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ABSTRACT

In recent years, additive manufacturing (AM), also known as 3D printing, has
emerged as a uniquely powerful tool for rapid prototyping and for creating complex,
high value structures. Vat polymerization (VP) is an AM technique which forms
parts through light-initiated polymerization, capable of achieving both high resolu-
tion and high throughput. While VP has been utilized to fabricate a wide variety of
polymeric materials, fabricating functional materials such as ceramics, metals, and
inorganic composites has remained a challenge. This thesis focuses on developing
fabrication methods for a range of functional materials, from battery active materi-
als to metals and ceramics, via vat polymerization additive manufacturing, taking
advantage of chemical reactions within an AM part after fabrication to form target

materials in situ.

We demonstrate the use of emulsions to introduce aqueous active material precur-
sors into organic photopolymer resins to create architected lithium sulfide/carbon
composites for use as lithium-sulfur battery cathodes. Such architected cathode ma-
terials are promising for mitigating mechanical degradation in high volume-change
battery materials such as the sulfur cathode. We additionally performed nanome-
chanical experiments on lithium sulfide powders to determine how lithium sulfide
yields, deforms, and fails in the context of volume-change-induced stress during
battery cycling. Because lithium sulfide is present as a discharge product in all
lithium sulfur batteries, these nanomechanical particle compressions have bearing

on the entire field, beyond the realm of 3D architected cathodes.

We additionally demonstrate the use of organogel templates to streamline the AM
process by enabling the fabrication of many materials starting with a single resin
composition, followed by infiltration of appropriate metal precursors and post-
processing heat treatment to convert the polymer/precursor matrix to the target
metal via calcination and reduction reactions. We fabricate and characterize copper,
nickel, silver, cobalt, cupronickel alloys, tungsten, and more to highlight the wide-

ranging versatility of achievable materials and microstructures.
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Chapter 1

INTRODUCTION

1.1 Materials and society

Creating physical objects is a fundamental human endeavor. From tools, to toys,
to sculptures, acts of creation allow us to shape our surroundings, to improve our
quality of life, and to find meaning. Throughout history, the common materials that
people have used to build have been used as a proxy for technological development;
we have named entire eras after commonly used materials, from the stone age to the

bronze age to the iron age, and beyond.

Today, we find ourselves on the dizzying crest of rapid technological development.
While the epochalism that led to the definition of the ‘ages’ cannot fully understand
the complexity of human development and history, especially across diverse geo-
graphical regions?, it can give us a sense of the rapidity of progress in materials
development; generally, the stone age lasted for many thousands of years, while the
bronze age lasted only a few thousand, and the iron age a fleeting few hundreds
of years [1]. The distinction of clear ages has begun to break down, with several
world-changing discoveries occurring within the last century: nuclear materials and
the discovery and development of quantum physics [2], the discovery of polymers

[3], and the development of classical computing in silico [4].

What will be the next defining material discoveries to shape the world? The nascent
technologies of renewable energy, quantum computing, and atomically precise man-
ufacturing promise to fundamentally change the way we power our lives, solve prob-
lems, and build things. However, we face unprecedented and existential challenges;
globalization forces us to seek ways to co-exist peacefully with each other, to share
and distribute resources, yet inequality looms and grows larger than ever before. An-
thropogenic climate change co-evolved with human technological advances, many
of which have increased our quality of life. Now, we need to learn how to live
in harmony with the earth and take a more holistic and sustainable approach to
industrial processes. With more tools and materials than ever before at our disposal,

we need to not just focus on progress, but sustainable progress.

1T refer the reader to the front matter of Rolf Hummel’s Understanding Materials Science [1]
for a more nuanced timeline of materials development throughout the world.



1.2 Additive manufacturing

A recent advance in our ability to engineer materials is the process of additive
manufacturing (AM), also known as 3D printing, which allows us to fabricate
intricate computer-designed objects one layer at a time. 3D models, made via
computer aided design or advanced structure algorithms are sliced into layers, which
are then deposited sequentially. This process allows customized parts to be rapidly

fabricated on often inexpensive equipment.

Unlike subtractive methods, which define part shape by removing material from an
initially monolithic form, or formative methods, which define part shape through
injection into a reusable cavity, AM is well-suited to producing materials with
complex geometries or for rapid prototyping. Often, AM enables fabrication of
complex objects more quickly and with less waste, or with fewer parts, without the

need for fasteners [5].

Another advantage of additive manufacturing is the ability to make custom parts on
demand. For example, in 2020 I lost a black pawn from my chess set, and replaced it
with an additively manufactured replica. I created a computer-aided design (CAD)
structure in SolidWorks based on the design of the chess set, and then printed the
piece on our lab’s Autodesk Ember printer (thanks, Julia!) using CPS PR57 resin.

The resulting piece (Figure 1.1) is currently in use, and made my chess set whole.

Figure 1.1: Additively manufactured pawn. I designed a pawn (left) to match the style of my chess
set (right), and printed it using PR57 black resin.



1.2.1 AM techniques overview

An overview of common classes of AM techniques is given here, largely following
the nomenclature outlined by Ligon et al.2[6], with citations to review articles that
discuss each technique in more detail. An in-depth discussion of vat photopolymer-

ization, the focus of this thesis, follows in Section 1.3.

* Material extrusion extrudes material from a nozzle to define part shape (Fig-
ure 1.2a,b). Common techniques include fused deposition modeling (FDM)
[7], which uses heat to soften thermoplastic polymers during extrusion, and
direct ink writing (DIW) [8], which uses shear thinning inks.

* Material jetting (MJ) expels droplets of material from a nozzle to define part
shape (Figure 1.2¢) [9].

* Binder jetting (BJ) defines part shape by the applying a liquid binder to fuse

a powder precursor of the target material (Figure 1.2¢) [10].

* Vat photopolymerization (VP) selectively solidifies a liquid photoresin via

light-initiated polymerization to define part shape (Figure 1.2d) [11].

* Powder bed fusion (PBF) defines part shape by thermally driven melting or
sintering of a powder precursor of the target material (Figure 1.2e). PBF is
an established method to form many types of materials, from polymers [12]
to metals [13].

* Directed energy deposition (DED) produces 3D parts through simultaneous
material deposition through a blown-powder feedstock and localized heating
(Figure 1.2f) [14].

