SLM). Low viscosity slurry forming is called material jetting/inkjet printing.

Ceramics AM: Total Market Forecast by Segment (SUSM) 2017 - 2028
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Vat photopolymerization techniques such as stereolithography (SLA) and digital light
processing (DLP) cure 2D layers of photosensitive monomer resins loaded with powder or
preceramic polymers by curing with light. High resolution and low surface roughness are
achievable with lithography, and it is a proven technology for powders with low light absorbance
such as oxide ceramics. It is also a proven technique for preceramic polymer forming. The
drawbacks of lithography are the material limitation and use of support material. Extrusion printing
methods utilize solvent, gel, paste, thermoplastic, or thermoset slurries that are extruded through a
nozzle onto a build platform. Extrusion methods can print particulate with orientation as well as
many different materials, but their drawbacks are resolution, speed, throughput, and filament
adherence. BJ3DP utilizes a dry powder bed where a solvent and polymer mix is sprayed onto the
powder bed in 2D layers (13,14). BJ3DP can achieve high throughput and high resolution of parts
because of the printing nozzles and accuracy of the jets. The drawbacks of printing with BJ3DP
are the large particle sizes needed, random orientation of printed fibers and particulate,
depowdering difficulty and time, and low green (and final) density. Selective laser sintering or
melting utilizes a dry powder bed and a laser to sinter or melt patterns into 2D layers. It can achieve
some solid-state or liquid-phase sintering of ceramics, but it is not as commonly used for ceramics
because of cracking of parts due to large thermal gradient during the process. Material jetting is
the expulsion of a low viscosity slurry onto a platform with subsequent drying of the layers. This
method provides a thin layer of material, but the solids loading is typically low and drying effects
can cause cracking. It should be noted that SLS is the only method that can provide some direct
consolidation of the ceramic powder during printing because of the heat applied. For all the other
ceramic AM techniques, post processing steps such as solid-state sintering, liquid-phase sintering,
reaction synthesis sintering, reactive melt infiltration (RMI), chemical vapor infiltration (CV1), or
polymer impregnation and pyrolysis (PIP) are needed to consolidate the printed preforms into
dense, usable parts. A schematic of these AM methods with images of the processes used for
ceramics is shown in Figure 4.

Multi-material ceramic AM is still a considerable challenge both in terms of the actual
printing as well as the subsequent processing (debinding and sintering), although some recent
advancements have occurred, with the development of multi-vat lithographic printers and multi-
nozzle extrusion devices.
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Figure 4 Schematics and example images of the most common ceramic AM methods by
category (11) .

1d. Designing and improving ceramics for energy applications

Additive manufacturing opens the design space and allows for improved design in terms
of material placement, architecture, microstructures, and properties. Designs that were not thought
possible have become a reality. As an example, there are many architectures to consider when
manufacturing a battery, and Figure 5 presents a variety of 3D printing techniques suitable for
electrode fabrication and the pattern and its mechanism for the optimization of electrodes. These
architectures are achievable with various AM methods, so these materials and architectures can be
made and have a large impact on the performance and properties of batteries. Another example is
small channels and tortuosity that can be achieved with AM of SiC and other materials for high
temperature heat exchangers. It is the same parallel for many other ceramic materials used in
energy.
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Figure 5 Overview of three-dimensional (3D) printing for emerging advanced electrode
architectures (15).

Each energy application in Figure 6 has certain design criteria for success and
improvements that are dictated by the properties. Based on the properties outlined, the most
appropriate material can be selected. For given materials, the manufacturing process can lastly be
selected to provide the best selected material with the best properties to meet the application design
needs. This process and idea are outlined in Figure 6. These factors may result in several potential
AM technologies to be appropriate for each application. More specifically, energy applications
outlined above may require high fracture toughness and high strength, high thermal conductivity,
high corrosive resistance, high temperature stability, radiation resistance, high electromechanical
coupling coefficients, ion conductivity, high ZT values, high power density outputs, among others.
Added to these properties may be the requirement for low-cost and availability (in the cases of
high-volume productions). In certain applications, two or more properties may be required. As an
example, high temperature and high-pressure heat exchangers require high thermal conductivity
(as usual), with the added requirement for high fracture toughness to withstand high pressures. In
these scenarios, a good approach is using multi-physics topology optimization (TO) to obtain the
optimal designs. The next step would be identifying AM technologies that are able to process and
manufacture those certain ceramics in identified geometries from TO results. In the latter process,
the design for additive manufacturing (DFAM) principle should be considered.
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Figure 6 Schematic and process flow for determining ceramic processing routes for energy
applications (11,16) .

This review article is divided into sections focused on specific energy applications. For
each application, its requirements are discussed, followed by why ceramic materials are the best
choice for that application. Traditional fabrication and manufacturing processes for each
application is outlined, and the case is made for potential improvements AM technologies may
offer for each application. There are several reports in the literature on covering various AM
processes for specific applications (17-27). The focus on this article is on ceramic materials and
processing, and hence the readers are referred to those reports for in depth discussion on various
AM processes.

2. Energy applications utilizing ceramics and potential for AM

There are several energy applications that require high temperatures, low thermal
expansion, high strength, and corrosions resistance. To engineer many energy materials and
devices, ceramics must be used, and ceramics are exploited for the above properties, but ceramics
can also provide the functional properties needed as well as mechanical or structural properties. In
that regard, the first few applications utilize ceramics that are used for functional properties such
as electrical conductivity and magnetic properties, which mostly come from the ionic behavior of
oxide ceramics. In many cases, the functional ceramics are oxides, silicates, perovskites, Spinel,
and others for the functional (electrical, magnetic, optical, etc.) properties. Several applications
where thermal transport as well as functional properties are discussed (as in thermoelectrics and
thermionics), and the last several applications are ones that deal with thermal transport and
structural properties, which naturally leans toward carbide, borides, silicide, and other ceramics
with high strength and thermal conductivity. In many advanced energy applications, there could
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be a need for structural and functional ceramics, so careful selection of materials must be
considered for those engineering designs and would not be limited to hybrids and composites.
These sections focus on the primary monolithic ceramic material for the most prominent energy
applications.

2a. Batteries — functional

An efficient electrochemical energy storage for portable and stationary applications is one
of the greatest technological challenges of today. Devices such as batteries or supercapacitors play
an important role in modern society and the main objective of energy storage device (ESD)
development is to reach the requirement of high energy density and high power density while
maintaining a long cycling lifetime during practical service, and in parallel fulfilling the safety
requirements (28). Although existing ESDs that are prepared by traditional technologies meet the
demands of numerous applications, their use in various special scenarios such as flexible devices
and structural devices still cannot be implemented (9,29,30). The emerging additive manufacturing
techniques generated a great revolution in the fabrication process of devices for electrochemical
energy storage and their components. Additive manufacturing also allows to promote the
performance of energy storage devices through advanced electrode architecture designs.
Moreover, 3D printing technologies have many advantages over traditional methods used to
fabricate common electrode/ESDs, as it was shown above in Table 1 (20,31,32). Fast and
repeatable production of the entire device (electrode/electrolyte/current collectors/packaging) is
realized using the same printing machine, that significantly simplifies the process, reduces costs
and improves the quality of the final product. Further, 3D printing enables the control of the printed
shapes and structures via adjustment of printed ink properties such as viscosity, composition, and
printing parameters such as speed, flow rate, and tool path. It also allows for a precise control of
the electrode loading and microstructure. This accurate control leads to a significant reduction of
the used raw materials and produced wastes (33—-35). Moreover, a more complex design can be
easily manufactured in a scalable way (36).

In this section, we highlight the critical role of additive manufacturing techniques in
advanced electrode architecture design and fabrication. The current progresses of the 3D printing
technologies in the fabrication of structural ESDs (e.g., lithium-ion batteries (LIB), zinc-
manganese oxide (Zn-MnO>), lithium-sulfur batteries (LiS) and supercapacitors are summarized.
Only the most prominent examples of entire energy storage devices produced by additive
manufacturing processes are addressed here. For technical details and exhaustive number of
examples the reader might refer to numerous recent reviews devoted to this topic (9,15,23,36-41).

3D printed batteries and their components
Lithium-ion batteries

LIBs have become ubiquitous in our daily lives because of their high specific capacity,
high energy density, low price, and environmental friendliness (42,43). The basic working
principle of LIB is as follows: during charging the lithium cations are pulled out from the lithium-
rich cathode material, diffuse across the electrolyte, and are inserted into a lithium-poor anode
electrode, whereas the electrons are transferred in the same direction via external circuit. When
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discharged, a reverse process takes place, and electrical energy is released. Commonly, a LIB is
made up of a cathode/anode, separator, electrolyte, and packaging material (44). The overall
electrochemical performance of LIBs is affected by each of these components.

Conventional LIBs are mainly manufactured using 2D printing techniques (36,45). The
electrode is prepared by doctor-blading the slurry that is made up of active materials, conducting
additives and binders onto current collectors. Lithium cobalt oxide (LCO), lithium nickel
manganese oxide (NMC), lithium nickel cobalt aluminum (NCA) or lithium iron phosphate (LFP)
are the most prominent examples of cathode active materials whereas graphite, graphite-silicon
composites and lithium titanate (LTO) represent the most common anode materials (46). To
improve the capacity of an electrode and to reach the ideal energy density, a high thickness of the
2D planar geometry electrode is required. However, a thicker electrode means a longer Li-ion
transfer pathway, which subsequently leads to impaired rate performance and durability of the Li-
ion battery (15,47). Additive manufacturing can be utilized to develop diverse architectures of the
electrode with a high surface area, higher electrical conductivity, and ion transferability, at the
same time, a good structural stability that is required to reach the aim of next generation of LiBs
(48). A fast transfer of ions benefits from a low tortuosity of the electrode materials (49), thus an
aligned 3D printed structure of an electrode with a much lower tortuosity leads to shorter
ion/electron transfer pathways and enables a faster transfer of charge (9).

There are various 3D architecture designs of Li-ion battery electrodes to achieve high
energy density and high-power density batteries. Among those 3D printing methods, direct ink
writing (DIW) is one of the most used techniques to print Li-ion batteries given the simple printing
mechanism and low-cost fabrication process. Besides, the DIW 3D printing method offers a broad
material selection including ceramics, metal alloys, and polymers, which provides it with the
ability to print active materials directly with high mass loading (48). Sun et al. (50) produced a Li-
ion battery with a LFP cathode and LTO anode microelectrode arrays in an interdigitated
architecture by DIW method (Figure 7 A,B), which showed a high areal energy density of 9.7 J
cm™? at a power density of 2.7 mWcm ™ (Figure 7 C).
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Figure 7 (A) A schematic illustration of 3D interdigitated microbattery architectures, (B) an
optical image of LiFePO4 (LFP) ink (60 wt% solids) deposition through a 30-um nozzle to yield a
multilayer structure. (C) Comparison of the energy and power densities of printed, unpackaged 3D
interdigitated microbattery architectures (3D-IMA) to reported literature values (50).

The stereolithography (SLA) printing method is also used in Li-ion battery manufacturing.
Cohen et al. (51) designed 3D-printed microbatteries by SLA with various shapes and sizes
comprised of a tri-layered structure including the LFP cathode, LiAlO>—PEO membrane, and LTO-
based anode produced by electrophoretic deposition. When the 3D LFP electrode was cycled from
0.1to 10 C, a high areal capacity of 400-500 Ah cm 2 was obtained on perforated graphene-filled
polymer substrate, and the areal energy density of these full cells was three times higher than that
of the commercial planar thin-film battery. With these 3D electrode architecture designs, high
energy density Li-ion batteries with close to ideal rate performance can be realized.

A solid electrolyte-based battery has extraordinary advantages in terms of safety and
stability, what makes it the most promising high energy density next-generation battery. The solid-
state electrolyte is generally a non-flammable material rather than organic carbonate solvents and
reactive lithium salts used in conventional Li-ion battery electrolytes. Strong mechanical
properties and high electrochemical stability of the solid electrolyte enable to form a battery with
lithium metal as the anode, since the electrolyte inhibits the growth of lithium dendrites and
chemical deposition at high voltage during cycling. However, the solid-state electrolytes lead to
extreme high interface resistance as compared with traditional liquid electrolytes. Poor interfacial
contact between the electrolyte and the electrode and the limited ionic conductivity of a thick solid
electrolyte are the major cause of high electrical resistance. As for a traditional manufacturing
method of solid-state electrolytes, flat pellets are the most common architecture, and a planar
interface minimizes the interfacial contact area and increases the battery resistance. However, 3D
printing provides a solution to reduce the battery resistance by constructing complex architectures.
Multiple ink formulations have been developed for 3D printing and unique solid electrolyte
structures with a variety of patterns can be formed after further sintering. For instance, McOwen
et al. (52) printed solid electrolyte microstructures by 3D printing with ceramic garnet-type
LizLazZr2012 (LLZ) as a model solid electrolyte material. The stacked-array pattern provides the
electrolyte with higher surface area than traditional planar structures to combine with a lithium
metal electrode. As a result, the interfacial resistance of the full cell is reduced. The dramatically
decreased full cell resistance induced by improved interfacial contact areas leads to higher energy
and power density of a solid electrolyte-based battery (15).

Zinc — manganese oxide batteries and other types of batteries

Zn-MnO; batteries have been on the market as the non-rechargeable version, but the
rechargeable version also exists. Zn-MnO> are known as alkaline batteries and are widely used in
printable batteries as they are non-lithium based, safe and environmentally friendlier. A printed
Zn—MnO:; battery has been realized with a polyacrylic acid (PAA)-based polymer gel electrolyte
(PGE) with discharge capacity of 5.6 mAhcm when discharged at 0.5 mA. The discharge capacity
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of the printed battery has been characterized in bend conditions, and two batteries connected in
series and bent to a radius of 0.3 cm managed to power a green light-emitting diode (53). Another
study showed a high energy density Zn—MnO: battery with electrodes prepared by using a
solution-based embedding process. It has been stated that the battery can be used to power a light-
emitting diode display integrated with a strain sensor and microcontroller (54).

A sulphur electrode with a theoretical capacity of 1675 mAh g* and theoretical energy of
2600 Whkg* when combined with metallic lithium anodes makes a Li-S battery a highly
promising candidate for the next-generation batteries (55). Like LIB, the areal capacity determines
the total capacity of the electrode and, consequently, the energy density of the full battery. Thus,
a thicker sulphur electrode with high active material loading is required for a high energy density
Li—-S battery. Thicker sulphur electrodes can be realized by 3D printing through stacking
multilayer active materials during printing. For instance, Shen et al. (56) demonstrated that a
thickness of 600-um S electrode can be printed by stacking six layers, which resulted in a high
reversible capacity of 812.8mAh g*. Moreover, electronic, and ionic conductivity of the S
electrode can be optimized by an architectural design. Gao et al.(57) developed a 3D-printed grid
architecture sulfur/carbon (S/C) cathode with commercial carbon black as host material for
sulphur, which contains abundant micropores. Such hierarchical porous structure is constituted by
the macrosized pores (several hundred micrometers) produced by 3D printing and nanosized pores
produced by phase inversion of the polymeric binder polyvinylidene fluoride-
hexafluoropropylene, which increase the surface area of the electrode for Li* transport channels.
At high active sulphur loading of 5.5 mg cm™2, high initial discharge specific capacity of 912
mAhg ! and a capacity retention of 85% within 200 cycles at high C-rates of 2 C are achieved.
This performance was significantly enhanced compared with S electrodes without such
microarchitecture design, which showed a low capacity of 186 mAhg* and low-capacity retention
of 43.4% at C-rate of 0.5 C.

2b. 3D printed supercapacitors

Supercapacitor, as one of the energy storage devices, is a high-capacity capacitor which
bridges the gap between electrolytic capacitors and rechargeable batteries. A supercapacitor is an
electrochemical device which stores energy by a polarized electrolyte. According to charge storage
mechanism, supercapacitors are broadly classified into two classes: electric double layer capacitors
(EDLCs) and pseudocapacitors. The former mainly relies on the non-faradaic double layer charge
stored at the electrode-electrolyte interface and the latter on the redox pseudocapacitance due to
redox reactions at the interfaces to store electric energy (58). In both cases, the high active area of
the electrode and the ability of the fast charge transfer is of crucial importance. 3D printing
techniques have been widely used to achieve high areal capacitance and long cycling lifetime of
supercapacitors by rational control of high surface area 3D-conductive frameworks with precise
interior hierarchical nanostructures and low-tortuosity structure reversing traditional high-volume
bulk-building electrodes of supercapacitors (41). Besides, flexible customized electronics
fabricated by highly stretchable polymer materials can be easily manufactured with the aid of 3D
printing techniques (15).
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An electric double-layer capacitance supercapacitor stores energy through electron
absorption on the surface of two sides of electrodes, usually made of highly porous carbonaceous
material. The DIW method has received much attention for double layer capacitance
supercapacitors due to the ability to print electrodes with high mass loading. Li et al. (59) printed
a double-layer capacitance micro supercapacitor with a highly concentrated graphene/DMF
dispersion ink. The high viscosity (about 40 cP at 20°C) and environmentally friendly terpineol
was used to concentrate graphene and adjust the ink rheology, and a small amount of polymer
(ethylcellulose) was added into the harvested graphene/DMF dispersion to protect graphene from
agglomeration. The combination of solvent exchange and polymer stabilization techniques enables
the formulation of stable graphene inks with high-concentration and compatible fluidic
characteristics for efficient and reliable inkjet printing, and the printed micro-supercapacitors
achieve a high specific capacitance of 0.59 mF cm2 and a rapid frequency response time around
13 ms, which deliver a high areal power density of 8.8 mWcm 2.