1.3 Vat photopolymerization

1.3.1 History of vat photopolymerization

In 1981, Hideo Kodama reported the development of systems for forming 3D poly-
meric parts using a liquid photocurable resin [15]. Kodama demonstrated that 2D
images of light could be projected to cure an entire layer of photoresin simultane-
ously (Figure 1.3a,b), or alternatively a laser or point light source could be raster

scanned over the photoresin vat to form a layer (Figure 1.3c). These techniques are

?1 refer the interested reader to this excellent and thorough review of polymer AM techniques.
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eling, b, direct ink writing, ¢, material/binder jetting, d, vat photopolymerization (DLP pictured), e,
powder bed fusion, and f, directed energy deposition. In all AM methods, supports (not pictured)
may be needed to achieve certain geometries such as overhangs.
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now known as digital light processing (DLP), and stereolithography (SLA) respec-
tively, although the term stereolithography sometimes subsumes other definitions

and is used to refer to a broader range of VP techniques.

LLlvbie °@Cg?
@ ~

& b
y///////////////,g.? |V @] 6
- _— 2 ¥~ 7/ }.‘®
T T 'T T T T@ E’::-.::::::::::&.:é:::f‘
6

Figure 1.3: Schematic of Kodama’s stereolithography apparatuses. Photopatterning is controlled
by a, a mask with light projected from the top, b, a mask with light projected from the bottom, or c,
a scanning fiber transmitter mounted on an XY plotter. Following the numbering from the figure: ®
UV light, @ mask, ® solidified polymer layers, @ liquid photoresin, ® build plate, ® vat, @ shutter,
optical fiber, ® XY plotter, © optical lens. Adapted with permission from [15]. Copyright 1981
American Institute of Physics.

While Kodama’s innovation represents the first iteration of what is presently called
stereolithography, this verbiage was not defined until Charles Hull coined the term
stereolithography in a 1984 patent application? for an “apparatus for production of
three-dimensional objects by stereolithography” (Figure 1.4) [16]. Hull’s patent was
significant, as it underpinned the founding of the first commercial AM company, 3D
Systems [17].

Since then, the field of vat photopolymerization has broadened into a vibrant aca-
demic field, with a rapidly increasing number of publications since the development
of the technology, and especially since about 2015 (Figure 1.5). This marked in-
crease in academic activity is likely due to the increased availability of commercial,

low-cost SLA systems.

1.3.2 Vat photopolymerization methods

Vat photopolymerization represents a varied class of technques that use light to
define part shape through polymerization of a photoresin bath. The three main
modes of carrying out vat photopolymerization (Figure 1.6) are further categorized
by 1) the type of photoinitiator, which can respond to single photon (often UV)
absorption, or two/multi-photon (often IR) absorption and 2) the geometry/topology

of the light/resin interaction volume.

3Assigned to UVP, Inc. in San Gabriel, CA.
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Figure 1.4: Schematic of Hull’s 1984 stereolithography patent. Photopatterning is controlled by
a, a raster scanned spot source or b, a masked collimated light source. Following the numbering
in the figure: 21, resin container; 22, UV-curable liquid resin; 23, surface of the liquid resin; 26,
programmable source of UV light; 27, spot source of UV light; 29, elevator platform; 30, printed
three dimensional object composed of layers such as 30a/b/c; 36, mask for collimated UV source.
Adapted from reference [16].
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Figure 1.5: Stereolithography publication report. Publications on the topic of “stereolithography”
since 1988. Retrieved from Clarivate Web of Science Citation Report on 3/17/2022.

Common techniques that rely on one-photon absorption to initiate cross-linking
include digital light processing (DLP), in which a ultraviolet (UV) light source
is used to project a 2-dimensional image into the photoresin vat, curing an entire
layer simultaneously (Figure 1.6a), and stereolithography (SLA), in which a UV
laser is raster scanned across the photoresin (Figure 1.6b). In contrast, two-photon
lithography (TPL) techniques rely on the simultaneous absorption of two or more
photons from a raster scanned infrared (IR) laser to initiate and localize cross-linking
in a spatially confined volumetric pixel, or ‘voxel,” (Figure 1.6¢) which enables
higher resolution patterning than systems which rely on single-photon absorbtion to

initiate polymerization.
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Figure 1.6: Schematic of VP techniques. Vat photopolymerization techniques including a, digital
light processing, b, stereolithography, and ¢, two-photon lithography.

1.3.2.1 Digital light processing (DLP)

Digital light processing is a class of techniques, also known as mask projection,
in which 2D patterns of light are used to cure the desired areas of entire layers
of resin simultaneously [17]. In practice, this is achieved either by using a liquid
crystal display (LCD) screen to act as a photomask for a light emitting diode (LED)
light source, a technique colloquially termed LCD printing, or by using a digital
micromirror device, where the movement of individual mirrors (pixels) controls the

delivery of light from a UV lamp to the resin bath.

In 2005, Sun et al. reported the use of such a digital micromirror device (DMD,
Texas Instruments) to control the patterning of light in digital light processing in
a technique coined projection micro-stereolithography (PuSL)# [18]. This method,

in which a digital micromirror device was used to control the delivery of patterned

“Dr. Nick Fang, a co-author on this paper, went on to found the company Boston Micro
Fabrication, Inc. to commercialize PuSL technology.
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light to a photoresin (Figure 1.7), enabled a high modulation efficiency of almost
90%, smaller pixel sizes of ~ 15 um, and a faster switching rate of 20 us compared

to previously used LCD technology.

=1 I Beam
. . Delivery

Digital Micro-

mirror Display

Projection
Lens

Figure 1.7: Projection microstereolithography (PuSL). a, Schematic of PuSL system, showing
light patterning via a digital micromirror device. PuSL enables the fabrication of complex, high
resolution structures such as b, suspended beams with 5 um diameter, ¢, high aspect ratio micro-rods,
d, coils with filament diameter of 25 um, and e, suspended line with 600 nm diameter. Scale bars:
b, 200 ym; ¢, Imm; d, 200 pm; e, 1 pm. Adapted with permission from reference [18]. Copyright
Elsevier Science & Technology Journals.

DLP technology has since been advanced to reach both higher resolution and higher
throughput. In 2015, DeSimone and coworkers reported continuous liquid interface
production (CLIP) of 3D objects, in which the traditional layer-by-layer approach
of DLP technology was replaced with a continuous approach, allowing parts to be
fabricated at a rate of tens of centimeters per hour [19]. CLIP printers project UV
light into the resin bath through an oxygen-permeable window to create an oxygen-
rich interface region in which polymerization is inhibited by the low reactivity of
peroxy radicals. This approach enabled higher print speeds by obviating the need
to re-coat resin in between layers and for complex layer separation movements.
Later, in 2019, Mirkin and coworkers reported a technique for high-area rapid
printing (HARP) that mitigated problems associated with exothermic polymerization
reactions leading to heat build-up at the printing interface [20]. The HARP approach
used a flowing bed of fluorinated oil instead of an oxygen-permeable window to
minimize interfacial adhesion and to aid with heat transport away from the printing

interface, and enabled volumetric throughputs of 100 L/hr, or ~40 cm/hr.