Pseudocapacitance is a Faradaic charge storage mechanism based on fast and highly
reversible surface or near-surface redox reactions. Importantly, the electrical response of a
pseudocapacitive material is ideally the same as that of an EDLC, i.e. the state of charge changes
continuously with the potential, leading to a proportionality constant that can be formally
considered as capacitance. Some materials store a significant charge in a double layer, such as
functionalized porous carbons, combining both capacitive and pseudocapacitive storage
mechanisms. Different charge storage mechanisms can be distinguished in a pseudocapacitive
electrode: underpotential deposition, redox reactions of transition metal oxides, intercalation
pseudocapacitance, and reversible electrochemical doping and de-doping in conducting polymers.
Materials used for building such electrodes are normally carbons, metal oxides, and conducting
polymers (60). Yao et al. (61) developed a 3D-printed graphene aerogel pseudocapacitive
electrode with ultrahigh MnO- loading (Figure 8A) by the DIW method. The pseudocapacitive
materials such as manganese oxide (MnQO2) exhibit outstanding gravimetric capacitances, and the
grid architecture realized by 3D printing avoids the sluggish ion diffusion in thick electrodes,
which achieve a record-high areal capacitance of 44.13 F cm™2 with high MnO- loading of 182.2
mg cm 2 (Figure 8B). Besides, FDM (fused deposition modelling) and SLA techniques have also
been reported in double-layer capacitance supercapacitor fabrication. Yang et al. (62) used the
high electronically conductive active material MXene as the building material and printed
electrodes with high specific surface area architectures by FDM. The additive-free 2D TizCoTx
ink-printed current collector-free supercapacitor exhibited a high gravimetric capacitance of 242.5
F g*at 0.2 A g lwith retention of above 90% capacitance for 10,000 cycles.
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aerogel/MnO. pseudocapacitive electrodes. (B) Capacitance versus thickness of thick electrodes
at various mass loadings (61).

A solid-state supercapacitor, like a solid-state battery, is a device where all the components
are in the solid-state. Solid-state supercapacitors have attracted increasing interest because they
can provide substantially higher specific/volumetric energy density, compared with conventional
liquid supercapacitors, and they are promising as new energy storage devices for flexible and
wearable electronics application. Many 3D-printed solid-state supercapacitors with areal energy
density have been reported. For example, Shen et al. (63) first developed 3D-printed quasi-solid-
state asymmetric micro-supercapacitors with efficient interdigitated patterning electrodes by DIW
method. A V205-graphene ink was used to construct a cathode, and graphene—vanadium nitride
quantum dots were printed as anode, combining with a quasi-solid-state LiCI-PVA gel electrolyte.
The asymmetric capacitor design and integrated structure construction exhibit excellent structural
integrity, a large areal mass loading of 3.1 mg cm, and a wide electrochemical potential window
of 1.6 V. Consequently, this 3D-printed asymmetric micro-supercapacitor displays an ultrahigh
areal capacitance of 207.9 mF cm 2 and areal energy density of 73.9 uWh cm™2, which is superior
to that of most reported interdigitated micro-supercapacitors.

3D printing techniques have shown their benefits in the electrochemical performance
enhancement such as high power and energy density and mechanical properties improvement by
an architectural optimization of electrodes. Among the various 3D printing techniques, direct ink
writing has been frequently reported due to its advantage in high mass loading of electrochemically
active material and relative facile manufacturing process. Compared with traditional 2D planar
structure fabrication techniques, 3D printing provides a new method to solve the issues of ESDs
by the 3D design of the electrode architecture. The performance of electrodes and assembled
energy storage devices, such as specific power density, energy density, cycling lifetime,
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mechanical properties and so forth, has been promoted greatly by advanced and rational
architectural design. Nevertheless, there are still several challenges that 3D printing must face.
One of the most prominent features is the further development of the materials. Due to the
limitation of 3D printing techniques such as FDM and SLA, many non-conducting polymers
should be added to form stable 3D-printed objects. In consequence, the conductivity and in turn
the performance of 3D printed electrodes/devices are negatively affected. The addition of excess
liquid electrolyte is another issue. Although they can be replaced by ions-conductive solid-state
electrolytes, the development of ultrathin solid-state electrolytes by 3D printing techniques has
reached a deadlock. Besides, the post-treatment such as thermal annealing or carbonization is
needed to further increase the electrode performance, and manufacturing techniques for the direct
fabrication of energy storage devices are scarce. Also, novel and efficient advanced architectures
of electrodes need to be designed with the aid of software design and simulation (64). So far, most
of the geometries of 3D-printed electrodes are simple and designed by humans rather than based
on scientific theoretical calculations. With the rapid development of machine learning algorithms,
more and more advanced architectures of electrodes will be designed and optimized automatically
by artificial intelligence, which not only saves a large amount of time but also develops the full
potential of electrode architecture design (65). However, as a revolutionary tool, providing
numerous opportunities for the design and manufacturing of high-performance electrodes, 3D
printing should be used to address fundamental issues of ESDs.

2c¢. Solid oxide fuel cells (SOFCs) and solid oxide electrolysis cells (SOECs)

Solid oxide fuel cells (SOFCs) and solid oxide electrolysis cells (SOECs) are considered
among the electrochemical energy storage and conversion devices (EESC). SOFCs convert the
chemical energy stored in a fuel (H2, CO, CHg4, etc.) to electricity directly through an
electrochemical reaction (by oxidizing a fuel). SOECs are energy storage units that produce
storable hydrogen from electricity and water (electrolysis of water), electrolyze CO> to produce
CO and oxygen or even co-electrolyze water and CO- to produce syngas (CO + H>) and oxygen
(66). SOFCs and SOECs are highly efficient devices. The efficiency of SOFCs, currently being
one of the most efficient energy generation devices, can range from 60 to 90% (in the case of
combined heat and power CHP units). The efficiency of SOECs can be over 80%. Applications of
SOFCs include use as auxiliary power units in vehicles to stationary power generation, and heat
engine energy recovery devices. Applications of SOECs include high-efficiency production of
hydrogen/syngas/methane (67). Hydrogen as a clean energy carrier is promising for next
generation power generation and transportation. At the basic level, these electrochemical devices
are made of an electrolyte and electrodes (anode and cathode). Interconnects, contact and
protective layers and sealing materials are also required for a complete cell and stacked cells. The
three main components are made of functional ceramics (electroceramics) and ceramic-metal
(cermet) composites.

In an SOFC, the fuel is oxidized at the anode (fuel electrode), the ion conducting electrolyte
forces the electrons released during fuel oxidation to power an external circuit before recombining
with the oxidant at the cathode. Oxygen is reduced to oxygen ions at the cathode, and these oxygen
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ions diffuse through the dense solid electrolyte to the anode, where they electrochemically oxidize
the fuel. In this reaction, two electrons are released as well as water byproduct. In SOEC, H,0 and
CO:- are reduced to Hz and CO at the cathode (fuel electrode). The generated oxygen ions diffuse
through the electrolyte toward the anode. At the anode, the oxygen ions are oxidized, and this
reaction generates oxygen and two electrons. The entire process is driven by an external power
supply. In general, operation and fabrication of SOECs are more challenging than SOECs,
primarily because the electrodes in SOEC stacks function under harsher conditions.

SOFC and SOEC Ceramic Materials

ZrO» (zirconia)-based ceramics are stable under reducing and oxidizing environments.
ZrO doped by Y (Yttrium) or Scandia (Sc) provides oxygen conductivity above 800°C. Currently,
yttria-stabilized zirconia (YSZ, a solid solution of a few mol % of yttrium oxide (Y203) in zirconia)
for the electrolyte and YSZ-based composites for electrodes are the state-of-the materials for
SOFCs and SOECs. Sc stabilized zirconia (ScSZ) (9 mol% Sc203 — 9ScSZ) and gadolinium doped
ceria (GDC) have been also used as electrolyte (67). Nickel-YSZ (Ni-YSZ) cermet is used as the
fuel electrode (anode in SOFC and cathode in SOEC), in which Ni functions as the catalyst. This
is because the high temperature operation of these cells accelerates electrode reaction kinetics and
makes the use of more expensive catalysts (such as Pt) inessential. In addition, Ni is stable under
reducing conditions, and is a highly active catalyst for hydrocarbons. The YSZ component of the
Ni-YSZ cermet provides the ionic conductivity and serves as the sintering inhibitor of Ni (stops
grain growth in Ni). For less-demanding applications, the oxygen electrode (cathode in SOFC and
anode in SOEC) is made of abundant Sr (Strontium)-doped LaMnOz (LSM), while for more
demanding applications electrodes based on mixed conductors, such as lanthanum-strontium
ferrite cobaltite (LSCF) or lanthanum-strontium cobaltite (LSC) are used. To prevent reaction
between the oxygen electrode materials and YSZ, thin (0.1- to 5-mm) layers of gadolinia-doped
ceria (CGO) may be utilized (66).

The electrolyte should be sufficiently densified to avoid leakage of the fuel/oxidant gases
through the electrolyte to the electrodes and reduce the resistance to oxygen ion diffusion in the
electrolyte. The electronic conductivity of the electrolyte should be low to prevent losses due to
leakage currents. Flaws, pinholes, and other defects in the electrolyte can drastically reduce the
electrochemical performance of the cell. The sintering step of the printed functional ceramics is,
therefore, vital. YSZ can be sintered in the range of 1300 — 1500°C (68). The densification is often
assessed by measurement of the bulk density of the sintered ceramic, as well as by microstructural
characterization using electron microscope and X-ray diffraction. For optimal ceramic
performance, abnormal grain growth during sintering should be avoided. The density of the
electrolyte, which is related to the porosity, plays an important role in the electrical conductivity
of the electrolyte. The acceptable electrical conductivity for practical application as SOFC
electrolyte is defined to be in the range of 2 — 4x1072 S cm ™ (69). Both cathode and anode are
required to be porous, electrically conductive and should possess high activities for fuel oxidation
and oxygen reduction (high density of electrochemical reactive sites, or triple phase boundaries,
TPB). The porosity is required to provide pathways for mass transport (diffusion of gaseous fuels
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and byproducts). LSM is more common for the oxygen electrode, because of its compatibility and
low chemical reactivity with YSZ and their similar coefficient of thermal expansion.

Traditional fabrication and opportunities for AM

SOFCs and SOECs and their stacks are geometrically complex, inherently multimaterial
and multilayer devices. The cells are made of thin active elements (~10-50 um electrolyte and
~50-300 anode and cathode), with different composition and microstructure (porous anode and
cathode and dense electrolyte). The microstructure of the functional materials in these devices
primarily governs the performance. Currently, the most common geometries are planar and tubular
geometries. The current planar cells have higher efficiencies compared to tubular designs (because
of lower comparative resistance of the planar design), while the tubular design offers better sealing
and faster startup time (minutes compared to ~1 h for planar cells). Modified planar designs may
incorporate a wave-like structure (Figure 9A). Tape casting and screen printing are the most
prevalent processing methods used for manufacturing of planar SOFCs and SOECs (70), while
physical vapor deposition (PVD) and chemical vapor deposition (CVD) are also being explored,
in particular for thin films (71). However, more than hundred steps could be involved in the
manufacturing process of a complete stack, including tape casting, punching, laminating, stacking,
firing, etc. (20). These large number of steps, mostly requiring manual inputs and multiple joints
and seals, result in low reliability, low durability, low reproducibility, high cost, and long time to
market. Perhaps the high cost of these devices, compared to alternative energy systems, is the
single most important factor hindering their wide-spread applications (72).

Currently, there is a shape limitation in the design of these devices, largely due to strict
limitation in manufacturing of ceramics with complex geometries. AM is being explored as a
promising manufacturing process that may result in lower cost, ease of manufacturing, increased
design flexibility, decrease material waste, and more reliable SOFC/SOEC devices. AM may be
used to fabricate the entire device or in the production of different components, such as the
electrolyte or anode/cathode. If AM technologies can eliminate or reduce the stacking steps, and
enable continuous printing of the integrated layers, this can be a significant step forward in
manufacturing these devices (73). Obviously, such AM technologies should also consider the
materials compatibility, such as the requirement for co-firing (co-sintering) and matching of the
coefficient of thermal expansion of adjacent layers. AM may also result in more favorable
geometries (beyond planar and tubular geometries) and controlled layer thicknesses toward
enhanced surface area for electrochemical reaction sites and enhanced volumetric current density
(specific power), which will result in increased efficiency of the device. As an example, the
corrugated devices present ~ 57% performance improvement in fuel cell and electrolysis models,
by reducing the area specific resistance ASR (74).

Potential AM technologies should also address the current drive toward lower temperature
operation (to ~ 500 - 600°C or lower) of SOFCs, which is meant to reduce or resolve some of the
outstanding challenges of these devices (such as thermal management and the need for insulation,
thermal stress, high degradation rate of current collection and sealings at high operation
temperature). A lower operation temperature may result in an increase in the fuel cell efficiency,
as well as the possibility of using metals and polymers for these devices. This trend either requires
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thinner layers to reduce the electrolyte resistance using current materials or discovery of new low
temperature oxygen ions conductors. Additionally, microstructural variations such as columnar
grains that have less resistance, substitutional doping and defect control, and fabrication of
interfaces with less resistance may facilitate lower temperature operations. One way to achieve
thinner layers using AM is incorporating (printing) topologically optimized mechanical supports.

SOFC/SOEC Ceramics AM

Although still at a relatively nascent stage, several AM processes have been used for 3D
printing fuel cells or fuel cells electrodes (75,76). These methods include ink jet printing (77-80),
stereolithography (74,81), and DLP (68,73), with ink jet printing being currently the prevalent
method. However, perhaps other than printing corrugated surfaces, so far the printed cells and
functional layers all have been planar, and no advanced 3D configurations to potentially gain
higher specific power has been reported, yet. Pesce et al. fabricated a 250 pum-thick 8YSZ (8 mol%
yttria-stabilized zirconia) electrolyte-supported SOFCs with conventional planar and high-aspect
ratio corrugated electrolytes using stereolithography, Figure 9A-B (74). Cells with corrugated
layers showed an increase of 57% in their performance in the fuel cell and co-electrolysis (of CO>
and steam) modes, in the temperature range of 800 — 900°C. This enhancement is attributed to the
larger area (~60%) compared to the cells with planar layers. The printed cells showed a degradation
rate of 0.035 mV h'. Han et al. used a commercial low-cost office printer (HP inkjet printer) to
print an entire anode supported SOFC with a sub-micron thin YSZ electrolyte, Figure 9C-F (77).
The printed SOFC maintained high open circuit voltage and robust uniform microstructure during
electrochemical performance, and in durability test achieved a power output of 730 mW cm at
650°C and a low degradation rate of 0.2 mV h1. Wei et al manufactured a dense 8YSZ electrolyte
via digital light processing (73). For this work, the authors used a suspension of 30 vol% 8YSZ
powder in a photo-curable resin, and the results showed a dense electrolyte (99.96%) after sintering
and debinding. The cell was completed by adding anode and cathode to the printed electrolyte
(Ag-GDC/YSZ/Ag-GDC). The cell showed an OCV of 1.04 V, and a peak power density up to
176 mW.cm at 850°C by using hydrogen as the fuel and air as the oxidant. We note that the
theoretical OCV for cells with dry hydrogen operation is ~ 1.07- 1.15.

&

SOFC design

Figure 9 (A) Atop-view image of the self-standing 3D printed corrugated 8Y SZ membranes.
(B) A cross-section SEM image of the electrolyte (74). (C) Cross-sectional SEM image of the
anode supported SOFC and schematic of the inkjet printing (scale bar: 10 um). (D) Cross-sectional
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SEM image of the SOFC with the approximately 0.5 pum thick GDC buffer layer (scale bar: 5 um).
(E) Cross-sectional and (F) surface SEM images of the SOFC with the approximately 0.8 pm thick
YSZ electrolyte layer (scale bar: 2.5 um) (77). SEM images of YSZ pillars on Ni-YSZ substrate.
(G) Array of 50-layer pillars at 60 tilt. (H) showing the remnants of a misplaced droplet (red zone)
and 50-layer pillar, (I) pillar array 180 layers tall (ca. 300 mm) at 30 tilt, and (J) pillar array
showing missing pillars (red circles) due to inactive nozzles [15].