In principle, DLP AM techniques are scalable, and the critical factor determining
print speed is the linear rate of printing of an object in the z-direction (perpendicular
to the plane of light exposure). With additional DMD projectors, the area of light

irradiation can be increased arbitrarily, while the volumetric throughput is directly
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proportional to both the area of irradiation and the linear z-direction print rate. Many
companies (such as Carbon 3D, Inc. and Azul 3D, Inc., based on the technologies
described above) have developed around the promise of commercialization of such

high-throughput DLP printing.

1.3.2.2 Volumetric additive manufacturing

As we have seen in previously discussed VP AM techniques, light can be introduced
as a 1D point source, and rastered to form a layer (SLA), or introduced as a 2D
plane source (LCD or DLP) to form a layer in one exposure. A natural next step
in light-based AM is to consider 3D exposure to form entire 3D parts simultane-
ously. The concept of interference lithography has been established as a way to
create 3-dimensionally periodic structures from a single exposure, based on a 3D
light intensity distribution resulting from interference of coherent laser beams [21].
However, interference lithography is only able to create periodic structures, and not

arbitrarily designed 3D structures.

In recent years, volumetric additive manufacturing has emerged as a powerful tool
to create 3D objects in a single exposure [22—-24]. The principle behind volumetric
additive manufacturing, and some examples of objects fabricated via volumetric
AM, including polymers and transparent silica ceramics, are shown in Figure 1.8.
Increasing the dimensionality of the light-patterning has inherent advantages for
print speed. These seminal works demonstrated the fabrication of 3D designed cm-
scale objects in tens of seconds, and also enable the use of viscous resins, since it is
advantageous to have minimal resin movement during the printing process. Another
interesting feature of volumetric additive manufacturing is its ability to overprint

3D structures around existing features formed from a different material.

1.3.3 Vat photopolymerization chemistry

Photoinitiation for vat photopolymerization is classified according to a taxonomy at-
tributed to Norrish, who along with Bamford, reported the photo-decomposition of
aldehydes and ketones [25] in 1937. Norrish Type I initiators are molecules, which
decompose into radical fragments under illumination from appropriately energetic
photons. This reaction is shown for Darocur 1173 in Figure 1.9a. Other common
Type I initiators, such as Irgacure 184, Irgacure 651, Irgacure 369, diphenyl(2,4,6-
trimethylbenzoyl)phosphine oxide (TPO), phenylbis(2,4,6-trimethylbenzoyl)phosphine
oxide (BAPO), and Ivocerin are shown in Figure 1.9b. Phosphine oxide initiators
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Figure 1.8: Volumetric additive manufacturing. a, Patterned light from many angles is projected
to form a computer-designed dose intensity within a liquid photoresist using b, an setup making use
of a DLP projector and a rotation stage. ¢, Time lapse of volumetric resin exposure showing curing
of a part shown in d,e, as well as larger versions shown in f,g. This technique can also be adapted to
form fully dense and transparent silica ceramics, shown in h-k. Panels a-g adapted with permission
from reference [22]. Copyright 2019 American Association for the Advancement of Science. Panels
h-k adapted with permission from reference [24]. Copyright 2022 American Association for the
Advancement of Science.

such as TPO and BAPO are commonly used in commercial stereolithography and
digital light processing resins (such as PR48, see Table A.1) because they tend to

absorb well in the near-UV range.

In contrast to Type I initiators, Norrish Type Il initiators rely on a system composed
of two molecules: a sensitizer, and a co-initiator. After excitation by appropriately
energetic light, the sensitizer abstracts a hydrogen atom from the co-initiator, which
becomes aradical initiator. This process is shown in Figure 1.10, in which benzophe-
none acts as the sensitizer and a tertiary amine acts as the co-initiator. An example
of a Type Il initiation pair is the sensitizer bis[4-(dimethylamino)phenyl|methanone
(Michler’s ketone) and the co-initiator 2-dimethylamino-2-(4-methyl-benzyl)-1-(4-
morpholin-4-yl-phenyl)-butan-1-one (Irgacure 379).
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Figure 1.9: Norrish Type I photoinitiation. a, A typical reaction showing the photocleavage of the
Norrish Type I photoinitiator Darocur 1173. b, Several other common Norrish Type I photoinitiators.
Adapted from reference [6] under open-access CC-BY license.

o 0}

hv € transfer transfer H+ transfer
—_—
SACIeAe = @ @ @ @

RzNCHzR' R,;NCHR'

Figure 1.10: Norrish Type II photoinitiation. Benzophenone is the sensitizer, abstracting a
hydrogen after excitation from the tertiary amine which acts as the co-initiator. Adapted from
reference [6] under open-access CC-BY license.

1.3.4 Vat photopolymerization of functional materials

Although VP was developed predominantly for use with polymers [6], it has also
been demonstrated for organogels [26], hydrogels [27], glasses [28] and ceramics
[29, 30]. However, material selection is still limited due to challenges with resin
stability, processability, and synthetic accessibility associated with incorporating the
necessary precursors into photoresins either as a slurry [31, 32] or as an inorganic-
organic mixture [33]. In particular, creating metals via VP has remained a challenge
in the field. Oran et al. demonstrated AM of nanoscale silver by using hydrogels as
“nanomanufacturing reactors” [34, 35] in which two-photon activation guides the
infiltration of precursors to volumetrically deposit 3D materials, and Vyatskikh et
al. demonstrated AM of nanoscale nickel by using two-photon lithography to pat-
tern inorganic-organic resins containing nickel acrylates, followed by pyrolysis and
reduction by H; [33]. However, these pioneering works are limited in scope for fab-
ricating a wide variety of metals, requiring complex resin design and optimization,

or tuning of conjugation chemistry for each new material.
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1.4 Additive manufacturing of 3D batteries

Additive manufacturing (AM) enables the fabrication of battery materials with
complex geometries. When battery components can take arbitrary form factors,
opportunities emerge for creating electrode configurations with improved power
density, reduced weight, and excellent mechanical stability. This section provides a
summary of recent progress in AM of 3D batteries, discussing relevant techniques,
materials, designs, and applications. We highlight advantages and limitations as-
sociated with battery electrodes fabricated by direct ink writing, fused deposition
modeling, vat photopolymerization, and selective laser sintering. Additionally, we
discuss optimal geometries and compatible materials for anode, cathode, and elec-
trolyte of fully 3D batteries. To increase transparency and utility in the field, we
suggest a standardized set of reporting metrics for 3D batteries. Finally, we iden-
tify key opportunities for implementation of 3D batteries due to critical advantages
such as shape conformability and the ability to serve as multifunctional or structural

components.