Ink jet printing requires inks with certain rheological properties to be printable.
Additionally, the ink should have a long-term dispersion stability to prevent agglomeration and
sedimentation issues, which makes the choice of suitable dispersant an important step. If the ink
does not have the required properties, it may result in nozzle clogging or undesirable printed
objects. Han et al used ceramic particles with size distribution in the range of 0.15 — 0.19 microns,
smaller than the nozzle diameter of the printer, to formulate the ink (77). Ink jet printing is suitable
for thin film fabrication (planar cells), which can operate at lower temperature, since the thin
electrolyte and electrodes reduce energy loss by ion transport. Another advantage that ink jet
printing offers is the porosity control by assigning a “gray scale” in the CAD model. The porosity
is required for the electrodes (anode and cathode) in these devices. Additionally, ink jet has a better
compatibility for printing various types of materials such as polymers, metals, and ceramics, all in
a relatively low cost. However, it has limitation for high aspect ratio structures or tubular cells.

DLP and SL have the advantage of good surface quality and dimensional precision. The
resolution of a DLP printer is generally ~50 um in-plane (XY-plane) (68), with a layer thickness
of 25 um (68) to 50 um (73). The main challenge in using DLP and SL for 3D printing ceramics
is the preparation of well-dispersed photocurable slurries with high ceramic content (solid
loading), which currently are not commercially available at a wide scale. Added to this challenge,
is the identification of optimized (often based on thermogravimetric analysis on the green body)
debinding (removal of the organic components) and sintering processes. The quality of the
photocurable ceramic resin determines the curing depth, precision of green body, and ultimately
the electrochemical and mechanical performance of the printed ceramic. A well-dispersed (stable
and uniform with no well-defined separated phases) and high solid loading suspension is critical
to eliminate or reduce the crack formation, deformation, and delamination when shrinkage occurs
during debinding and sintering (73). Choice of dispersants (such as PEG) is important to achieve
a desired dispersion. Solid loadings in the range of 30-50 vol% have been reported for printing
solid oxide cells components (68,73). One method to achieve high solid loading suspension is
using powders of the same materials with two or more particle sizes (73). Generally, a viscosity <
5 Pa at a shear rate of 30 s has been necessary for successful printing (82), in addition to preferred
low surface tension for self-leveling. Noticeable interfaces from layer-by-layer printing may
compromise mechanical and electrical properties of the ceramic and affect the electrochemical
performance of the cell. Xing et al obtained a smaller power density for electrolyte printed by DLP
compared to cells with similar electrolyte thickness, which the authors attributed mainly to the
layer boundaries between the printed 50 um layers in the DLP process, in addition to separation
of the cathode layer from the electrolyte (68). This is despite an OCV ~ 1.1 obtained for the cells,
which is more indicative of the gas tightness of the printed electrolyte.
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Additionally, if manufacturing of complete SOFCs is intended, SL and DLP have
limitations in achieving multi-material printing capability. If the AM process is used to only print
a component of the cell (often the electrolyte), the other components should be added by
conventional means. For example, NiO-8YSZ slurry and LSM (Lao.gSro.2MnQ3) slurry was applied
to the surface of the as-sintered 8YSZ electrolyte plates by using brush (brush painting). The NiO-
8YSZ slurry and LSM slurry were prepared using their corresponding commercial powders (68).
Wei et al sprayed cermets consisting of Ag and GDC (Ceo.8Gdo201.9, Gadolinium doped Ceria) as
the materials of anode and cathode on the printed electrolyte (73). After application, the anode and
cathode materials were annealed.

We may argue that no single modal printing technology can overcome the above-
mentioned limitations, and perhaps the case for development of hybrid multimaterial 3D printers
is strong in the case of SOFCs and SOECs (20). This will require expansion of the list of printable
materials such as ceramic interconnects. Since interconnects are exposed to both oxidizing and
reducing high temperature environments, ceramic materials can offer a stable and reliable option,
albeit at a steep price. Metal based interconnects will be more promising as lower temperature
range (600 — 800°C) devices are developed. The trend toward low temperature and thinner layers
(tens of microns) will require printing technologies with better resolution. For example, the
thickness of each layer in DLP/SLA process is ~ 50 um, and perhaps several layers are needed to
make a layer with acceptable properties. On the other hand, to keep the ASR < 0.15 Q.cm?, the
thickness of YSZ should be smaller than 50 um. One way to circumvent this limitation would be
printing an electrolyte with thin and thick sections, in which the former provides the higher
electrochemical performance, while the latter provides the mechanical support. This will require
complex 3D design of the cells (68).

2d. Piezoresistive and piezoelectric ceramics as energy harvesters and sensors - functional

Piezoelectric materials transform mechanical stress and deformation into electrical charge
by compression/tension/shear of a bulk material, and piezoresistive materials change electrical
resistance when subjected to mechanical stress and deformation. By measuring this electrical
energy change, these materials can function as energy harvesters or as sensors. Piezoelectric and
piezoresistive ceramic materials have a variety of applications such as piezo generators, sensors,
piezo actuators, and transducers. Generally, piezoelectric ceramics are made with powder-based
methods and rely on crystal structure and ionic structure for lattice distortion and dipole formation,
whereas piezoresistors rely on band structure and electron configuration differences and have
mostly been made via preceramic polymer pyrolysis and crystallization. Thus, the distinction and
separation will be done in this section.

Piezoelectric ceramics

Piezoelectricity is the ability of the crystal structure to deform and create a dipole and
generate an electrical charge when mechanically loaded with pressure or tension, which is called
the direct piezo effect. Conversely, these crystals undergo a controlled deformation when exposed
to an electric field, a behavior referred to as the inverse piezo effect. The polarity of the charge
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depends on the orientation of the crystal relative to the direction of the pressure. Piezoelectric
ceramic materials include lead zirconate titanate, barium titanate, lead titanate, and potassium
sodium niobate and are generally made with powder processing techniques. Traditionally, these
materials have been made without additive manufacturing techniques with thin and thick films,
single crystal and polycrystalline powder forming techniques. Despite the use of traditional
methods, there is room for the use of AM to improve the functionality of piezoelectric ceramics.
These methods allow for controlled structures and geometries that can be subject to stress and
deformation without catastrophic failure, but also layered structures can tailor the electrical signals
though the material.

Gaytan et al. (83) investigated the suitability of binder-jet additive manufacturing to
develop barium titanate piezoelectric components for pressure sensing. The authors reported an
improved piezoelectric coefficient with increasing sintering temperature. The authors attribute this
correlation to decreased grain size and increased density. Kuscer et al. (84) developed an ink with
nanometric lead zirconate titanate particles for deposition by ink-jetting onto a corundum substrate
to create piezoelectric thick films. Though the printed films showed reduced piezoelectric
properties compared to bulk lead zirconate titanate, a similar thickness coupling factor was
achieved, thereby indicating the versatility of this method for using inks to print piezoelectric
films. Chen et al. (85) used digital light processing to create complex geometry barium titanate
components for end use as an ultrasonic generator (Figure 10A). The authors reported relatively
high density (~94%) with increased piezoelectric coefficient over other AM methods, and a
comparable loss coefficient to traditionally processed barium titanate. Chen et al. (86) used a
similar approach to create potassium sodium niobate (KNN) components using micro-
stereolithography. This showed a relatively low piezoelectric coefficient compared to bulk KNN,
which was attributed to the low density (92%) of the printed components. However, the authors
reported crack-free specimens after debinding of the photopolymer resin used during printing.
Hossain et al. (87) used electron beam melting to fabricate lead zirconate titanate components for
end use as embedded piezoelectric sensors. Though the study focused more on the development
of the assembly that could be used for in-situ monitoring with the printed components, the authors
reported high density components. Furthermore, the tested components exhibited excellent
response to cyclic loading under a range of frequencies, indicating that these components can be
used for in-situ monitoring. Zhou et al. (88) fabricated stretchable piezoelectric nanogenerators by
direct ink writing of ink made from barium titanate and polyvinylidene fluoride trifluoroethylene
(PVDF), a piezoelectric polymer. These structures were developed for end use as wearable
electronics (Figure 10B). It was found that the addition of 20 wt.% barium titanate increased the
piezoelectric performance of the PVDF. It was also demonstrated that up to 300% strain of the
bulk geometry was achieved without degradation of the output voltage. A similar result was
observed for lead zirconate titanate doped PVDF (89). Walton et al. (90) used direct ink-writing
with anisotropic nozzles to align barium titanate particles to increase the electromechanical
performance of printed piezoelectric structures. Significant texturing was observed when the
nozzle aspect ratio and printing speed were increased.

It has been shown that grain texturing improves the piezoelectric constant and decreases
the magnitude of the electric field needed for polarization of piezoelectric materials (91,92).
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Depending on thickness, size and material, the piezoelectric materials were polarized in silicon oil
for 30-120 minutes at 20-150°C with an electric field of 3-50 kV/mm (88,90). When these
structures are polarized, the electric field is homogenous and uni-directional and aligns the dipoles
with the electric field. This process works well for materials with simple geometry (plates/films,
cylinders/discs, etc.) that are effectively two dimensional. However, AM is capable of fabricating
complex three-dimensional shapes with ease, and thus it is important to consider how to control
dipole alignment in three-dimensional ceramic structures. With polymer-based AM of
piezoelectric materials, printed structures can be manipulated into different shapes using heated
molds (or heated press) (93). With ceramics, this is much more difficult. An interesting approach
to encompass three-dimensional piezoelectric properties was developed by Cui et al. (94). In this
study digital light processing (DLP) was utilized to create lead zirconate titanate piezoelectric
lattice structures. In this approach each lattice was designed such that each ligament was aligned
with the das, d32, or ds1 directions within the piezoelectric constant tensor (Figure 10C). This
enabled creating a spatial design that encompassed piezoelectric design space, thus allowing for
coupled design of the lattice with the piezoelectric anisotropy. With this method, the authors
developed lattice architectures that allowed for multi-dimensional sensing capabilities. Though the
mentioned lattice structures were utilized as sensors, these lattices could be further developed as
energy harvesting devices that effectively convert mechanical motion in three-dimensions to
electricity.

Piezoresistive ceramics

Typically, there are various classes of piezoresistive materials for sensing, e.g., metallic
materials (used for instance in strain gauges), semiconducting materials such as Si, Ge or alloys
thereof (2,3), as well as nanocomposite materials relying on an electrically conductive percolative
network dispersed within an insulating matrix, such as carbon-containing ceramic
(nano)composites (4). Whereas the piezoresistive response in metallic materials mainly relies on
geometric changes upon mechanical loading, applying a mechanical stress on semiconducting
piezoresistive materials induces deformation of the energy band structure thereof, and thus alters
the charge carrier mass and mobility in the materials. Therefore, the resistivity of the material
changes. Due to the direct effect of mechanical loading on the band structure of semiconducting
piezoresistive materials, their piezoresistive response is significantly enhanced as compared to that
of metals. The gauge factor GF, which is defined cf. GF = (AR/Ro)/e (with 4R being the change of
resistivity upon mechanical loading, Ro being the resistivity of the stress-free material and ¢ being
the strain), has been thus shown to be rather small in metals (e.g., 2.1 in a 60Cu-40Ni alloy);
whereas semiconducting piezoresistive materials possess values ranging from 20 to 300. Many
piezoresistive materials are made from polymer derived nanocomposites from siloxane and silane
preceramic polymers that are pyrolyzed and crystallized.

Significant amount of work and progress has been made in the last few decades within the
context of piezoresistive carbon-containing cementitious materials (95,96), as well as polymer-
derived ceramics (PDCs) (97). Both types of composites rely on the presence of a percolative
carbon network, which determines the piezoresistive behavior and may be adjusted for volume
fraction, aspect ratio, crystallinity/graphitization etc. Unlike the cement-based composites, in
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which the disperse carbon phase is introduced within the matrix by mechanical procedures, the
phase composition of carbon-containing polymer-derived ceramics can be provided (and
modulated) in situ during the ceramization of suitable preceramic polymers (98-100). The latter
approach is highly attractive, as it solves homogeneity and dispersion issues encountered in other
processing methods.

Ternary polymer-derived ceramic (PDC) systems, e.g., SIOC and SiCN, as well as
quaternary/multinary systems containing additional elements such as boron (B), main group
metals, transition metals, and rare earths, have been synthesized within the last decades and their
processability and property profiles have been extensively investigated, as summarized in several
review articles (99-104). Their synthesis typically involves the use of suitable preceramic
polymers (100,105) that are converted into ceramics in a multi-step procedure involving shaping,
cross-linking/curing as well as pyrolysis. The use of polymeric materials as precursors for the
ceramics provides a high versatility with respect to the manufacturing of parts; thus, some of the
most common shaping techniques include casting, injection molding, pressure- and temperature
assisted shaping (warm pressing), electrospinning, fiber drawing (e.g., melt spinning), coating,
impregnation, as well as additive manufacturing (AM) procedures (Figure 10) (102). The resulting
green-bodies are extensively cured to render them infusible (i.e., not meltable) and furthermore to
control or even suppress excessive mass loss. The cured green bodies are subsequently thermally
treated at elevated temperatures (500-1400°C) in either reactive or inert atmosphere and converted
into ceramics (102).

Within the last 10-15 years, various studies related to the synthesis and piezoresistive
behavior of PDCs were reported, as summarized in a recently published review paper (97). The
piezoresistive response in those materials is considered to rely on a sp?-hybridized carbon phase,
which is typically present in the PDCs. As mentioned above, the in-situ generation of the carbon
phase within the microstructure of PDCs provides a highly homogeneous dispersion thereof and
prevents agglomeration-related issues, which have been reported for other carbon-containing
ceramic nanocomposites that are prepared upon mechanically mixing of the carbon phase into the
ceramic matrix (97,98). Additionally, the use of preceramic polymers allows for a tight control
and fine tuning of morphological features of the segregated carbon phase, such as content,
crystallinity, aspect ratio, etc. (98,103).

The first study reporting on the piezoresistive behavior of a PDC was published in 2008,
and described the synthesis of a SICN-based materials possessing tremendously high gauge
factors, in the range of 1000 to 4000 (106). Two years later, the piezoresistive effect was
demonstrated also in SiOC-based PDCs (Figure 10D) (107). In both ternary systems, the
piezoresistivity was proposed to be mainly determined by a tunneling-percolation mechanism
(108). Interestingly, the piezoresistive effect was shown to persist in PDCs even upon exposure to
temperatures beyond 1000°C and hostile environments (oxidative, corrosive atmosphere), thus
making SiOC and SiCN-based materials highly attractive for high-temperature strain/pressure
sensing in harsh environmental conditions (97). Thus, Terauds et al. reported on piezoresistive
SIOCN-based ceramics possessing impressive gauge factor at temperatures beyond 1000°C, e.g.,
322 and 287 at 1400°C and 1500°C, respectively (109). Moreover, Roth et al. reported on the
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fabrication of a high-temperature piezoresistive C/SiOC-based material showing a reliable gauge
factor of ca. 80 at temperatures up to 1300°C (110). Also, quaternary PDCs such as SIBCN (111)
and SIAIOC (112) were reported possessing piezoresistive behavior with extremely high gauge
factor values.

While the extremely large gauge factors reported for several compositions are surprising
and not yet clarified, PDCs have been currently recognized as high-potential piezoresistive
materials for pressure / strain sensing and are anticipated to be first-choice materials for use at high
temperatures and in hostile environments. Recently, few reports on the implementation of
piezoresistive PDCs in pressure sensing or strain gauge devices were published. For instance, a
pressure sensor based on SIBCN was reported by Shao et al. to exhibit a gauge factor of 5500
along with high accuracy, repeatability as well a stability at pressures up to 10 MPa (111). While
there are numerous studies related to the materials synthesis and performance assessment of
piezoresistive PDCs, currently there is only one report available in the literature, considering the
AM of piezoresistive PDC-based parts (113). It should be mentioned, though, that the preceramic
polymer route for preparing ceramics via additive manufacturing procedures has been increasingly
considered in within last years (11,114,115). Thus, various techniques, such as direct ink writing
(Pierin et al. (116)) or digital light processing (Zanchetta et al. (117)) were successfully
demonstrated as being suitable to fabricate complex-shaped PDC-based parts (Figure 10E).

In the study related to additive manufacturing of a PDC-based ceramic part with
piezoresistive behavior, a sandwiched SiCoOC-SiAIOC-SiCoOC structure was prepared by using
a multi-material stereolithography approach, and converted into ceramic by using either a
conventional pyrolysis procedure or an ultrafast pyrolysis method, which used a heating rate of
2400°C/min and a holding time at 1200°C of just 10 s (Figure 10F-H) (113). Thus, whereas the
conventionally pyrolyzed part required many hours of thermal treatment, the conversion using
ultrafast pyrolysis procedures took less than one minute. Additionally, it was shown that the
ultrafast pyrolyzed structure possesses improved piezoresistive response, exhibiting a gauge factor
of 297 (compare to 137 for the structure prepared using conventional pyrolysis). The prepared
structure containing the piezoresistive SIAIOC layer sandwiched between two soft-magnetic
SiCoOC layers was additionally demonstrated to be suitable for magnetic flux density sensing
purposes (113).