1.4.1 Overview of AM methods for 3D batteries

Many AM methods are used to create 3D battery electrodes. Of the available
strategies, extrusion of battery active materials through motion-controlled nozzles
is the most common. A variety of review articles focus on other methodologies such
as material jetting, binder jetting, powder bed fusion, directed energy deposition,
template-assisted deposition, and laminated object manufacturing [36-38]. Here,
discussion is limited to the several most common 3D printing techniques for the
fabrication of battery electrodes: direct ink writing, fused deposition modeling, vat

photopolymerization, and selective laser sintering.

The basics of these methods were discussed in Section 1.2. Table 1.1 provides an
overview and compares several examples of batteries fabricated using each method.
Advantages, limitations, and opportunities for each technique are discussed in the

following sections.
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1.4.1.1 Direct ink writing for batteries

Direct ink writing (DIW) extrusion through motion-controlled nozzles is the most
common strategy for 3D printing electrochemical devices. DIW allows the facile
fabrication of many different materials by mixing active material particles with sol-
vent and binders to form shear-thinning inks that can then be extruded at high shear,
but then remain stable after extrusion. The organic solvents and binders are often
removed in a post-processing thermal treatment. Extrusion methodologies have
been used to 3D print electrodes consisting of LiFePO,4 and LisTisO;; as Li-ion
electrodes [39, 40], sulfur composites as Li-S cathodes [45, 46, 60], holey graphene
oxide as a Li-O, cathode, and Na3V3(PO4)3; composites for Na-ion electrodes [41].
The minimum feature size of extruded electrodes is related to the size of the nozzle
through which the active material ink is extruded, but can be altered by postpro-
cessing such as thermal treatment which can remove solvents, organics, or sinter
inorganic materials. In optimized systems where polyelectrolyte inks are deposited
into an alcohol and water reservoir, DIW with nozzles 0.5-1 um in diameter has
been shown to be able to fabricate beams as small as 600 nm in diameter with beam
spacing approximately equal to the beam diameter [61]. Notably, these optimized
polyelectrolyte inks did not contain any solid material loading and were optimized
to minimize the viscosity of the ink when flowed through the smallest diameter
nozzles. Despite not being directly relevant to battery materials, this work shows

the potential for DIW to access small length scales.

DIW has many attractive characteristics for 3D printing electrodes such as low cost,
experimental simplicity, and a wide range of available materials. However, chal-
lenges arise when active material particles are added to DIW inks. Adding battery
active materials to a slurry tends to increase the viscosity of the ink, necessitating
larger nozzles and commensurately larger feature sizes. For example, Sun et al.
extruded LFP and LTO inks through a 30 um nozzle, resulting in feature sizes of
approximately 30 um, with mass loadings of 57-60 wt.% [39]. However, many
other DIW approaches for 3D printed electrodes with high solid mass loadings do
not reach feature sizes below 150 pum. These innate limitations of DIW restrict the
available feature sizes and emphasize the need to balance rheological properties of
the DIW ink with electrochemical properties of the printed electrode [62]. Addi-
tionally, the types of 3D architectures achievable via DIW are limited, with most
works reporting either woodpile geometries or ‘2.5D’ architecture where each layer

of the printed structure is the same, and therefore sits directly on top of the previous



Table 1.1: Summary of reported batteries fabricated using common 3D printing methods.
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: ol 2 03
Method Feature size Anode Cathode Electrolyte Capacity Ref.
M LiClOo; in 5
22 um LTO LFP EC/DMC 1.5 mAh/cm* at 1C [39]
180 um LTO/GO LFP/GO PVDF-co-HFP/A1;,03 91 mAh/g at 50 mA/g [40]
1M NaClOy in EC/PC )
200 pm Na NVP/GO +5% FEC 1.26 mAh/cm~ at C/5 [41]
200 pm Li LMO IMLiPFg inEC/DMC 3.5 mAh/cm? at C/10 [42]
DIW 37 um Li LFP Not reported 82 mAh/g at 10C [43]
M LiTFSI in
200 um Li Sulf/ur lfopoly— DMC/DOL + | 812}8 mAh/g at 50 (44]
mer/ graphene Wt% L1N03 mA/g
M LiTFSI in
150 pm Li Sulfur/carbon DOL/DME  + 1 1188 mAh/g at C/10 [45]
wt% LiNO3
Sulfur/graphene/ IM LiTFSI in
150 pm Li phenol formalde- DOL/DME  + 1 953 mAh/g at C/10 [46]
hyde wt% LiNO3
50 pm LTO LFP IM LiTESI in PC 133 mAb/g at 02,
mA/cm
IM LiPFg in
350 um LiF-Li-Mg LFP EC/DMC/EMC + 1452 mAh/g at C/2 [48]
1% VC
150 um Li Si IMLiPFg, solventnot g9 1 Ap/gat0.5mA  [49]
reported
200 um Li LTO/PLA lg/l%L'\];g 6InEC/DEC ) mAl/g at 6 pAem®  [50]
200 um Li LFP/PLA lg’[%L‘\fgﬁ inECDEC (0 mAb/gat9 uA/em?  [50]
FDM 200 um Graphite/PLA LFP/PLA 1 M LiPFg in EC/DEC 30 mAh/g at C/40 [51]
LTO/PLA/
200 pm graphite/ LFP/PLA/ PLA:PEO:LiTFSI Not reported [52]
MWNT graphite/ MWNT
LTO/graphene/ IM LiClO4 in 2296 mAh/cmiat 20
200 um PLA LMO/MWNT/PLA PC/EMC mA/g [53]
. 1 M LiPFg in
200 ym Li LCO EC/DMC 130 mAh/g at C/10 [54]
. 1 M LiPFg in
200 um Li LTO EC/DMC 170 mAh/g at C/2 [54]
100 pm Li LCO 1 M LiPFg in EC/DEC 115 mAh/g at C/20 [30]
IM LiTFSI in
vP 50 um Li Li»S-C DOL/DME  + 1 éllg(’)l mAb/gLisat(sq)
wt% LiNO3
28 um Li Pyrolytic carbon 1 M LiPFg in EC/DEC 379 mAh/g at 2 mA/g [56]
IM LiClO4 in EC/PC 0.001 mAh/cm?at 2
200 pm LTO/PEGDA LFP/PEGDA +20% PEGDA resin WA [57]
100 pm Notreported NCA Not reported 17 mAh/g [58]
SLS 250 pm Li PP/LFP 1 M LiPFg in EC/DEC 35 mAh/g at C/80 [59]