27



|a il | U i=a h 2-3plane 1-3 plane
‘MM s _*’T.’_ _"’1,',”_-\ "T"’ \{/
A | ; ) W - Y- "
Y [ | P
b | 1 o i
Sent N=$ AR '
i
>< >< >< U osomacciaiion, 4%
thew composites (refs 25-28) l - J-strut
G \T/
...... /
3 -
555555
S-strt
U y -
S-stnut % G-stnt
= Ssina, 8-strut
Ne12 X
0%0

— Stress [MPa]
-~ Resistance [Ohm]

2535
r 2530
2525
- 2520
+ 2515
2510
r 2505

Resistance [Ohm]

o.;s
Time [ms]

0.075

’ UHS Sintered

Conventional
Sintered
A=t =A

SiOC-Al

01 02 03
Stress (MPa)

Furnace

Figure 10 (A) Barium titanate 3D printed by stereolithography (85). (B) flexible 3D printed
barium titanate (88), and (C) lattice unit cell and 3D piezoelectric design (94). (D) Piezoresistive
response of a polymer derived SiOC upon dynamic loading conditions; the resistivity of the sample
(dashed line) exhibits a precise response to the load (continuous line). Reprinted with permission
from (107) (E) Preceramic and corresponding pyrolyzed ceramic parts prepared via
stereolithographic processing of polysiloxanes (reprinted with permission from (115)). (F) A 3D-
printed SiCoOC-SIAIOC-SiCoOC sandwich structure and resulting ceramic part after ultrafast
pyrolysis step. (G) elemental mapping of the SIAIOC-SiCoOC interface region showing
interdiffusion for the part produced via conventional pyrolysis and a sharp interface in the ultrafast
pyrolyzed part. (H) A plot of the change of the resistance of the SiCoOC-SiAIOC-SiCoOC
sandwiched parts as function of the applied stress from (113)).

Outlook for piezoelectric and piezoresistive ceramics

For piezoelectric ceramics, there are many improvements that can help design the materials
for the properties and applications. Texturing of piezoelectric ceramic material made with powders
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has led to increased output voltage at similar levels of strain as compared to components with
random grain orientation, so this must be controlled and optimized when designing piezoelectrics.
Better ways to incorporate fine grains, texturing, gradation, layering, and large complex shapes
should be explored for piezoelectric optimization, and the composites may consist of powders and
even PDCs (as with piezoresistors).

Additively manufactured piezoresistive structures are expected to bring significant
advantages as compared to piezoresistive sensing devices manufactured by using conventional
manufacturing procedures. This has been shown for various 3D-printed strain sensors consisting
of carbon-based conductive fillers in polymers, which have been used in, e.g., static and dynamic
strain measurements for health and damage monitoring of smart structures in aerospace
components (118,119), and medical diagnostics (120). While one approach addresses integrating
strain sensors into 3D-printed structures post 3D-printing step, there is increased activity pointing
toward developing materials and manufacturing solutions for multi-material printing, allowing to
simultaneously generate the functional sensing part and the structural part (121), where layered
and graded parts can provide further tailoring of properties. This indeed makes possible to
manufacture complex structures consisting of sensing and structural components in one step and
at low-cost. Currently, these concepts which have been demonstrated for polymer-based sensing
materials and structures are yet to be implemented.

2e. Smart Glass - functional
Smart glass constructions and stimulus response

Smart glass and smart glass devices are glass-based material constructions that enable
active or adaptive response to environmental or interventional stimulation to tailor functional
properties. Most prominently, these can be smart windows or other components of a building
envelop with adaptive energy (photovoltaic or heat) harvesting ability, cooling functions or
emissivity control and shading (122,123). Smart glass substrates and surfaces can be generated to
enable stimuli response. For example, thermal, chemical, or optical sensing, adaptive light
emission, transmission and scattering, or information display and augmented reality can be
controlled. The term “smart glasses” is also used in a less generic way for wearable devices for
computer-aided augmented reality or vision enhancement; for a review on this subject, refer to
(124). While most of these technologies are in their early exploratory stage, they hold promise for
future application in holistic energy harvesting, conversion, and transmission systems. Thereby,
the glass itself usually provides for the optical and mechanical properties of the construction and,
for example, for its overall shape and geometry (such as in window panels, glass-glass solar
modules, or glass-based microfluidic elements), and is combined with polymer, other ceramics, or
other material components to achieve a certain function.

Stimulus response relates to a physical or chemical reaction of the material construction to
(local or global) stimulation, for example, caused by changes in temperature, illumination,
humidity or other factors (125). Depending on device design, the response may be global (e.g., in
a smart window) or local (e.g., on a glass surface used as smart sensor). In addition, multiple
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sensitivity may be implemented, whereby material reactions depend on the simultaneous presence
of multiple stimuli. This is illustrated in Figure 11: color codes “blue” and “rose” indicate the local
(A, C) or temporal (B) presence of two different stimuli (for example, illumination and
temperature), with material response functions f(A,B) decoded “on”/’off” (“0” / “1”). At stage
{11}, both stimuli are present, and a material reaction is triggered.

In practice, such behavior can be realized in, e.g., a chromic windows which adapts to the
intensity of solar irradiation (or to an intentional switching process by other human or automated
intervention) by reducing light transmission (single stimulus), or which does the same, but only
under the condition of a certain inside or outside temperature (stimuli combination) (126). As
another example, fluidic windows have been reported which combine cooling and heating
capability by using a heat transfer liquid circulating within transparent capillaries embedded inside
the window sheet (127,128). In these examples, the triggered function is a result of material
combinations, device design or non-glassy components. Although glass itself may exhibit active
response (except for light emission by luminescence), the structural dynamics of classical (metal
oxide) glasses usually do not allow for pronounced switching processes. Strong stimulus response,
on the other hand, may be generated in chalcogenide glasses and phase-change materials (129),
ionic glasses (130) or, e.g., from the emerging metal-organic framework glasses (131) and glass-
based composites (132,133).

Aside from designing a specific application, there are various challenges associated with
smart glass devices, including manufacturing technologies (134), response Kkinetics (135),
sensitivity and selectivity (136), long-term operation, user acceptance, construction logistics and
cost. On part of the glass component, while forming and post-processing of large, high-volume
glass objects is well-established, there are significant limitations for more intricate and
miniaturized designs, small-volume or prototype manufacturing, highly individualized
manufacturing, and multi-material integration. These areas offer opportunities for AM processes.
AM technology may thus address two aspects: fabricating certain glass objects or components, or
enabling integration of active glass parts, glass substrates or disperse glass components within
complex material constructions.
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Figure 11 Schematic of the functionality of a smart material surface with multimodal stimulus
response. Blue and rose color codes indicate two independent stimuli {A, B} occurring in space
(A and C) and time (B). These trigger stimulus functions f(A, B), whereby state “0” represents
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“stimulus off” and state “1” represents “stimulus on”. The physical response of the substrate
material to stimulus combinations enables logical operations (C).

Traditional glass forming and AM opportunities

Interest in glassy materials typically arises from their liquid processing ability, leading to
a universal fabrication methodology for homogeneous and dense objects. The primary processing
parameters are the temperature dependence of viscosity (viscosity curve) and the liquidus
temperature of a glass melt. In processing context, the former is often reduced to the viscosity
value at liquidus: glass forming is usually conducted at a temperature above liquidus so that
undesired crystal precipitation (devitrification) may be avoided. Thereby, a given forming process
requires a certain viscosity range and underlies certain temperature limitations in terms of a lower
temperature limit (the liquidus temperature of the processed melt) and an upper temperature limit
(set through the employed forming tools). These two requirements result in characteristic
processing windows: glass-forming is possible universally, i.e., towards the broadest variety of
shapes and formats (in practical terms) for as long as the viscosity-liquidus properties of the glass
melt fall within the considered processing window. In some cases, the obtained glass object may
further be transformed to a glass ceramic by controlled crystallization, which is conducted during
secondary heat treatment (137). Given the full breath of glass applications, however, glass
ceramics are relatively rare. On the other hand, by combining the glass forming ability with
properties of (polycrystalline) ceramic materials, they offer potential for functional materials,
including those formed by additive manufacture. Further post-processing of glass objects may
involve, e.g., thermal or chemical strengthening (138), or acid polishing. Such treatments address
the surface properties of the glass product, for example, inducing residual mechanical stress or
tailoring the surface roughness.

The great advantage of conventional liquid (hot) glass processing lies in production cost
and throughput of net-shape objects with a very broad variability of size and shape. These
advantages are particularly relevant for mass production of relatively large objects (cm to m —
scale). On the other hand, liquid forming underlies various limitations, which impose restrictions
on final object geometry. For example, surface tension often prevents net-shaping of sharp edges
or certain 2D/3D features; without post-processing or other interventions (e.g., hot drawing),
corner and edge radii of glass objects are typically in the mm scale. While uniaxial (re-)drawing
can achieve very delicate glass structures (e.g., microstructured/photonic crystal fiber (139), thin
and flexible sheet (140)), it is usually limited to 1D or 2D geometry. Alternative methods for 3D
shaping (e.g., vacuum/thermoforming techniques, hot embossing) underlie the above limits of
surface tension, usually lead to uneven wall thickness distribution, or do not allow for complex
internal voids, defects, holes, or concave features.

Advanced AM methodology provides an opportunity to complement established glass
forming techniques by filling some of the above-noted gaps, and some AM examples are shown
in Figure 12. In particular, AM holds significant promise for (i) prototype manufacturing or the
manufacturing of individualized (low-volume) glass objects (overcoming the need for complex
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forming tools, molds, large-scale melting facilities or other adapted processing equipment, (ii)
manufacturing of complex 3D structures with characteristic feature sizes in the sub-mm range
towards net-shape objects or preforms, for example, for subsequent secondary forming such as for
microstructured fiber and capillary devices, or for transformation into glass ceramics, (iii)
individualized objects with internal voids (holes, channels, etc.), for example for
microreactor/microfluidic devices (141), preforms for subsequent material infiltration, or scaffold
structures, and (iv) high-throughput sample deposition methods for accelerated materials
discovery.

The primary challenges specific to AM of glassy materials relate to achieving glass-type
properties (e.g., optical transparency, surface finish, mechanical performance), the versatility of
AM-compatible glass formulations or suitable precursors (e.g., glasses with high refractive index,
n > 1.6 (142)), material homogeneity (effects of powder or filament vs. bulk processing, for
example, in the desired manufacturing of glass ceramics, or in the undesired surface/interface
crystallization), and — when precursor materials are used — property variations between precursor
and melt-processed glasses, or — when melt-processed glasses are used — achieving processing
timescales and temperatures which enable high-quality forming and avoid devitrification.
Notwithstanding these specific aspects, the main challenges of AM for ceramic materials (see
Section 1) apply also for AM of glasses.

AM of glasses in relation to energy/ceramic device integration

A specialist review on AM technologies applied to glassy materials was provided by Zhang
et al. (143). The presently employed technologies can roughly be divided into two groups: melt-
deposition, whereby a precursor glass is used which already exhibits a composition equivalent or
very similar to the final object, or reactive deposition, where the final glass is created from
chemical reactions in the precursor batch (and, eventually, melted in a consolidation treatment).
The obtained objects are either a result of viscous powder sintering at relatively high viscosity
(~108 Pass) or melting (~10% — 10° Pas), eventually affected by preceding pyrolysis of organic
binders and other additives.

At present, related research and development work is still focusing on obtaining transparent
(in visible or IR spectral range) objects of various shapes, sizes, and chemical compositions. The
primary aim is to reproduce glass-like haptics, visual appearance and structural features by AM,
with less emphasis on functional properties, whereby optical functionality represents an important
exception (144). Some of this started with the pioneering work of Klein et al. (145) in which large
area glass structures were printed with heated nozzles. In view of the established efficiency of
large-scale/high-volume glass production and lamination technologies, the advantages of
upscaling AM to m2-scale glass devices or functional sheet remain unclear, although architectural-
scale glass objects by AM have already been demonstrated (146). In this latter field, AM has the
potential to replace specialized molding techniques used to fabricate certain kinds of structural
glasses or cast glass bricks (147). Similarly, AM manufacturing of functional glass ceramic
materials (e.g. (148)) or glass-ceramic-composites (e.g. (149)) remain nascent fields as shown in
Figure 12A. DIW and SLA were used to create 3D printed translucent alumino-borosilicate glass
scaffolds from fine powders and resins or slurries as shown in Figure 12C (150). 3D printing of
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transparent fused silica glass was achieved using two-photon lithography with tens of micrometer
resolution and a surface roughness of Ra ~ 6 nm as shown in Figure 12E (151). In addition, a
As40Seo chalcogenide glass (Tg=188°C) was extruded as shown in Figure 12F using in-house
filament commercial FDM 3D-printer at a temperature around 140°C above the glass transition
temperature (152). This material is important for many electrical and optical applications such as
thermoelectrics, which are discussed in the next section 2f.

Conventional glasses often act as passive substrates or containments, light-guides, support
structures, containers, windows and covers, gas-tight seals, or components of material composites.
Most of today’s research efforts in AM of glasses relate to similar applications, whereby the AM
technology offers enhanced individualization and flexibility of shapes, integration ability with
other materials, miniaturization, and, on the scale of individual or prototype objects, rapid
manufacturing. All of these can add to sustainable manufacturing of glass ceramics, so the
opportunity to produce glass ceramics at lower cost exists. By tailoring properties and
architectures, improved properties can be obtained and contribute to much higher efficiencies in
buildings and energy devices utilizing glass as functional material and even substrates.

Figure 12: Examples of smart glass objects manufactured by 3D methodologies. (a) Glass-ceramic
composite scaffold produced by binder jetting and subsequent sintering of a cube with width ~ 17
mm (149); (b) CT-scan of a silica glass fiber stack for 3D volumetric light delivery with an
individual fiber thickness of 200 um; (c) translucent scaffold produced from a aluminoborosilicate
glass by DIW using a 800 um nozzle (150); (d) laminate glass sheet device with internal capillary
channels of depth ~ 961 um (134); (e) micron-scale silica glass objects (diameter ~ 0.5 mm)
produced by two-photon DLW from a photoresponsive precursor resin (151); (f) chalcogenide
glass objects manufactured by filament FDM (152).
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2f. Thermoelectrics - functional

Thermoelectric devices are solid-state energy conversion devices that convert heat to
electricity and vice versa. Thermoelectric devices are commonly used for highly localized heating
and cooling. The most notable application for power generation is radioisotope thermoelectric
generators powering space vehicles (153,154). There has been extensive interest in thermoelectric
waste heat recovery where thermoelectric devices are used for power generation by converting
excess heat directly into electricity. Proposed applications include heat-to-power conversion in
automotive exhaust, industrial processes, and sensors (155). However, the relatively low device
efficiencies, high device costs, and need for application-specific customization have limited
widespread adoption of the technology.

Thermoelectric units are commercially available as off-the-shelf thermoelectric modules.
Figure 13A and B show pictures of typical thermoelectric modules (156). These modules must be
integrated into the applications where they are used. They must be attached to a surface that will
be heated/cooled or from which heat will be converted to electrical power. Often, the
thermoelectric modules must be integrated into more extensive devices for use in applications; the
modules will be attached to heat exchangers that then interface with hot gas streams on the device
hot side and coolant streams on the device cold side. Notably, this module-to-device integration
for many applications introduces system-level, parasitic thermal and electrical resistances that
hinder the thermoelectric heating/cooling or power generation potential.

The oft-touted thermoelectric figure-of-merit is ZT = (S?6/k)T where S, o, k, and T are the
Seebeck coefficient, electrical conductivity, thermal conductivity, and average temperature of the
thermoelectric material. Based on intrinsic material properties, this figure-of-merit provides an
understanding of thermoelectric materials performance, but it does not communicate the
performance of a device. Thermoelectric device performance depends on extrinsic properties that
are, in part, geometry or shape dependent. For example, Ebling et al. and Yee et al. reformulated
the figure-of-merit and developed device metrics to determine the system-level performance of
thermoelectric devices (157,158).

34



Couple with n- and p-type leg

=08 =

B Powd:er = [ | ] ) ‘
ynthesi Ingot Pressing/ Ingot Dicing & )
| SXIT;';;S.I;I J _ Sintering | - Polishing } Metalization
C— "f"r% KasTon s .
FIF0 e s
| Interconnect & —
cing “Braze/Solder Module
Leglclng Braze/Solder ‘Modul
| . Application | Aembl)
D E TE
Air flow elements
(T,=300K, h,)

Air flow Copper electrode

(T,=300K, h) N l g‘ l 60 o

o 3

7 S \ ‘ 50 B 50 B

\ E 8

40 5 I4° 3

Water s I 30 © 30 O
(T Alumina Water
tube (k) (T,

TE
elements

©0 X

Alumina

tube (h)

Figure 13 Commercially available, off-the-shelf thermoelectric module. (A) Side-view of the
assembled module shows the series of n- and p-type leg couples. (B) Top view of the disassembled
module shows the electrical interconnects with the joining material that connects the legs to the
interconnects. (C) The typical process for traditional manufacturing of thermoelectric modules
involves multiple steps, including formation of an ingot, dicing, and assembly. Image reproduced
from (156). Thermoelectric devices that conform to surfaces as shown in (D) reduce the parasitic
thermal resistance between the application surface and the thermoelectric device. Traditional
devices are not conformal and thus have a lower temperature gradient across the thermoelectric
legs or elements as shown in (E). Image reproduced from (159). (F) Thermoelectric elements of
varying shapes printed with fused filament fabrication. Image reproduced from (160). (G)
Thermoelectric elements printed with an extrusion process in a shape that conforms to a pipe.
Image reproduced from (159).