Electrode materials: LTO = Li4TisO;,, LFP = LiFePO4, LMO = LiMn;0O4, NVP = Na3V,(POy)3,
GO = graphene oxide, CNT = carbon nanotube, MWNT = multi- walled carbon nanotube, NCA =
LiNig g0Coq.15Al0.0502, PP = polypropylene.
Electrolyte components: EC = ethylene carbonate, DMC = dimethyl carbonate, PVDF =
poly(vinylidenefluoride), HFP = hexafluoropropylene, DOL = 1,3- dioxolane, DME = 1,2-
dimethoxyethane, PLA = poly(lactic acid), DEC = diethyl carbonate, VC = vinylene carbonate, PC
= propylene carbonate, FEC = fluoroethylene carbonate, PEO = poly(ethylene oxide), EMC = ethyl
methyl carbonate, PEGDA = poly(ethylene glycol) diacrylate.
IFeature size for FDM and SLS techniques is the reported layer thickness. Note that the lateral
feature size may be much larger.
ZElectrolyte mixtures are 1:1 (v:v) and additions are wt % unless otherwise noted.
3Gravimetric discharge capacities for the first cycle normalized by active material mass are
reported, where available. Full cell capacity is reported, where available.
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layer. Such structures fabricated via DIW are also usually limited in height, due to
the structural limitations of stacking multiple layers, especially when inks do not
solidify quickly or fully. This drawback can be partially mitigated by changing the
printing environment to promote faster solidification of ink, e.g., by using a hot plate
to evaporate solvent after printing [42], to aid with printing fidelity and structural

integrity.

1.4.1.2 Fused deposition modeling for batteries

One very common approach for personal 3D printers is fused deposition modeling
(FDM), a filament-extrusion 3D printing method. FDM processes use heat to soften
a filament, often thermoplastic, before extruding it through a nozzle. The mate-
rial then solidifies upon cooling after printing. For battery applications, composite
filaments containing active materials such as graphite, LTO, and LFP have been
developed with active material fractions up to 70% [50]. Practical use of FDM will
require higher active material fractions while maintaining printability and mechan-
ical integrity. Another drawback of FDM for electrochemical applications is the
achievable resolution. Typically FDM can achieve layer thicknesses of 150 um, but
often suffers from comparatively poorer lateral resolution. In-depth overview and

discussions of FDM for battery applications are found elsewhere [59].

1.4.1.3 Selective laser sintering for batteries

Selective laser sintering (SLS) is another emerging AM method for battery applica-
tions. SLS selectively scans a high-energy laser on powder beds to sinter powdered
materials to create 3D structures in a layer-by-layer manner. This process does
not typically require binders or solvents, enabling high fractions of active materials
in the printed parts and less post-processing time to remove binders or solvents,
compared with slurry-based 3D printing, including DIW. SLS has been used for
metals and alloys for structural materials and recently is applied for energy stor-
age materials. Acord et al. have consolidated lithium nickel cobalt aluminum oxide
(NCA) cathodes by SLS with the electrochemically active layered structure retained,
and explored processing parameters to mitigate crack formation and discontinuity
caused by heterogeneous thermal volume change during printing [58]. Sha et al.
have demonstrated 3D graphene foams by selectively pyrolyzing a mixture of nickel
and sucrose by a CO; laser [63]. Significant challenges remain in the fabrication

of 3D architected battery materials by SLS, including controlling defects such as
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cracks and voids, as well as detrimental phases, which can form due to the high

temperatures and the rapid heating rates inherent in SLS.

1.4.1.4 Vat photopolymerization for batteries

An attractive and underutilized alternative to DIW for fabrication of 3D battery
electrodes is vat photopolymerization (VP) [64]. The main challenge with VP
3D printing of battery materials is the lack of available materials compatible with
this technique [36-38]. VP offers a low cost, easily processable, and high resolu-
tion way to print battery materials, but requires photoresins with low viscosity to
minimize suction pressure and adhesion [30]. When fabricating electrochemically
active materials using VP, standard methodologies for introducing active materials
or precursors into the resin include using slurries or suspensions of active materials
dispersed in a photoresin, which increase the photoresin viscosity. Novel strategies
to reduce the need for creating resin slurries include directly converting photoresin
to an active material such as pyrolytic carbon [56] and using homogenous aqueous
photoresins in which active material precursors are dissolved, which has been used
to fabricate 3D LCO cathodes [65]. Alternatively, heterogeneous emulsion resins
where active materials/precursors exist as an aqueous phase dispersed in a pho-
toresin can be used to create 3D composite Li;S-C structures (see Chapter 2) [55].
Thermal post-processing such as pyrolysis in an inert atmosphere or calcination in a
low-pressure air atmosphere converts solidified photoresins to active materials and
enables fully densified active material structure with small feature size (~30 pum).
Other VP approaches include depositing battery active materials onto 3D printed

polymer substrates [66].

A significant advantage of these VP methods is that fabricated electrodes can have
smaller feature sizes and more complex geometries than those fabricated via other
methods. This has potential to reduce diffusion lengths both in the electrode and
electrolyte. However, challenges relating to battery assembly and incorporation
with electrolyte and counter electrodes arise as electrodes become smaller and more
geometrically complex. Additionally, VP has some of the most stringent material
requirements on resin design of all the AM techniques discussed. The photoresin
also contains photoactive molecules such as photoinitiators which generate radicals
under exposure to UV light, and UV blockers to prevent UV light from being
transmitted beyond the build layer during printing. The addition of these extra

components can lead to the presence of unwanted contamination after thermal
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treatment. As relatively few examples of batteries fabricated using VP have been
reported, there is significant opportunity to explore new VP material systems, with

the goals of increasing structure relative density, material purity, and resolution.

1.4.2 3D batteries: Challenges and opportunities

3D printing technologies for battery applications face challenges of balancing print-
ability, resolution, and active material mass loading. Reported techniques do not
yet satisfy these factors at the levels that would be needed to provide superior en-
ergy and power density compared to existing commercial batteries. In addition,
evaluations of 3D printed batteries are necessary for the cost, manufacturing rate,
and safety of practical battery applications. Unmet needs for 3D printed batteries
are electrochemically inactive materials such as current collectors, separators, and
packaging. These materials must be incorporated or printed at a small scale similar

to that of commercial batteries (i.e., 1-10 um scale).