Materials

Thermoelectric materials used in devices are semiconductor materials alloyed to provide
high ZT values. The relevant intrinsic material properties (namely S, o, and k) are temperature-
dependent, so the optimal performance of each type of thermoelectric material is temperature-
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dependent. Sootsman et al. and Tritt et al. provide a thorough reviews of thermoelectric materials,
including the optimal operating temperatures of each material (161,162). For low temperature
(e.g., near room temperature) applications, bismuth telluride alloys are the dominant option. Many
more options such as half-Heusler, skutterudite, and silicide materials are available for mid-
temperature ranges (e.g., 300 — 700°C), and the options are more limited to lead telluride and
silicon germanium for high temperatures (~900 — 1000°C). Other material properties besides S, o,
and k are relevant within the context of device fabrication and manufacturing. Bulk thermoelectric
materials are brittle and thus prone to cracking and fracture both during manufacturing and in
operation. Operations such as dicing or uneven compression during module assembly thus reduce
yield during manufacturing. The mismatch in thermal expansion between the thermoelectric
material and the surrounding device materials can also lead to stress concentration and cracking.

Because thermoelectric materials are typically high purity materials, and some require rare
earth elements, the cost of the thermoelectric material alone can be high. The added cost of the
other device components results in high thermoelectric device costs that are hard to offset with the
current performance levels. The technology needs a radically different approach to bring down
overall costs and improve application readiness and performance.

Traditional fabrication and opportunity for AM

Traditional thermoelectric device fabrication generally follows the multi-step process
shown in Figure 13C (156). The first step is often a powder synthesis or alloying step in which
elemental powders are combined (e.g., via ball milling) to form the thermoelectric compound. The
powder is then consolidated to form an ingot. Various methods such as hot pressing or current-
assisted hot pressing can form an ingot. In some fabrication processes, these first two steps are
replaced by a melt-growth process to directly form the ingot. The ingot is then diced into wafers,
which are polished and metalized. The wafer is diced into “legs,” and the legs are mounted onto
electrical interconnects (typically copper shunts) with a braze or solder material and process
selected specifically for compatibility with the thermoelectric material to provide good mechanical
adhesion and prevent diffusion at the metal-semiconductor interface. The mounting of the legs
onto the electrical interconnects can be done manually, with automated pick-and-place, or using
vibration feeding and placement. Finally, the module is assembled with the thermoelectric legs
sandwiched between electrically insulating barriers often consisting of ceramic plates, such as
aluminum nitride sheets.

The traditional device fabrication process presents both benefits and limitations. A key
benefit is the scalability of the process and resulting device size: the process generally remains the
same whether the final module is small (the size of a coin) or large (the size of a book). The current
process results in good uniformity; there is nothing inherent to the fabrication process that causes
variation within the leg or across the module. The dicing results in legs of uniform size and shape,
and the legs are all mounted into the module in the same way. On the other hand, the traditional
fabrication process presents many limitations to device performance and cost. For example, the
kerf loss in the multiple dicing steps of the traditional manufacturing process causes significant
material waste with up to (and sometimes more than) 50% of the high purity, costly thermoelectric
material lost and unrecoverable. Additionally, the multi-step assembly process producing a
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discrete module leads to parasitic thermal and electrical resistances within the module as well as
when the device is integrated into an application. Figure 13D and E show an example of the
significantly higher temperature gradient that can be achieved across a thermoelectric device that
conforms to the application surface compared to the traditional, rigid devices (159). The interfaces
between the thermoelectric leg and the electrical interconnect, the interconnects and the electrically
insulating plates, as well as the insulating plates and the heat exchanger all contribute parasitic
resistances and can negatively impact device performance.

Perhaps most significantly, there is a distinct gap between fabrication and device design;
the fabrication process greatly limits the design degrees of freedom. The traditional fabrication
process limits the device shape to flat, rigid squares or rectangles. However, many applications
require thermal management or waste heat recovery on curved surfaces such as pipes and ducts,
so using a thermoelectric device entail attaching a flat, rigid device to a curved surface, thus
introducing significant thermal resistances between the thermoelectric device and the application
surface. Moreover, thermoelectric legs are overwhelmingly rectangular prisms, although
cylindrical devices have been shown in specialized applications (163,164). Thus, the geometric
design parameters are the leg aspect ratio and device fill factor (the amount of device area covered
by thermoelectric legs). These minimal design parameters are particularly limiting because tuning
the leg thermal and electrical resistances is critical to optimizing device performance, and the
resistances are extrinsic parameters dependent on geometry or shape. The critical role
thermoelectric leg shape plays in device performance was demonstrated in recent work that
explored trapezoidal (or tapered) legs (165), and legs with circular and triangular cross-sections as
well as hollow interiors, and significant changes in aspect ratio along the length of the leg
(166,167). The simulations showed power generation on a per unit area basis was 35-55% higher
for hollow and layered leg shapes (166). The impact of novel leg shapes was even more
pronounced when the thermal boundary conditions replicated realistic conditions for many
applications. For an hourglass shape with the leg cross-sectional area large at the top and bottom
but narrow in the middle, the power output more than doubles compared to the traditional
rectangular prism when the device experiences heat flux boundary conditions similar to
applications like waste heat recovery from combustion exhaust (167). Such work suggests additive
manufacturing can be used to achieve thermoelectric leg structures with higher thermal resistance
(and thus better thermoelectric performance). There are obvious benefits to fabricating
thermoelectric legs and devices with techniques that enable geometries other than the current
rectangular prism legs and flat, rigid modules, so additive manufacturing emerges as a promising
approach for thermoelectric device fabrication.

AM reports of thermoelectric materials

Adaptable form factors for thermoelectric devices are explored through various advanced
manufacturing techniques. These techniques can be classified into to two themes: techniques for
thin/thick film devices and techniques for bulk devices. Thin/thick film techniques enable
adaptable device shapes in 2D. Several examples of flexible, lightweight devices have been
demonstrated such as reviewed by Bahk et al. (168) and Du et al. (169), and the thin/thick film
printing techniques and results for thermoelectric devices are summarized by Orrill et al. (170).
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The discussion here will focus instead on additive manufacturing results that support fabrication
of bulk devices where the techniques enable adaptable form factors in 3D. A myriad of AM
techniques exists and are in development, and some of the most widespread have been applied to
thermoelectric materials. Table 2 shows an early comparison of AM techniques compared within
the context of feasibility for thermoelectric device fabrication (171). Since the publication of that
comparison, thermoelectric parts have been fabricated using extrusion and powder
sintering/melting approaches.

Table 2: Comparisons of traditional thermoelectric module manufacturing process to various
additive manufacturing processes. Several of the additive manufacturing techniques have
advantages with respect to the part geometry/shape, required assembly, and material loss. The table
is reproduced from (171).

Materials Assembly Geometry Post-processing Material
- Losses
Common Processing
Materials Temperature
. Limited to

Traditional Semiconductor . ..

X . . Manual or simple Dicing, .

Thermoelectric thermoelectric Low —High : b ; High

2 . = automated geometries soldering/brazing =

Manufacturing materials 5 = =

(rectangular)

Stereolithography | Polymers. Low —High Direct Free form Required for Low
metals and assembly binder burnout and
ceramics sintering

Fused Deposition Polymers, Low Direct Free form Optional Low

Modeling composites and assembly
low-temperature
alloys

Binder Jetting Metals. Low —High Direct Free form Required for Low
polymers. assembly binder burnout and
ceramics and sintering
composites

Selective Laser Metals. Low —High Direct Free form Optional Low

Melting ceramics, and assembly
composites

Several additive manufacturing techniques require some form of binder or filler, often to
create a printable ink, slurry, or filament that can be extruded. For example, Oztan et al. used fused
filament fabrication with Bi>Tes in an acrylonitrile butadiene styrene (ABS) polymer matrix for
the filament, and they printed unique thermoelectric part shapes shown in Figure 13F (160).
However, burning off the polymer binder with post-processing sintering resulted in significant
porosity in the final part as well as substantial oxidation. He et al. used a stereolithography
approach in which BigsShisTes particles were integrated with photocurable resins, cured during
the 3D printing process, and thermally annealed to remove the resin (172). After the thermal
annealing step, residual amorphous carbon and oxygen remained in the samples. Their 3D printing
process resulted in parts with low thermal conductivity (as low as 0.2 W/(m-K)), but the electrical
conductivity was quite low, resulting in a peak ZT of only 0.12, which is about one order of
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magnitude less than the state-of-the-art for bulk bismuth telluride thermoelectric alloys. Qui et al
and Wu et al demonstrated dispenser printing of a Bi>Tes based slurries followed by selective laser
melting (rather than thermal annealing) to synthesize the final bulk material (173,174). Kim et al.
devised a clever solution to the challenge posed by organic binders; they created an inorganic
binder with Sb,Tes chalcogenide metallic ions surrounding Bi>Tes powder particles. They were
able to extrude conformable part geometries as shown in Figure 13G and obtain ZT values as high
as 0.9 (159).

Multiple investigators have attempted laser powder bed fusion (also known as selective
laser melting) of thermoelectric materials. EI Desouky et al showed processing of bismuth telluride
powder compacts on a commercial laser powder bed fusion tool (175), and Carter et al performed
single melt track studies comparing experimental and computational results of melt width and
depth (176). Zhang et al showed layer-by-layer laser powder bed fusion to create bulk bismuth
telluride parts without the use of binders/additives or post-processing (177). Within the technique
of laser additive manufacturing, high temperature thermoelectric materials have been processed in
addition to the low temperature bismuth telluride alloys. Yan et al demonstrated selective laser
melting of a CoShz g5 Teo.15 skutterudite with a peak ZT of 0.56 at 823 K (178). Several investigators
have even attempted to synthesize the high temperature thermoelectric material alloy in situ during
laser processing. Yan et al attempted this approach with ZrNiSn and achieved at ZT of 0.39 at 873
K (179). Thimont et al showed the approach applied to higher manganese silicide results in
formation of the pure HMS phase and powder densification (180). These myriad endeavors begin
the exploration of the process-structure-property relationships for laser additive manufacturing of
thermoelectric materials, and they demonstrate the potential to achieve the same outcomes and
advancements shown with the more widespread laser powder bed fusion of metals such as 316L
stainless steel and Ti-6Al-4V.

Key challenges and opportunities remain for additive manufacturing of thermoelectric
devices. Most results to date show significant porosity in the final parts, and the porosity appears
detrimental to the thermoelectric performance. Moreover, remnants of carbon or formation of
thin/small oxide layers and regions significantly reduces the electrical conductivity. Few studies
have shown additively manufactured parts with ZT values as high as those of traditionally
manufactured parts, and it is unclear whether any benefits from geometric adaptability or
complexity will overcome subpar thermoelectric properties. Moreover, there is limited exploration
of which part and device shapes are most desirable. The printing resolution is tied to the additive
manufacturing technique, so the resolution and complexity of the final part must be considered
alongside the selection of the appropriate additive manufacturing technique. Additionally,
thermoelectric devices will require electrical interconnects, joining materials (brazing/solder
materials), and, in many cases, electrically insulating layers and thermal interface materials
between the device and the application surface. Whether and how the entire device can be made
via additive manufacturing must be determined. Nevertheless, additive manufacturing provides a
breakthrough in thermoelectric device development that has the potential to enable the technology
to overcome the challenges that have kept it on the sidelines in limited niche applications for many
decades.
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2g. Thermionic Emission

Energy harvesting is typically achieved with solar cells or photovoltaic cells and
thermoelectrics, which are useful devices for collecting solar energy and waste heat to produce
useful electricity. These materials and modular device technologies are still evolving to achieve
higher conversion efficiency in power systems. Direct thermal energy to electricity conversion is
achievable through thermoelectrics, and they are advantageous because they eliminate losses due
to mechanical work during the conversion process, which reduces the overall efficiency.
Thermoelectrics inherently have a lot of material loss and high entropy, but thermionic energy
converters (TECs) have the potential for less material loss and higher conversion efficiency. TECs
are heat engines that convert very high-temperature heat directly into electricity by driving
electrons across a vacuum gap, as shown in Figure 14A, allowing for high efficiencies without any
moving parts (181). The devices operate at high temperatures by accepting heat directly from
sources such as hydrocarbon combustion, concentrated sunlight, or nuclear generation processes
(182,183). Like thermoelectrics, the lack of moving parts gives TECs inherently long lifetimes
with little associated maintenance and lets them avoid some irreversible loss mechanisms such as
friction and turbulence. Additionally, TECs have relatively small sizes as shown in Figure 14B
that can provide high specific power outputs up to ~100 Wecm ™2 (182).

Although the technology was discovered in the 1950s (184), the progress in the
development of thermionic energy converters (TECs) has been limited due to the lack of advanced
technology and fabrication techniques. However, a significant amount of research on TECs has
occurred to improve materials, manufacturing, and making of modular devices with adequate
power density output (185,186). Even though there have been recent studies on thermionic
emitting devices, few modern TECs have demonstrated efficiencies close to the technology’s
potential or have achieved power densities of more than tens of mWcm™2. Thus, materials that can
provide power density outputs (P > 1 Wcm™2) are needed for heat-to-electricity conversion
efficiencies of interest in modular devices (n > 10%). There are some ceramic and composite
configurations that must be researched further for use in devices.

Currently, there are several ceramic-based systems that show promise. Ceramic oxides of
the mayenite electride clathrates made via spark plasma sintering show low work function and can
be composited with carbon (187,188). Tungsten (W) and tungsten ceramic composites have been
made and used for years (189). The Ba-Sr-Ca-O system offers low work function material as well
as compositing with W (190). Ba-Sc-O and perovskites of this system can be used or composited
with W (191). SiC and its composite with W is an important system for thermionic emission, and
some SiC emitters have been investigated (192,193). Additive manufacturing of SiC has been
carried out with binder jet 3D printing and various densification methods (194-196). Also, since
there is a need for improved emitters in thermionic devices, the shape and manufacturing of the
materials is important (197), so AM could help improve the material emitting properties and thus
efficiencies. Also, insulators are needed and used in TECs, so AM of the basic ceramics for
modules can and should be used where needed. Not only are thermionic emitters useful for a
device, but they can also be used in hot structures to provide passive cooling without making a
device through electron transpiration cooling or thermionic emission at the hot surface (198,199).
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Thermionic materials made via AM should be used in devices and hot structures for increased
efficiencies and cooling effects.
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Figure 14 (A) Schematic and configuration of a diode thermionic energy converter. Heat
transferred into the emitter ¢ is transferred out by the flow of thermionic electrons to the
collector ¢ierm. (B) Schematic diagram of a twentieth century micron-gap button-style thermionic
energy converter (182,183). (C) Illustration of tungsten pyramid absorber that can be made via
AM techniques.

2h. Emissions Control (Catalytic Converters) and Carbon Capture for Negative Carbon
Emissions

Catalytic Converters

Combustion engines, a popular pathway to convert fossil fuel energy to mechanical and
electrical energy, are used in many engineering applications such as vehicles, industrial plants,
generators, marine powertrain, and mining equipment across the world because they are low-cost,
efficient, and easy to operate with barely any training. At the same time, environmental concerns
and climate challenges have forced many regions around the world to pass strict emission control
regulations. Amongst such regulatory examples one can point to the US Clean Air Act of 1963,
repeatedly revised to the present day, similar regulations in Europe known as Euro | through 6,
regulations in China known as China 1 through 6, Bharat 1 through 6 in India, and wide variations
of the US and European regulations adopted in South America and Africa. All such global attempts
are aimed at bringing emissions of combustion engines under control. These regulations have
focused on three notable engine pollutants: nitrogen oxides (NO, NO), carbon monoxide (CO)
and unburn fuel fractions most notably in the form of hydrocarbon (HC) emissions. In many diesel

41



and gasoline vehicles, also soot more commonly called particulate matter (PM), is under strict
regulations. Recent engine emission regulations specially in California have also included
formaldehyde. A good summary of emission regulations in the US and major worldwide regions
was reported in reference (200).

Due to stringent regulations, emission control technologies have evolved remarkably. A
modern catalytic converter on a mainstream car can reduce 99.9% of the engine’s regulated
emissions, while a diesel soot filter could conveniently trap up to 99.9% of the emitted soot from
diesel engines. Selective Catalytic Reduction (SCR), a catalyst used predominantly for control of
diesel engine NOy, can easily operate in the 98% efficiency space, often with 99% or more
efficiency. A typical catalytic reactor, shown in Figure 15 is a combination of three technologies:
a ceramic honeycomb, a catalyst solution coated on the honeycomb channels encompassing
precious metals (platinum, palladium, and rhodium), and a metal shell enclosing the honeycomb
mainly for packaging and protection purposes.

Here we focus on the honeycomb, the substrate for the catalytic coating ultimately
responsible for the reducing the engine emissions. The honeycomb acts as a building foundation
hosting the catalytic coating on its structure, where reactions of pollutant species (NOx, CO, HC,
etc.) take place, converting to inert species (N2, CO2, H20, etc.) Over the last nearly four decades,
a variety of honeycombs, one example of which is shown in Figure 15B, have been proposed for
use as catalytic substrates for emission control purposes, varying across geometry, material,
surface area, durability target and so on. Amongst all ceramic honeycombs, the type displayed in
Figure 15B has remained dominant and forms more than 90% of honeycombs currently used
worldwide on combustion engines, the remaining fraction mainly being metal honeycombs having
nearly the same geometry with modest variations. The key attributes of honeycombs making them
ideal for catalytic coating (and hence for emission control) are several: one is that they make a
substantially large surface area available in a very small volume. A typical catalytic converter for
a 2-liter engine, only 4 or 5 inches in diameter and/or in length, has several square meters of surface
area. Next, when coated with the highly porous catalytic wash coat, the very same surface area
extends to the area of a football field (201), ideal for the complex emission control reactions
required to take place downstream of an engine. Further, ceramic honeycombs are relatively easily
producible via low-cost extrusion. Exceeding majority of such ceramic emission control
honeycombs are made of cordierite, an extremely low-cost refractory oxide ceramic capable of
withstanding substantial temperature variations downstream of an engine without a detriment,
sometimes near a temperature change of 500-1000°C taking place within seconds or minutes.
Thanks to their porous ceramic structure, they are also lightweight.

Catalytic Converters made with AM

The automotive market worldwide includes one billion cars nearly all equipped with
emission control honeycombs. Further tailpipe emission regulations signal growing needs for
diversity and flexibility in manufacturing techniques. Thus far, additive manufacturing (AM) has
not been widely used in producing ceramic emission control honeycombs. The dominant reason
for lack of AM penetration into such industry sector appears to be such major requirements as low
cost and high production speeds. While thousands of such ceramic honeycombs can be produced
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in a single day each costing a few dollars (single digits) via standard extrusion, such numbers and
high production cost are still un-adoptable in AM techniques. Although binder jet 3D printing and
direct ink writing may reach the production rates of traditional extrusion, there must be more
research and scale-up to overtake traditional methods. One example of AM taking over production
is with steel parts made via binder jet 3D printing for the automotive industry.

There have been recent advances targeting lowering the cost of emission control
components via reducing their expensive precious metals contained in the catalytic wash coat
(platinum, palladium and rhodium), also making such honeycombs smaller, better fit-able in tight
automotive spacing (202). This has resulted in novel honeycomb designs having non-linear flow
channels (202), shown in Figure 15C and D. This is a major departure from mainstream
honeycombs dominating the automotive sector since their inception nearly half a century ago
(203), as their geometries has remained nearly unchanged ever since. Unlike conventional
honeycombs utilizing simple, straight channels, the novel honeycomb design includes proprietary,
enhanced structures and flow patterns substantially enhancing mass transport of toxic species to
the catalyst layer via faster convection, thus augmenting the otherwise slow, diffusive transport.
Twisted channels (Figure 15 D and E) thus not only make honeycombs more efficient than
conventional ones having straight channels, but they also make such honeycombs smaller
(downsized), easing their fitting in tight spaces near engine or underbody spaces in a vehicle. This
is shown in Figure 15D and E. Such twisted channel honeycombs, proposed as a novel concept,
are possibly best suited to non-extrusion techniques, making them thus ideal candidates for AM
production pathways. Indeed, during its entire research and development process, AM was used
for rapid prototyping of such honeycombs, its resulting prototypes shown to be easily coatable
with appropriate catalytic wash coat and testable on test benches and in microreactors (204).
Sample AM-produced prototypes are shown in Figure 15E. Further, AM techniques must be
comparable to mid-level production quantities and costs with that of die extrusion, so careful
consideration of the costs is warranted.

Carbon Capture

Recently, there has been development of technologies to extract CO2 from industrial
sources or from the air around us. The former, a ‘point source” approach, deals with carbon capture
from higher CO2 concentration streams typically in the range 10,000 — 15000 ppm, while the latter
extracts CO> from the air around us having a concentration of about 420 ppm of CO> hence called
‘Direct Air Capture (DAC) of CO2’ or negative carbon emission. In a DAC process, air is pulled
into a ‘contactor’, many are honeycomb-type coated with a sorbent, sort of a sponge, where CO-
is adsorbed. Contactors used for CO> is selectively capture are ceramic honeycombs much like
those used for emission control purposes downstream of engines. Figure 15F displays a ceramic
contactor used in a DAC pilot plant by Global Thermostat LLC; in an actual CO> capture practice,
the contactor could be coated (not shown) with a sorbent such as poly(ethyleneimine) or PEI for
short, a CO> adsorption material coated on the honeycomb channel walls typically functionalized
on alumina (205). Figure 15G displays a metallic honeycomb for use with a solvent (not shown)
used in Carbon Engineering Inc. operations. Solid sorbent coated in such contactors, the chemical
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coating that adsorbs the CO3, is much the same as the wash coats coating the honeycomb channel
surfaces for catalytic converters.

AM examples for carbon capture

The need to develop novel, process-intensified contactors via additive manufacturing was
recognized and emphasized in a report by the National Academy of Science and Medicine (206).
AM was used in design and construction of an adsorbent for post-combustion CO. capture
applications, focused on an electrically conductive 3D-printed monolith adsorbent (207). Two
honeycomb monoliths composed of 70% of zeolite 13X and 30% of activated carbon were
manufactured and tested for mechanical properties. The aim was to develop a viable adsorbent for
Electric Swing Adsorption (ESA) process, in turn capturing the feed stream CO.. It was
demonstrated that 3D-printed monolith (honeycomb/ contactor) material can be successfully
utilized for CO> capture using an ESA process. One group has demonstrated that the presence of
binder reduces the adsorption capacity during CO> capture (materials were 65 wt% zeolite ZSM-
5 and 35 wt % of binder (bentonite and colloidal silica)) (208). Using a mixture of zeolite (13X or
5A), binders and other additives, Thakkar et al. have tried 3D-printing of composite monolith for
point-source CO> capture, reporting a lower CO; adsorption capacity in the AM prototype because
of its low zeolite content (209).

Potential and outlook

For catalytic converters, a collection of large surface area, low cost of material and
manufacturing, high thermal durability, and ease in coatability, amongst other attributes, make AM
design ideal for ceramic honeycombs for emission control applications. It is viable to predict that
extrusion, an archaic technique for producing emission control honeycombs, is reaching its limits
and could be replaced by AM to enter the said sector of emission control honeycombs and its
associated energy field. Most CO> capture contactors are made of some type of a ceramic, a
material acting inert during CO2 capture (it does not adsorb or desorb CO> on its own). It is then
wise to replace the ceramic wall with alumina, the base functionalized with the PEI sorbent, thus
reducing the overall contactor thermal mass (210). This is especially helpful during thermally
induced desorption, which allows lowering the needed thermal energy to heat the contactor, hence
saving energy and its associated costs. All evidence indicates use of AM in CO- capture in general
and in contactor design in particular is receiving wide attention and is expected to grow in the
coming years.
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Figure 15: (A) A common catalytic converter used in a vehicle emission control system. (B) A
honeycomb, used in the catalytic converter, its single channel and catalytically coated channel
walls. (Picture: Jack Voncken). (C) Straight channels in a standard honeycomb. (D) A twisted
channel in the novel honeycomb (one channel shown for comparison purposes), requiring reduced
precious metals, hence markedly lowering their cost. (E) Examples of small-scale, helical channel
honeycomb prototypes produced via additive manufacturing for R&D purposes. (F) Top: Ceramic
honeycomb contactors (several liters in volume) used for carbon capture by Global Thermostat
LLC. Bottom: Their large stack at the Global Thermostat pilot plant. (G) Top: Carbon
Engineering’s array of metallic contactors, honeycomb-like structures (one section shown only)
for air flow (bottom) and CO- removal using a solvent.

2i. Heat Exchangers — structural/thermal

A heat exchanger is broadly defined as a device that transfers energy from one fluid stream
to another. Heat exchangers (like boilers and recuperators etc.) have been identified as critical
components in power generation systems since they help to maximize the energy efficiency of an
entire system. Also, heat exchangers can be used in various other systems that release heat to
capture some of the energy lost and reuse elsewhere. Energy efficient power generation has been
a challenge since the advent of steam or gas driven power plants, and incremental changes have
been introduced to improve the components performance which can be translated into a gain in
overall system efficiency. The fundamental laws of thermodynamics indicate that process
efficiency increases as the heat source temperature increases (211). The importance of the impact
of a higher source temperature is evident from the second law of thermodynamics, as the Carnot
efficiency (nf = 1 — Tgink/Tsource) OF @ process can increase by almost 2% with every 100°C
increase in source temperature. The efficiency increases as the temperature increases, so several
power generation applications will achieve higher efficiency if higher temperatures are achieved.
That makes the demand for ceramics high in power generation, and specifically, ceramic solutions
are still sought for high temperature heat exchangers.

Maximum combustion temperatures are much higher than those being used in the actual
processes. For example, combustion of coal in air can provide temperatures higher than 2150°C
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(212). Similarly, the maximum limit for natural gas combustion is 1950°C; for coal-natural gas
combustion with a higher oxygen concentration, it can approach 3000°C (213). The unavailability
and reliability of materials that can withstand the extreme environment has limited the application
to much lower temperature than desired. Thus, ceramics have been used and researched to reach
such high temperatures and increase the efficiency. High-temperature heat exchangers (HTHXSs)
are described in the literature as operating above an arbitrary value of 500°C, but the need for heat
exchangers in temperatures well passed 750°C are needed to increase efficiencies. During the
1970s, the development of high-temperature solutions was motivated by a sudden reduction in oil
supply, which resulted in several initiatives to develop technologies via which energy can be saved
and maximum power generated while fuel combustion is minimized (214). Since then, continuous
efforts have been focused on the development of heat exchanger technologies for a broad range of
applications, including recuperators for gas turbine engines, aviation, renewable energy
conversion, waste heat recovery, sCO. power cycles, and high-temperature fuel cell systems (215—
217).

Materials for heat exchangers

Typically, the best materials for high temperature heat exchangers are ceramics that have
high thermal conductivity to transfer heat effectively and have high strength to obtain thin tubular
shapes or channels. The thin-walled structures help attain effective heat transfer, so high strength
materials are needed. Ceramics materials such as metal oxides, nitrides, and carbides can provide
these properties. Namely, WC, SiC, SisN4, and Al>Os are all very good candidates for heat
exchangers (16). These materials also have corrosion resistance better than any metal alloy, but
the reasons that they are not use more often reflects their fracture toughness and fracture modes
and ability to be formed and processed as monoliths or composites.

While the compatible materials development is a critical area, the manufacturing processes
are equally critical. Ceramics are more difficult to process compared to metals because they
typically do not melt, nor do they sinter well. It has been obvious that emergence of advanced
manufacturing has led to new materials developments where base metals have been compounded
with additives to alter the physical properties and even improve the manufacturing of parts.
Traditionally, ceramics can be processed with casting or pressure-assisted methods with slurries
and dry powders, respectively. These techniques are more expensive because of tooling, cannot
reach high levels of geometric complexity, and typically need to be machined in green or final
state.

Although most of the use of oxide ceramics is in thermal barrier coatings (218,219), they
can be used as bulk materials where high thermal conductivity is not needed. Several researchers
have made oxide-based ceramic heat exchangers in different configurations and with different
processing methods. Oxide ceramics have excellent corrosion resistance and can be used at high
temperature; however, their thermomechanical properties are poor, which is not wanted for high-
temperature heat exchangers because the efficiency is maximized with high thermal conductivity.
Also, poor thermomechanical properties can lead to structural failure of the heat exchangers during
cycling. To ensure efficiency and effective heat exchange at higher temperature, carbide ceramics,
especially SiC, have been developed. Even though silicon carbide presents itself as an ideal
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candidate in heat exchange, there are other materials that can perform well under the same
conditions such as carbon, nitrides, silicides, silicates, and borides.

Examples of 3D printed Heat Exchangers

In terms of improving heat exchanger efficiencies, there is a lot that AM can do to help
achieve structures that mix flow and spread heat better than any traditionally made ceramic part.
Namely, triply period minimal surface (TPMS) structures like the gyroid made from SiC in Figure
16A are achievable (194). Limited concepts for high-temperature, ceramic heat exchangers made
via additive manufacturing or 3D printing have been developed. However, there are some studies
on making ceramic material with AM for heat exchangers. One group used lithography to design
complex heat exchanger parts out of alumina and zirconia as shown in Figure 16B and C, but no
heat exchanger test nor thermal-mechanical properties were measured (220). A concept based on
AIN-ZrO, ceramic composites was explored for high temperature heat exchangers and
recuperators (221). A 3D printed direct winding heat exchanger made from alumina was designed
with micro-features to enhance convection heat transfer in motor stators as seen in Figure 16D and
E (222), and the inner structures were optimized to minimize the overall system losses due to
pumping and increased winding temperature. A ceramic heat exchanger was optimized for a
concentrating solar power (CSP) electric power plant with a corrosive molten salt at atmospheric
pressure and temperatures from 750°C to 540°C (223). Alumina heat exchangers were made and
modeled using stereolithography techniques based on DLP printing as shown in Figure 16F (224).
In recent work, material and architecture selections were performed to develop an innovative
compact gas-to-gas heat exchanger with improved flow channels by using a Kelvin lattice system
as shown in Figure 16G (225).

Figure 16: (a) A gyroid part processed by binder jet 3D printing followed by PIP (194), LCM
printing of alumina heat exchanger parts with extended surfaces (b) and complex channel paths
(c) from (220), alumina heat exchanger insert (d) and installation of motor and heat exchanger (e)
from (222), (f) example of a complex alumina cellular structure (224), and a complex lattice heat
exchanger configuration (225).
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2j. Fission energy

Use of ceramic materials in fission energy systems is extensive and driven by the same
performance requirements that motivate their selection in other fields. Nuclear reactors impose
high temperatures, aggressive corrosion requirements, and high radiation fluxes on materials that
must serve several applications (226). Uranium dioxide (UO>), the ubiquitous nuclear fuel form,
is the most obvious ceramic material used in nuclear applications. However, the most promising
near-term application of advanced manufacturing to the field of energy generation from fission
will likely be in application to advanced fuel forms and high-performance structural materials.
Discussion of ceramic materials focuses primarily on light water reactor (LWR) designs given that
they are responsible for generating most of the world’s electricity that comes from nuclear power.
However, application of advanced manufacturing methods to enable advanced reactor designs is a
major area of current research (227).

Ceramic Nuclear Fuels: Materials and traditional fabrication

The choice of nuclear fuel is driven by reactor type as well as design and performance
tradeoffs. Uranium dioxide is the best understood nuclear fuel form, possessing extensive
performance data, industrial and regulatory familiarity, ease of fabrication, and other favorable
attributes. The ubiquitous nuclear fuel architecture as deployed for electricity generation is ~10
mm right cylinder pellets stacked into rods. These rods, generally multiple meters in length, are
collected into assemblies, which are then arranged to optimize a wide range of parameters to
construct the reactor core. The basic UO: pellet geometry is shown in Figure 17A.

In all present commercial fuel fabrication facilities, UO> pellets are fabricated using
conventional methods: cold pressing followed by sintering at temperatures above 1900 K. This
process is well understood and produces highly repeatable fuel performance, but also limits
possibilities for incorporation of advanced microstructures or other enhancements. Commercial
nuclear fuel vendors may modify their UO> fuel with various additives to control the fuel
microstructure with the goal of improving fuel performance (228) or introduce burnable absorbers
or neutron poisons such as Gd>Os to control reactivity early in service (229). Other material
modifications such as boron-contain coatings (typically zirconium diboride or boron nitride) may
also be applied to the pellet surfaces for similar aims of improving reactivity control (230).

Non-oxide ceramic nuclear fuels have received more limited development. The most
familiar are monocarbide (UC) and mononitride (UN) fuels. Compared to UO,, these systems offer
improved properties at the expense of more challenging manufacturing processes as well as a more
limited irradiation performance database (231). The greatest fabrication challenge of non-oxide
ceramic fuels is that they must be handled in inert atmosphere gloveboxes if processed using
traditional means due to thermodynamic favorability of uranium oxidation. Glovebox processing
is commonplace in research environments but presents a challenge if UC or UN are considered for
energy production applications.