1.4.3 3D batteries: Applications and outlook

The potential applications of 3D printed batteries, which offer precise control of
form factors with low throughput, compared with current battery manufacturing
technology, are the ones that require unusual form factors and a good combination
of energy and power density with high value. The target markets include the Inter-
net of Things (IoT), micro-robotics, unmanned aerial vehicles (UAVs), and electric
vertical takeoff and landing (eVTOL). These applications have restrictions in form
factors of battery cells, which are not easily achievable by conventional roll-to-roll
manufacturing. In particular, mechanically resilient 3D batteries such as 3D carbon
electrodes manufactured via VP could be useful as multifunctional batteries, with
promise in aerospace applications that require lighter battery and structural compo-
nents. Toward fully 3D batteries at a package level, the most difficult challenges exist
in the compatibility of manufacturing processes for all the components, including
the battery pack. The direct 3D printing of all the components is preferable in terms
of both cost and rate compared to current commercial manufacturing methods, since
all components on the 3D complex structure need to be precisely matched. Manu-
facturing processes that enable coating on complex structures such as a UV-curable
polymer electrolytes are key for fully 3D batteries. Additionally, technologies that
enable merging inactive materials with minimized volumes into the 3D complex
structure are critical to obtain comparable energy density to commercial batteries at

a package level.
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Other potential applications of 3D printed batteries include battery diagnostics and
electrochemically reconfigurable materials. 3D printed batteries offer determinis-
tic, controllable, and prescribed form factors, enabling easy battery diagnostics for
their rate performance and battery cycling. This approach has been used to cre-
ate 3D reconfigurable and programmable architecture induced by electrochemical
lithium alloying [67]. Overall, the flexible form factors offered by 3D printing
enable optimization of ion and electron transport trajectories with or without in-
terdigitated electrode structures for overcoming the classical tradeoff relationship
between energy density and power density. 3D printing also provides promising
paths to mechanically robust architectural design for materials with significant vol-
ume change, and other applications including battery diagnostics and reconfigurable
devices. Several challenges remain: manufacturing full cells without compromis-
ing active material loading fraction, improving resolution to match the submicron
scale at which volume-change materials are tolerant to mechanical forces, enhanc-
ing cycle life, and achieving high throughput. Addressing these challenges will lay
the foundation for the design and fabrication of practical additively manufactured,

high-performance, fully 3D batteries.
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1.5 Thesis summary
This thesis focuses on the development of two new techniques for additively manu-

facturing functional materials via vat photopolymerization.

Chapter 2 focuses on using emulsions to introduce aqueous precursors into a pho-
topolymer resin. We show how this technique can be used to create lithium sulfide
composites for use as cathodes in lithium-sulfur batteries, and investigate the electro-
chemical performance of these composites. We also investigate via nanomechanical
compression experiments the mechanical properties and deformation mechanisms

of lithium sulfide, a constituent material in lithium-sulfur batteries.

Chapter 3 focuses on the development and optimization of hydrogel infusion additive
manufacturing (HIAM) for fabricating copper metal. HIAM enables the fabrication
of metals through a process of infusing metal precursors into a hydrogel scaffold,
followed by calcination and reduction to convert the precursor to metal. Copper is a
notoriously challenging material to fabricate using conventional additive manufac-
turing technique due to its high thermal conductivity; we demonstrate the fabrication
of copper microlattices with beam diameters of ~40 um, as well as the chemical and

structural characterization of these materials.

Chapter 4 extends the HIAM technique to fabricate and characterize a wide variety
of new materials, including pure metals (Cu, Ni, Ag), homogenous alloys (CuNi),
heterogenous alloys (CuAg), high entropy alloys (CuNiCoFe), and refractory alloys
(W-Ni). We show that the high annealing twin densities typical of HIAM metals have
interesting implications for the mechanical behavior of these materials as measured

by nanoindentation.

Finally, Chapter 5 offers a concise summary of the investigations of this thesis, as
well as an outlook on additive manufacturing of functional materials, and remaining

research directions.
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Chapter 2

UNDERSTANDING AND MITIGATING MECHANICAL
DEGRADATION IN LITHIUM-SULFUR BATTERIES

Chapter abstract
Lithium—sulfur batteries are poised to outcompete lithium-ion batteries in key sec-
tors such as transportation and grid storage due to the low cost and high theoretical
energy density of sulfur as a cathode material. Widespread implementation of this
technology is hindered by significant degradation during cycling, including me-
chanical failure via cracking or detachment of insulating lithium sulfide (Li;S) from
the conductive matrix in the cathode, causing irreversible capacity fade. We devel-
oped a technique to additively manufacture Li»S composites to fabricate rationally
designed cathodes and demonstrate the utility of a three dimensionally architected
Li,S composite cathode in a battery. We additionally measured material properties
and deformation mechanisms of Li,S powders via in situ scanning electron micro-
scope (SEM) nanomechanical particle compression experiments. Measuring these
mechanical properties is a first step towards understanding the process of mechanical
degradation and is necessary to enable the rational design of high energy density,

long-cycling, and mechanically robust sulfur cathodes.

This chapter has been adapted from:

1. Saccone, M. A.; Greer, J. R. Understanding and mitigating mechanical degra-
dation in lithtum—sulfur batteries: Additive manufacturing of Li»S composites
and nanomechanical particle compressions. Journal of Materials Research
2021, 36, 3656-3666, DOI: 10.1557/s43578-021-00182-w.

Contributions: M.A.S. conceived, designed, and performed the experiments, and

wrote the manuscript.
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2.1 Introduction: Lithium-sulfur batteries

2.1.1 Battery background

An electrochemical cell converts between chemical energy and useful electrical en-
ergy. The fundamental driving force in an electrochemical cell is a chemical reaction
between neutral species that yields an electrically neutral and thermodynamically
favored product. An electrically insulating and ion conducting separator and an ion
conducting electrolyte allow ions to cross from one side of the cell to the other; to
maintain charge neutrality, electrons must flow in an external circuit, where they
are used to do work. Cells can be arranged in series or in parallel as batteries to
meet the voltage and current requirements for a wide range of applications which
require convenient access to electricity or energy storage. Batteries have become
ubiquitous in modern life due to their use in a wide variety of technologies such as
micro-robotics, smartphones, electric vehicles, and grid-scale energy storage. De-
spite the fact that each of these applications can have very different requirements (for
example, micro-robotics requires high gravimetric power density, while the most
important factor in grid-scale energy storage is system cost), these technologies are

predominantly served by lithium-ion (Li-ion) batteries.