Monolithic pellet fuel forms have been the focus of most nuclear fuel development
activities due to their widespread usage. However, homogeneous pellets are also the simplest
possible fuel form; service requirements are little more than retaining a reasonably stable geometry
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throughout service and limiting fission product mobility to an acceptable level. In service, UO-
fuel pellets undergo extensive restructuring, fracture, and release of radioactive fission gasses into
the fuel rod plenum. In the event of a beyond design basis accident such as Three Mile Island or
Fukushima, the cladding will fail, and radioactive fission products release to the primary
containment vessel. While the primary containment vessel retained integrity at Three Mile Island
in 1979 and prevented radioactivity release to the public, this did not occur at Fukushima in 2011.
Extensive research has been devoted to advancement of fuel forms that improve upon this
fundamental vulnerability. Most notably, tristructural isotropic (TRISO) fuel architectures
implement a SiC barrier designed to retain fission products in the event of an accident (232). The
key features of a TRISO particle fuel are shown in Figure 17B. The most widely considered use
of TRISO fuels have been for a high temperature gas cooled reactor (HTGR), but TRISO fuel
concepts for light water reactors have also received more limited study (233,234).

The matrix (the non-fissile material that provides a cohesive structural component to the
TRISO fuel particles and conducts heat to the coolant) is graphite for HTGR applications, but
technologies for fabricating SiC matrices are of significant interest. Silicon carbide provides the
same advantages (irradiation tolerance, corrosion, and oxidation resistance, etc.) when used for a
fuel matrix as for other in core components as discussed below. However, conventional SiC matrix
fabrication processes using cold pressing and sintering methods are limited in attainable packing
fraction (235). Particle packing fraction is a critical metric for particle fuels, as this parameter
ultimately determines the uranium density and therefore attainable power density and core lifetime.
Packing fractions of 30-40% are typical for historic HTGR TRISO (236). Attempts to increase this
using conventional fabrication are limited by the cold pressing technique; too high of particle
packing fraction will result in particle-to-particle contact and failure of the SiC layer that is relied
upon for fission product retention (237).

Ceramic structural materials and cladding for nuclear fission energy

Metal alloys are commonly used for most structural components within the reactor core.
Familiar corrosion-resistant metallic alloys such as stainless steels and nickel superalloys are
generally used for core structural components, ductwork, and pressure vessels. In pressurized or
boiling water-cooled reactors, zirconium alloys are used as cladding that surrounds the fuel pellets.
The cladding is responsible for both retaining radioactive fission products and retaining core
thermal hydraulic performance. The previous decade has seen significant worldwide interest in
development of cladding materials that are more resilient to high temperature steam oxidation as
would be experienced in many design-basis and beyond design-basis nuclear accidents (238).
While multiple approaches have received attention (239), silicon carbide (SiC) fiber reinforced
SiC matrix composite (SiC#SiC) cladding offers the potential to both overcome the high
temperature oxidation vulnerability of Zr alloys (240) as well as offer performance advantages due
to its high temperature strength (241). The challenges in deployment of SiC#SiC cladding have
been chronicled by multiple authors (242,243). Foremost include improvement of methods for
fabrication, joining and sealing methods that can produce hermetically sealed cladding geometries
(e.g. tubes exceeding four meters in length), and improved understanding of mechanical property
evolution, corrosion, and microcracking under service conditions. SiC¢SiC is also proposed for
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use in channel box assemblies due to the reduced neutron cross section of SiC compared to Zr
(244).

The final major ceramic component of fission reactors are the control rods. Control rods
are important to tune the neutronic profile of nuclear reactors and must rapidly terminate the chain
reaction when called to do so. Isotopes possessing high neutron absorption cross sections (e.g.
Boron-10) are necessary for this purpose. Boron carbide (B4C) is a commonly used ceramic for
this purpose, but alternatives including hafnium, cadmium, and others have been proposed. The
most critical design criteria for these are a high melting point and lack of deleterious interactions
with Zr cladding or water in the event of an off-normal condition.

Progress and opportunities for advanced manufacturing of ceramics in nuclear fission energy

Development of advanced manufacturing methods for ceramic materials in the fission
energy field remains in early stages of assessment. A major hurdle to successful deployment is the
extended time necessary for qualification of new materials for nuclear applications, which
historically covers many decades due to the time required for dose or burnup to accumulate to
service lifetimes in test reactors (245). Qualification of fabrication processes for nuclear materials
often relies on setting tolerances for all controllable aspects of the fabrication process, as well as
easily observable features or properties of the final product (246). This has often dissuaded
development of new materials, but recent approaches to accelerate qualification propose to reduce
this timeline through use of both accelerated irradiation methodologies and leveraging of modern
modeling and simulation tools (247).

Application of advanced manufacturing to monolithic nuclear fuel are largely only
hypothesized at present (248). The design of current reactor fuels employs minor variations on
geometries of UO> readily achieved by conventional fabrication. Use of additive manufacturing
has been proposed for development of ceramic composite fuel systems that retain UO- as the fuel
material. Additive manufacturing of refractory metal inserts to improve thermal conductivity of
UO: is one example of this approach (249). More advanced application of advanced manufacturing
to pellet fuel geometries may be possible, if approaches are identified that can provide spatial
control over poisons (e.g., Gd, B) or U-235 enrichment. Either would provide economic
advantages by reducing fuel cycle costs. For example, reference conventional fabrication of UO>-
Gd.03 using conventional methods results in uniform distribution of Gd poison throughout the
pellet. Duplex pellet fabrication is possible using current techniques, but significant advances
would be needed to produce a nuclear fuel pellet with a thin (less than 1 mm) annulus of Gd.O3
surrounding UOx.

Significant recent progress has occurred through application of additive manufacturing to
fabrication of the particle fuel matrix. Conventional processing methods inherently limit the
maximum packing fraction of fuel particles to avoid particle contact and failures. Application of
3D printing of SiC (195,250) to SiC-matrix TRISO fuels has enabled revolutionary fuel forms that
could not be fabricated using conventional means (251). As shown in Figure 17C, use of 3D printed
SiC methodologies can greatly expand options for coolant channel geometries and overall
flexibility of design. Beyond the fuel design itself, opportunities abound for incorporation of
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sensing and monitoring within ceramic components that would be challenging if not impossible
using conventional methods (252). Ongoing test irradiations will demonstrate the irradiation
performance of SiC fabricated using 3D printing methods (253).

Beyond SiC, zirconium carbide (ZrC) is the next logical extension for this approach,
offering an even higher melting point than SiC and intriguing application spaces in advanced
reactors (254) and possessing demonstrated method of synthesis via chemical vapor deposition
(255). Finally, hybrid methods that pair particle fuel synthesis, variations on particle coating
methodologies, and analogous gas phase precursor manufacturing routes to build the fuel matrix
will likely yield a new generation of particle fuel concepts optimized for various reactor
applications and performance requirements.

Fuel Kernel (UCO, UO,, UN)

Porous carbon buffer

Inner pyrolytic carbon

Silicon carbide

Outer pyrolytic carbon

Computer-aided design 3D printed shell Shell filled with UN TRISO Filled with SiC Final SiC infiltration

Figure 17 (A) An example of standard UO- fuel pellet. (B) Features of a TRISO fuel kernel.
(C) Progression of Transformational Challenge Reactor (TCR) fuel cog design from computer-
aided design through final densification (251).

2k. Fusion energy

Among many fusion reactor concepts, those burning the deuterium-tritium (D-T) fuels in
confined plasma are considered the most feasible technically, so a great deal of research effort is
presently active. For the magnetically confined D-T fusion energy systems such as Tokamaks and
stellarators, continuously heating and fueling the plasma, breeding tritium fuel, and converting
kinetic energy of the fusion reaction products into a usable form are the most essential functional
requirements Powering the Future: Fusion & Plasmas (256). Moreover, since the burning plasma
must be maintained at temperatures exceeding a hundred million Kelvin while emitting high
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energy neutrons and other radiations, the surrounding components have to survive the extremely
harsh operating environments (256,257).

Ceramic materials are essential for enabling fusion energy. In fact, many fusion reactor
concepts require the use of ceramics, in monolithic or composite forms, for various components
due to their high temperature severe environment capabilities and the unique functionality. Such
components include the flow channel inserts (FCI) in liquid metal blankets (258), tritium breeders
(259), the radio frequency plasma heating window, diagnostic mirrors, the blanket and first wall
structures (260), and those for more generic functions such as electrical insulation and heat
resistance. Here, we discuss two examples of ceramic material applications unique to fusion
energy: the FCI and the ceramic breeders.

The FCI is a component that magneto-hydrodynamically detaches a flowing liquid metal
from the conductive structure of liquid metal-cooled and/or -bred blankets (258,261,262). The
primary purposes of FCI, which are used as the lining in the internal flow channel in the steel
structure Figure 18A and B, are to minimize the pressure loss in a liquid metal flow system and
the reduce the impact of liquid metal corrosion of the steel. The FCI is required to provide adequate
thermal and electrical insulation (typically <5 W/m-K and <20 S/m, respectively, through a wall
thickness of several millimeters), minimize neutronic impact on fuel breeding, be chemically
compatible with the liquid metal (most commonly Pb-Li eutectic), be tight against the leak, and
maintain integrity in a high radiation nuclear environment (263). Continuous fiber composite is a
preferred form of the ceramic for this application since a catastrophic failure of the FCI will not
be tolerated.

Fusion reactors must continuously produce the tritium fuel. To accommodate this need by
nuclear reactions ’Li (n, T) “He™*", lithium must be externally supplied as either a liquid metal, a
molten salt, or a solid ceramic. A fusion blanket using a ceramic breeder is classified as a solid
breeding blanket. The solid breeding blanket concepts are most commonly cooled by helium
(264,265). Requirements to the solid breeder are many-fold: tritium must be efficiently extracted
using a purge gas; generate significantly more tritium than the arriving neutrons (tritium breeding
ratio > 1.0, this requires a combined use of neutron multiplier like beryllium); maintain purgeable
and coolable structure as lithium burns progressively. Using a pebble bed of millimeter size
spherical particles of a lithium-bearing oxide ceramic is the common approach to design the solid
breeding blankets Figure 18C (266,267).

Materials

For the FCI of liquid metal breeding fusion blankets, such as the dual-cooled lead lithium
(DCLL) and helium-cooled lead lithium (HCLL) concepts, the primary choice of material is silicon
carbide (SiC) due mainly to the widely recognized radiation tolerance (268), the demonstrated
chemical compatibility with lead lithium (269), the negligible neutronic penalty, and the low-
activation/low-decay heat properties. While a continuous fiber-reinforced composite is a preferred
form due to its damage tolerance (270), a microporous foam has also been considered (271).
Alternatively to SiC, the use of metal-cladded oxide ceramics is considered for a near-term
demonstration of the liquid metal blanket, i.e., the ITER Test Blanket Module (TBM) (272). The
European TBM program is studying an FCI design with aluminum oxide insulator cladded in a
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reduced-activation ferritic/martensitic steel (RAFMS). The metal cladded FCI option limits risks
associated with matrix microcracking, semiconducting nature, and the manufacturing challenges
with the SiC composite, while it poses new challenges including the severely limited operating
temperature window, radiation tolerance, and manufacturing of the cladded structure.

For the ceramic breeders, the materials historically considered include lithium oxide and
variants of lithium silicate, titanate, zirconate, aluminate, and other ternary to quadruple
compounds. Among them, lithium metatitanate (Li>TiO3) and orthosilicate (LisSiOs) are
considered the leading candidates across all the ceramic breeding ITER TBM developments (273).
Ternary compounds present a clear advantage over LiO> for structural stability as lithium burns
into gas species. Choices of the preferred ceramic compounds are based primarily upon
comparative evaluations of known properties such as lithium density, tritium release,
thermomechanical stability, and thermal conductivity.

Traditional fabrication and opportunity for AM

The continuous fiber SiC composite FCls are manufactured by a conventional fabrication
route involving preparation of woven fiber preforms followed by a matrix densification through
the chemical vapor infiltration (CVI) process (274). Among the mainstream SiC matrix
densification approaches, CVI is the only demonstrated method to produce the SiC composites
that are stable in a nuclear environment (270). The alternative, microporous SiC FCI is
manufactured through the CVI onto a preform made of an open-porous carbon foam (271). The
carbon core may be burned off after the deposition of SiC to mitigate erratic behavior of carbon in
a high radiation environment. The challenges to fabrication of the SiC-based FCls are the large
dimensions and the complex geometries (particularly for the manifold sections) that need to be
assembled to line the metallic flow channels. While the existing state of the art of CVI SiC
composite technology allows the near-net shaping of the required geometries, the manufacturing
will be very expensive and time-consuming. The alternative option of the microporous foam may
eliminate fiber costs and the very long infiltration time; however, net shaping of the foam is even
more challenging and, more importantly, the ability of open-porous foam-based FCI to meet the
performance requirements is questionable (275).

AM presents the potential to print the complex 3D structure of SiC to replace the
conventional approaches to fabricate the FCIs, which may be designed to use a form of fiber-
reinforced composite and/or microporous ceramic. While a continuous fiber composite is ideal to
minimize the risk of a catastrophic failure, a short fiber composite may prove adequate. AM is
suitable to create a closed microporous structure, which is preferred over the open-porous structure
that can be achieved by the CVI route. Moreover, AM will be capable of realizing a combination
of the fiber composite and the microporous ceramic matrix to achieve the requirements of
mechanical and insulating properties at the same time. AM Capabilities to manufacture fine
features such as for fitting components together and retaining components in place would be of
great benefit to this application.

The primary form of ceramic breeders is a pebble bed. Typical designs assume the use of
~1 mm diameter spherical pebbles in a steel or ceramic composite compartment. The lithium metal
oxide ternary pebbles are made via various processes including the sol-gel, melt-spraying,
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extrusion-spheronization, and reactive sintering (273). In general, the technologies of pebble
fabrications are mature with reasonable quality controls and production scaleup pathways
identified, whereas the desired set of pebble attributes (e.g., density, open vs. closed porosity,
stoichiometry) are yet to be established.

The pebble bed is a simple and well-established concept of the solid breeding fusion
blanket with the challenges established as well. To name a few, while maximizing the lithium
loading is desired to warrant an adequate tritium breeding performance, the packing density of
pebbles is limited by their spherical geometry. Increasing the packing density is attainable,
however, that jeopardizes the ability of tritium recovery with the gas purge. Even without
maximizing the packing density, pebbles gradually sinter to compromise the tritium recovery. The
poor thermal conductivity of a pebble bed challenges the temperature management and expedite
the pebble sintering. It would be more advantageous to have macro scale controlled over the
geometry to make architectures that mitigate heat fluxes well.

AM technologies are promising solutions to these engineering challenges for two main
reasons. The flexibility of generating complex, porous structures is ideal to achieve the maximized
volume fraction of the breeding material, securing efficient purge gas passages, minimized tritium
diffusion path length through the solid material, and adequate removal of volumetric heat to the
coolant at the same time. AM may enable, or help enable, to realize a clever integration of the
breeding ceramics with the structural substrate or skeleton that is made of a material known to be
stable in the operating nuclear environment.

AM reports of ceramic components for fusion reactors

AM development for SiC-based ceramics has recently been active. However, the applicable
technical approaches are limited because of the requirement of radiation-tolerance. In general, high
crystallinity and stoichiometric chemical composition make SiC resistant to atomic displacement
damage. In addition, beta-phase SiC is considered more stable in a temperature range where
anisotropic defect clusters form in the hexagonal polytypes. For these reasons, the AM
technologies relying on the vapor deposition processes are considered promising to manufacture
SiC components for fusion energy, as overviewed by Koyanagi, et al. (250). One successful
example of applying AM to print SiC for nuclear applications is the combined binder jet 3D
printing-CVI method reported by Terrani et al. (195). Encouragingly, the recent work by Karakoc
et al. implies the potentials of other approaches, including the laser powder bed fusion, to print
SiC without using additives that form the second phases, as in Figure 18D (276).

Applications of the modern AM technologies to fabricate SiC composites for fusion energy
have not been reported to our knowledge. For non-nuclear components, the approaches of using
preceramic polymer precursor with inert or reactive fillers is perhaps the most mature technologies
to form the SiC composites by AM (e.g., (277)). The technology of achieving the radiation-tolerant
form of SiC matrix, defined above, remains a critical challenge.

The first step of AM applications to the solid breeders may be printing an open-
microporous and/or microchannel structure with the relevant lithium ceramics. A recent attempt
by Sharafat et al. to develop cellular Li>ZrOs aligns with this direction (278). In a more recent
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work by Liu et al., a similar cellular structure of Li4sSiO4 was fabricated through stereolithography
ceramic AM route (279).
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Figure 18 Examples of ceramic components in fusion reactor blanket concepts: (A) the dual-
cooled lead lithium (DCLL) blanket concept with Pb-Li coolant/breeder and ceramic flow channel
inserts (reproduced from (258)); (B) a manifold section of DCLL blanket (reproduced from (262));
(C) A solid breeding blanket concept utilizing pebble beds of ceramic breeder and neutron
multiplier (267); (D) additively manufactured SiC component for nuclear fuel assembly (250).