2.1.2 Li-S overview

The overall driving chemical reaction of the Li-S battery is
16 Li(s) + Sg(s) — 8 LixS(s) (2.1)

where lithium is the anode material, sulfur is the cathode material, and Li* is the
working ion. This mechanism is an example of a reconstitution/formation reaction
because chemical bonds are broken and formed (as opposed to an intercalation
reaction, where a guest species is inserted into unoccupied interstitial sites of a
stable host material) and a new phase, lithium sulfide (Li,S), is formed at the
cathode [68].

The mechanism of sulfur reduction in Li-S batteries has been the subject of many
studies, and has been found to depend strongly on the type and amount of electrolyte
present in the system. In conventional liquid electrolytes which exhibit high solu-
bility for polysulfide species (Li,Sy, 2<x<8), sulfur reduction proceeds through a
solution-mediated pathway where complex equilibrium exists between the various
polysulfide species [69]. The discharge curves of these systems typically exhibit
plateaus at approximately 2.4 V and 2.1 V (vs. Li/Li"), which are often ascribed to

the formation of long chain and shorter chain polysulfides, respectively [70]. Con-
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versely, in all-solid-state Li-S batteries, which employ a solid electrolyte, a direct
solid state conversion between Sg and Li,S is observed, yielding a discharge curve
with a single plateau [71]. It has recently been demonstrated that by using sparingly
solvating liquid electrolytes with high salt loading, the sulfur reduction mechanism
in liquid electrolyte batteries can be a quasi-solid state mechanism [72, 73] which

approximates the single plateau behavior of solid state Li-S batteries.

The theoretical capacity of the Li-S battery based on sulfur is calculated to be 1672
mAh/g, using the equation
X
C ity = —F 2.2
apacity = 37 (2.2)

t
where x is the number moles of electrons transfered per mole of reaction, 2 for this

reaction, W; is the molar mass of sulfur, 32.066 g/mol, and F is Faraday’s constant,
96485.33 C/mol. Equation 2.2 calculates the capacity in C/g, and must be converted

to the more common units of mAh/g by an additional factor of mAh/3.6C.

If Li-S batteries were able to effectively harness their massive theoretical energy
density of ~2600 Wh kg!, 10x that of Li-ion batteries [74], they would revo-
lutionize the electrification of transportation and grid-scale energy storage. The
unprecedented lightness of Li-S batteries and the 86% projected cost savings ($36
vs. 250 $ kWh'lsystem) over Li-ion batteries could spur the proliferation of econom-
ical electric vehicles [75, 76]. The low-cost sulfur cathode renders Li-S batteries an
ideal candidate for grid-scale energy storage, which is necessary to smooth inter-
mittent energy generation from renewables, such as wind and solar, and facilitate a

100% renewable energy economy.

2.1.3 Li-S challenges and state of the art

Several significant challenges prevent realization and insertion of Li-S batteries
into energy systems, which include the numerous chemical and physical degrada-
tion mechanisms of electrolyte decomposition [77], polysulfide shuttling [78, 79],
lithium dendrite growth [80], and formation of “dead” sulfur or lithium sulfide (Li,S)
caused by their loss of contact with the conductive matrix [81]. Mitigating such
degradation is necessary for widespread implementation of Li-S batteries. A signif-
icant amount of work has been dedicated to furthering mechanistic understanding of
the Li-S system [82], and many mitigation strategies have been developed; for exam-
ple Pang et al. demonstrated the ability of solvate electrolytes to mitigate electrolyte
reactivity, polysulfide shuttling, and lithium dendrite growth [73]. This is accom-

plished by modifying the Li-S reaction pathway from a dissolution-precipitation
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mechanism to a quasi-solid-state or solid-state conversion. Such advances in elec-
trolyte design provide a convincing path towards solving many of the overall Li-S
battery problems, but mechanical degradation of solid constituents remains poorly

understood.

Mechanical degradation in Li-S batteries is thought to be caused by fracture or de-
tachment of Li,S from the conductive matrix in the cathode, driven by the lithiation-
induced 80% volumetric expansion of sulfur as it is converted to Li,S [83]. While
mechanical properties, degradation, and stress evolution have been explored in other
systems with large volume changes during cycling [84], a dearth of studies exists on
the Li-S system. The only experiments measuring stress evolution in Li-S batteries
come from in situ multibeam optical stress sensing experiments in liquid electrolyte
cells, which provide some insight but cannot measure spatially resolved stress [85,
86]. Measuring stress at site-specific locations where detachment or fracture is
likely to occur, such as within grains of Li,S or at the Li,S-matrix interface, would
enable the rational design of cathode structures and matrix materials that can ac-
commodate these stresses. The experimental challenges associated with measuring
Young’s modulus and other mechanical properties of Li,S, which rapidly hydrolyzes
in air via the reaction Li;S + 2 Ho O —— 2 LiOH + H»S, have yet to be overcome,

and its mechanical deformation mechanisms are yet unknown.

The problem of mechanical failure in Li-S batteries has been partially addressed
by fabricating cathode materials with built-in void space [87] or by assembling
batteries in the discharged, pre-expanded state with Li,S composite cathodes [88].
Anincreased focus has been given to expansion-tolerant architectures with optimized
binder compositions, which enable stable cycling of high-loading sulfur cathodes,
but do not offer a route towards full tunability and optimization of the structures
[89]. A nascent set of strategies to increase the robustness, mass loading, and
power density of battery electrodes utilizes additive manufacturing (AM), whereby
structures are formed in a layer-by-layer process, allowing for full control over
the form factor and the dimensions of the fabricated material. AM processes for
battery materials have enabled the fabrication of interdigitated electrodes, [36] which
have higher power density than planar electrodes due to increased interfacial area,
as well as electrodes with low tortuosity [56], high active material loadings, and
geometries that facilitate ionic and electronic transport [37]. Extrusion methods have
proven to be capable of 3D printing interdigitated Li4 TisO;, anodes and LiFePO4

cathodes for Li-ion batteries [39, 90], as well as sulfur copolymer-graphene cathodes,
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sulfur/carbon slurries for Li-S batteries [45, 60], and conductive templates for sulfur
infiltration [46]. These extrusion-based AM methods suffer from low resolution;
no AM techniques capable of fabricating sulfur composites with features below 150
um or Li>S composites with any dimensions have been reported, partially because
of the difficulty of working with this air sensitive material. This informs our
choice to explore vat polymerization AM methods, which enable higher resolution
than extrusion methods and allow fabrication of more complex features such as
overhangs [30]. Additionally, we chose to explore emulsification as a way to
combine photocurable resin with the water-soluble Li,S precursor lithium sulfate
hydrate (Li,SO4 - H,O). Emulsification of resins containing an oil phase (monomers
or oligomers) and an aqueous phase has previously been reported as a way to
additively manufacture porous structures [91, 92]. To our knowledge, emulsification
has never been reported as a way to deliver an active material or precursor into an

additively manufactured structure.