2l. Turbines and cores — structural/thermal
Molds and Cores for High Performance Turbine Components Requirements

Higher temperature turbine operation for air/fuel Brayton open cycle turbines could be
described as an on-going, key objective in turbine development to enable higher fuel efficiency
(280-283). This includes particularly hot section turbine blades, vanes, and other components
formed from high temperature nickel alloys. Failure of these components poses a significant risk
to catastrophic failure and could lead to significant costs, loss of power production, and human
life, which necessitates a high level of quality assurance in the fabrication of these components.
Various approaches including highly developed superalloys blades and turbine components, film
cooling and internal cooling passages, and thermal barrier coating materials have been extensively
applied to this challenge (280-285), all of which provide self-evidence of the commercial
importance of reaching higher temperatures to improve the thermal efficiency (280-283). Further,
the components used at highest temperatures are typically made from nickel superalloys that are
directionally solidified as single crystals to increase the high temperature resistance to creep strain
(281-283). The casting process traditionally used is investment casting or the “lost-wax’ process
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incorporating porous ceramic cores for the cooling passages within the casting mold design (281
283). Casting cores are a necessity within blades and vanes to provide internal cooling passages to
allow the highest operating temperatures that provide increased thermodynamic efficiency (282).
The cooling passageways also allow air exit points to provide film cooling over the surface of the
turbine blades and vanes (283). Exacting tolerances are applied in the placement and dimensions
of the cooling passageways to assure the required thermal and mechanical performance; these
cores are usually made by injection molding a polymer and ceramic mixture into metal molds
(284,286,287). The cores are then typically encased within the solidified wax patterns used to
create the exterior ceramic casting mold for the turbine components. The ceramic mold and core
components for casting these nickel-based superalloy components must tolerate the casting
temperatures used for the superalloys (283,284).

While the exterior surfaces of turbine components can be machined and surface inspected,
the internal passageways that are critical to the cooling performance must be maintained with close
tolerances throughout the high temperature casting process typically without any post-casting
machining. Consequently, the internal casting cores used to maintain those passageways during
casting and the exterior molds must be maintained to tight tolerances as well (284,286). Turbine
component cooling passageways can be quite complicated as can be seen from the cores in Figure
19A-C including various flow paths to balance the cooling throughout the entire volume of the
turbine component. Surface features are included on the cores to disrupt boundary layers to enable
better heat transfer to the cooling air, and these features must be transferred to the casting by the
core. These cores generally contain fine porosity, must remain dimensionally stable during the
molten metal casting to preserve passageways down to the solidification temperatures, and then
ideally become weak (partially due to the porosity) closer to room temperature to facilitate
dissolution/removal of the casting cores (283,286,288). This combination of dimensional stability
and porosity requirements becomes particularly challenging with the high temperatures during
casting of the molten nickel alloys.

Materials used in Cores

Given the high requirements for quality assurance in the composition of the cast superalloy
turbine components, compositions of the core and mold materials are restricted tightly to limit
potential contamination of the metal alloys by trace elements from the molds and cores. The
selection of compositions of the core materials frequently includes silica, alumina, and zircon
(284,286,289) although exact compositions often involve trade secrets as to the amount of each
component, purity, and particle size distributions. The amount of silica and constituents are also
carefully selected to control the phase transformations in the silica phase (288-290) during the
lifecycle of the molds and cores including potential use of disruptive phase transformations upon
cooling below alloy solidification temperatures to break up the porous cores. The compositions
typically used are frequently greater than 80% silica (286). Some amount of alumina and zircon
can be used to increase bonding between grains, control grain growth, and to influence the phase
transformations in the silica upon cooling (289). To some extent, it can be expected that the
material selection is limited by the constraint of dimensional control through the range of heating
and cooling that occurs during the core and mold fabrication and the casting process. Trace
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impurity limits are also applied to protect the alloy composition, e.g., sodium (287). This ensures
that the constituent elements in the mold and cores do not affect the creep and structural
performance of the super alloys and to preserve the corrosion, oxidation, and erosion performance
of the castings. It is also important that the subsequent bond coatings and thermal barrier coatings
that are applied to high performance turbine components are not affected by contaminates from
the mold materials. The desired stability and avoidance of dissolution and transfer of
contaminating elements from the mold or core into the casting make the material selection choices
for molds and cores quite complex and challenging.

Traditional Fabrication Methods for Cores and Molds

The cores are typically formed by injection molding of primarily silica particles with
alumina and zircon particles added along with any other additives that may be used to control the
properties of the core material (284). Typically, the injection molded cores that are used must be
de-binded and partially sintered to have sufficient strength (284,287). Investment casting molds
with cores typically involves placing the cores within a machined steel die and casting the wax
pattern around the core (see Figure 19E). Due to the importance of dimensional control, these wax
patterns containing the cores are usually subjected to radiography techniques to assure proper
positing of the core within the wax pattern. Palladium pins are driven through the wax pattern to
help assure that the core remains in position within the mold when the wax is removed and later
during the mold heat treatment and the casting process (287). Additional ancillary wax components
are added to the pattern to form pour cups, runners, and vents for the liquid metal along with the
fixturing for seed crystals and mold features to select a single crystal to grow in the turbine
component during solidification of the casting, if desired (287). The complete wax pattern
assembly is then coated with a fine slurry of typically a silica powder suspension that also may
contain alumina, zircon, and other trace additives. This is followed by successive dip coatings in
slurries with successively larger ceramic particles that often culminates with slurry coatings and
depositions of coarse ceramic powders and/or flakes to strengthen the mold. The wax is then
removed by inverting the mold and heating, which is followed by heat treatments to strengthen the
mold for casting (284,287). The material selection and heat treatments of the mold are controlled
usually to obtain a specific (casting and vendor specific) amount of cristobalite silica in the core
material prior to the casting. Selected ceramic slurry coatings may be applied to the interior of the
mold to further limit interaction of the molten alloy with the molds and cores (284).

Examples of 3D printed Cores and Molds

Several primary benefits accrue from the use of ceramic additive manufacturing that
particularly can benefit turbine development work. These include the ability to rapidly cycle and
iterate on prototype designs of cores and molds for turbine and airfoil components without having
to pursue extensive time and costs in designing, machining, and iteratively refining master metal
molds for the cores, wax molding, and the processes for the exterior mold formation (284). Even
more complicated and efficient cooling channel designs could be contemplated with more rapid
core fabrication and possibly alternate architectures than are not easily fabricated within the
constraints of injection molded cores can be considered. Additive Manufacturing (AM) of cores
as well as molds for turbine components can significantly reduce the development cost of cores
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and molds for turbine components and significantly shorten the development time to test new
designs (284). This can reduce the risks to cost and schedule for a new turbine component
development effort. The combination of printing molds and cores for casting in some cases can
avoid all the steps for forming the wax patterns and proceed directly to mold assembly and casting
— an example of a completed AM ceramic mold used for casting is shown in Figure 19D.
Stereolithography AM techniques tend to allow high precision and good surface finish in the
prototype cores and molds. Binder Jet printing techniques also might be considered. Advanced
approaches for additive manufacturing of cores may also allow grading of the materials within the
core to improve strength, mitigate stresses, save cost, or facilitate improved leachability for
removal of the cores after casting (284). The additive techniques can enable such improvements
in development time such that greater improvements in turbine components may be attempted
because of the lower cost of the development process.

Another important economic opportunity through additive manufacturing of ceramic
molds and cores is the savings on potentially large mold and core development efforts for
replacement aerospace parts requiring low-run numbers but careful start-to-finish Quality Control.
With dimensional control provided by the additive manufacturing process, the Quality Assurance
can be applied on the finished mold, cores, or parts and iterations are made more easily without
the costs of developing the whole traditional production process for making molds for the cores,
molds for the wax forms, and the process lines for the multi-layered dip coating of the wax mold
patterns. Items such as gearboxes and related castings in aerospace applications may not have the
same alloy and casting complexity as turbine components, but the quality assurance required is
still high to protect human life. Risk aversion for performance of manned aircraft often requires
the continued use of investment casting in components originally produced by investment casting
once those specific components have been approved and proven in service for a specific aircraft.
This means that, for short runs of components, an additive manufacturing approach for the molds
and cores could be cost competitive, since with control of the mold materials and dimensions
through the printing process the alloy composition and the dimensional accuracy of the parts are
likely to be obtained. A challenge in the additive manufacturing of cores and molds is the precision
of printing and the control of distortion during binder burnout and sintering, which requires care
in material selection and thermal profiles in subsequent processing (291). The quality of surface
finish and dimensional precision appears to have made stereolithography printing methods more
commonly used for ceramic cores for turbine components. Examples of ceramic cores and molds
printed using ceramic additive manufacturing are shown in Figure 19A-C. The cost savings are
partially enabled because the quality control is typically on the composition of the metal alloy and
the finished dimensions of the component.
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Figure 19 (A) Image of a large number of concurrently printed additively manufactured
turbine casting cores, (B) core and mold components after thermal treatments, (C) image showing
various sizes of complex printed cores, (D) casting into an assembled mold obtained from ceramic
AM printing, (E) Comparison of nominal Design and Manufacturing Flow Process with AM
Printing of Cores and Molds and Traditional Process [Photos used with permission of PERFECT-
3D, Fairborn, OH and Lithoz, GmbH as indicated on the images].

Ceramic Turbine Components Requirements

Traditional ceramic turbine blades and vanes could be considered a particular ideal goal to
further improve turbine efficiency owing to the refractive ceramic properties including higher
melting temperature, potentially high creep resistance, potential for high corrosion resistance at
elevated temperatures, and low density which has been explored with several traditional ceramic
fabrication processes in large scale gas turbines (292,293). However, these components can suffer
from the potential for brittle fracture, difficulties in performing non-destructive evaluations to
predict failure life, thermal shock susceptibility, increased machining costs, extreme stresses at the
blade root and attachment points, and potentially more extensive levels of quality control required
compared to superalloy blades and components. As can be expected, this has not led to significant
efforts to form individual ceramic blades by additive manufacturing methods, as few of these
challenges for individual blades may be improved by AM techniques. Silicon Carbide (SiC) and
chopped SiC#/SiC Ceramic Matrix Composites have been attempted by Binder Jet AM printing of
vane components through a NASA program, although the report noted that fiber bridging of crack
surfaces was not observed and high relative densities were not obtained (294). Applications of
ceramics to insulation, combustor liners, and exhaust flaps are more likely applications, owing to
slightly reduced risk and structural demands, but these applications are not addressed here,
although, work has been done to consider cost advantages of various turbine engine components
that could be made from ceramics by additive manufacturing methods (295).

Monolithic ceramic turbines including ceramic microturbines such as those illustrated in
Figure 20 are an exception where research and development efforts for ceramic additively
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manufactured components have been applied. Government funding has supported development of
monolithic microturbines using traditional ceramic processing methods (296,297). Conventional
metal alloy microturbines have applications to distributed power, auxiliary power units, backup
power, and potentially as low-emission range extenders for electric vehicles, among other interests
(298-300). These applications benefit from operation on a variety of fuels, small size, potentially
low NOx emissions, and the suitability to co-generation with exhaust gases (298-300). Ceramic
microturbines could increase efficiency through increased operating temperatures which is
difficult with metal alloy microturbines due to limitations for turbine cooling channels in the
compact monolithic design (301). In a related design application, ceramic turbocharger rotors have
been evaluated and deployed into production road vehicles due to the benefit in improved
responsiveness in boosting engine power (302). The improved responsiveness results from the
lower rotational inertia of the ceramic turbocharger rotor primarily because of the lower ceramic
density compared to a metal turbocharger rotor (302,303). One reference recently reported that up
to 300,000 ceramic turbocharger rotors have been built into gasoline vehicles, although this
number is still dwarfed by metal turbocharger rotors (304). A drawback in microturbine designs is
that, in shrinking the size, the turbine speed generally must increase to very high speeds (298),
similar to turbochargers, to obtain reasonable efficiencies. Operational speeds of microturbines
appear to range from 60,000 to well over 100,000 rpm. The advantages of low density and good
thermal properties of ceramic materials will be a trade off to the challenges of increased stress at
high speeds in the development efforts with ceramic microturbines.

Materials in turbine components

The materials considered for traditional hot section turbine components often involve high
temperature nickel superalloys. Ceramic materials proposed for these applications are typically
those with relatively lower thermal expansion coefficients, higher thermal conductivity, preferably
lower elastic modulus, low density, and lower heat capacity to mitigate against thermal shock.
Silicon carbide (SiC) and silicon nitride (SisNs) are the more common ceramics used in
development thus far, with silicon nitride tending to be preferred (302-306). While examples of
sintered oxide microturbine shapes exist, it is not expected that oxides are good candidates for
microturbines, based on thermo-mechanical properties. Early design work on ceramic turbine
components that considered short-term use tended to utilize shorter and smaller blades and vanes
to minimize stresses and assessed, based on properties, that reaction-bonded SisN4 in the blade
application would be more reliable than SiC for that application (292).

Traditional Fabrication Methods for Turbine Components

The traditional turbine blades, vanes, and other turbine components are made of high
temperature nickel alloys including the nickel superalloys, which are typically fabricated by
investment casting as detailed in the prior Cores and Molds section. Ceramic turbine components
have been formed by injection molding (304,306), pressure slip-casting (307,308), and gel-casting
(309) among other ceramic processing techniques to produce the nominal green shapes. It is highly
preferable to shape ceramic parts closer to the final shape prior to sintering/densification processes,
to avoid significant costs of machining; however, this is often not completely practical. Controlled
atmosphere sintering and in some cases subsequent Hot Isostatic Pressing (HIP) are used for
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consolidation (308). Balancing of rotor components for high-speed use will usually require some
machining along with machining to support attachment to metal shafts (302,304).

Examples of 3D printed Ceramic Turbine Components

Various approaches to additively manufactured ceramic microturbines have been
undertaken (310-312). The likely advantages of a ceramic microturbine are the potential higher
operating temperatures leading to improved efficiency (297). As with other ceramic additive
manufacturing applications, the advantages of rapid prototyping by additive manufacturing are
likely to be significant with ceramic microturbine development, as the design and fabrication of
molding for traditional ceramic processes are expensive and time consuming. An attempt to
compare gel-casting type approaches to Selective Laser Sintering (SLS) of alumina in generating
a complete turbine disk and blades yielded a suitable structure after sintering; however, the limited
measurements of mechanical properties were judged to be insufficient to report relative to better
properties from more traditional gel-casting approaches (311). Demonstrations of turbine impeller
components have been shown in B-SIAION by lithography printing of ceramic suspensions (313).
A Dbasic Silicon infiltrated Silicon Carbide (SiSiC) turbine rotor has also been fabricated by
Selective Laser Sintering of SiC followed by pyrolysis of residual organics to produce carbon with
a subsequent infiltration by silicon to react to form additional SiC in the pore space by established
ceramic processing techniques (312). An example of a B-SiAION impeller produced by a selective
optical-curing lithography technique is shown in Figure 20. While there are examples of
demonstrations of components, the commercial deployment of ceramic additively manufactured
components in high-speed microturbines presently appears to be limited. Future research will need
to determine if the accuracy, uniformity, and surface finish quality after subsequent sintering steps
will provide reliability comparable to other ceramic forming processes.

Figure 20 Figure 2. B-SIAION impeller created by Digital Light Processing after de-binding
and sintering. The features indicate a part built to net shape that is not easily fabricated by
conventional ceramic processing or machining techniques. The diameter is approximately 25 mm.
Photo Credit: Photo Credit: Lithoz, GmbH., used with permission.

Conclusions and Considerations
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Ceramics are a unique class of materials that possess many structural and functional
properties needed for energy applications. In energy applications where metals and polymers
cannot be used, ceramics typically are called upon to provide improved properties including
thermal stability, wear and corrosion resistance, strength, and electrical conductivity, among
others. Ceramics are typically difficult to process, but many AM techniques are under development
to improve manufacturing and reduce the associated cost. In addition, AM helps to control the
local material microstructure and macro-architecture, which leads to improved properties for many
energy applications where the engineering design requirements are aggressive and stringent.
However, leaps of progress have already been seen and tested in many energy applications utilizing
ceramics. Coincidentally, many ceramics engineering applications in energy require very similar
materials, processing, and properties; so, there are many opportunities for the energy sector to
grow and leverage AM of ceramics among the various applications presented in this review.
Additionally, some applications require functional and structural properties, so there is some
overlap among the various applications and materials, and more engineering and processing to
consider. In general, it is a recommended to select material for the properties and decide on the
best manufacturing technique to achieve said properties, whether it is traditional techniques or
AM. Cost and sustainability are areas to keep in mind while selecting the materials and
manufacturing routes (i.e. does the manufacturing save time and cost and will it make the
application more effective or efficient?). For ceramics, AM is not as popular or widely used as for
metals and polymers, so it is important to understand all the literature that is already present and
continue to build from it. It is also prudent to consider hybridization of different AM technologies
as well as new techniques to process the ceramics materials of the future for energy applications.
Ultimately, AM of ceramics has a great opportunity to improve energy applications. We note that
each AM technique has its own unigque advantages, disadvantages, and characteristics, in terms for
instance of the type of ceramic materials that can be processed successfully with it, the minimum
and maximum feature size achievable, the size of the printing envelope, the surface quality of the
parts, the cost of the equipment and the cost of the overall printing-to-sintered part
process. Although many materials can be processed with different AM technologies, when we
consider the making of parts, we should be careful in selecting the AM technique(s) that can afford
the characteristics required for the specific application for which the part is been manufactured.
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