2.2 Emulsion stereolithography for fabrication of 3D Li,S-C cathodes

We developed an additive manufacturing process, coined as emulsion stereolithog-
raphy, that is capable of fabricating 3D architected Li,S-C cathodes with 50 um
features, a threefold improvement in resolution over existing architected Li-S cath-

ode materials.

2.2.1 Emulsion stereolithography process

Figure 2.1 shows the fabrication steps of the AM process for architected Li;,S-
C cathodes. It consists of 1) synthesis and preparation of the emulsion resin,
2) digital light processing (DLP) stereolithography to produce the designed 3D
architecture, and 3) pyrolysis in an inert atmosphere. The emulsion resin was
prepared by dispersing an aqueous solution of lithium sulfate hydrate (Li,SO4 - H,O)
in a commercial UV-curable photopolymer resin (Autodesk PR-48; see Table A.1
for resin composition) with the aid of surfactants (Fig. 2.1(a)). This emulsion
resin is a metastable water-in-oil (w/o0) emulsion of lithium sulfate hydrate solution
dispersed within a continuous phase of photopolymer resin (Fig. 2.1(b)). Our choice
of Li»SO4 - H;O stems from its stability in air, commercial practicality, and ease
of conversion of Li»SOy4 to LisS via the carbothermal reduction reaction Li»SO4 +
2C — LiS + 2CO; [93, 94]. The main challenge with Li;SO4 - H>O is the lack

of resin system stability caused by its low solubility in the polar PR-48 resin.
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The addition of polyvinylpyrrolidone and Polysorbate 20 amphiphilic surfactants
serves to suppress Ostwald ripening of the dispersed aqueous droplets by reducing
the total interfacial energy between water and oil and to prevent phase separation
[95]. The presence of these surfactants significantly increased the stability of the
w/o resin emulsions, as evidenced by the time-lapse photographs of the emulsion
(Fig. 2.1(c)), which demonstrate that the aqueous phase remains emulsified even
after several days. Without the addition of surfactants, the oil and water components
of the resin phase separated almost immediately (see Fig. A.3). We then used a
DLP 3D printer (Autodesk Ember) to sculpt the photopolymer resin into a target
architecture (Fig. 2.1(d)) designed to be disc-like, with a diameter of 25 mm and
a height of 2 mm, comprised of a periodic array of 1 mm-wide octet unit cells,
with 120 um diameter beams (Fig. 2.1(e)). These samples were then pyrolyzed at
800 °C for 4 hours in an inert atmosphere, producing self-similar Li;S-C composite
replicas with diameters of 10 mm and heights of 800 pm, caused by 60% linear
dimensional shrinkage (Fig. 2.1(f)).

2.2.1.1 Emulsion resin preparation and printing

First, a 3.13 M solution of Li»SO4 - H,O (99.0%, Alfa Aesar), and a 600 mg/mL
solution of polyvinylpyrrolidone My, = 40000 (PVP; Sigma-Aldrich) were prepared
by vortex mixing the solids in deionized water until fully dissolved. In each of 3
50mL centrifuge tubes, 4.55 mL Li;SO4 - H,O solution was added to 0.7 mL PVP
solution and 1.75 mL Polysorbate 20 (Alfa Aesar). These solutions were vortex
mixed for 15 minutes, yielding a soapy, white mixture. To this mixture, 35 g of
PR-48 (Colorado Photopolymer Solutions) was added, followed by 75 minutes of
vortex mixing to yield a milky white emulsion resin. Immediately after mixing, this
resin was used with a commercial 405 nm wavelength DLP 3D printer (Autodesk
Ember) to fabricate Li;SO4 - HyO —polymer composite structures. Octet microtruss
lattice unit cells were designed with 120 um beam diameter and 1mm unit cell size.
Unit cells were tessellated to form freestanding circular cathodes with outer diameter
of 25mm and thickness of 2mm. The first layer was exposed to UV light for 9 sec to
ensure adherence between the structure and the build head, and subsequent layers

were exposed for 5 sec.
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Figure 2.1: Emulstion stereolithography of Li,S-C composite electrodes. (a) Chemical com-
ponents of emulsion resin formulation. (b) Schematic of water-in-oil emulsion of aqueous active
material precursors dispersed in an organic photopolymer resin and stabilized by surfactants. (c)
Time lapse photographs of emulsion resin up to five days after mixing that demonstrates its stability;
the emulsion remains opaque due to dispersed water droplets. (d) Schematic of DLP printing of a
Li»SO4 - H>O resin composite. The sample is printed directly on the build head and then detached.
Optical images of (e) a representative as-fabricated Li»SOy4 - H>O resin composite structure and (f)
its pyrolyzed Li,S-C composite replica.

2.2.1.2 Pyrolysis of Li;SO4 - H;O-polymer composites

The Li;SO4 - HoO-polymer composites were pyrolyzed in a vacuum furnace (MTI
OTF-1500X) in a quartz tube (MTI, 1 m length, 92 mm inner diameter). The tube
was first evacuated, then refilled to atmospheric pressure with argon, which was
flowed through a bubbler downstream to prevent air exposure. The samples were
heated at a ramping and cooling rate of 5 °C/min, with 2-hour isothermal holds
during ramping at 300 °C and 400 °C, and a 4-hour isothermal hold at the maximum
temperature of 800 °C. The pyrolyzed Li,S-C composite samples were unloaded
from the furnace into an argon-purged jar from inside a nitrogen filled glove bag (see
fig. 2.2(a)) to prevent air exposure. The sealed jar containing the Li,S —C samples

was then brought into an argon-filled glovebox for coin cell assembly.



Figure 2.2: Airtight transfer devices. (a) Glove bag filled with N, for removing samples from
furnace and (b) Vacushut transfer device enables SEM imaging of air sensitive samples.

2.2.2 LiS-C electrode morphology

Figure 2.3 contains structural characterization of a representative Li,S-C microtruss
lattice with a designed relative density, defined as the volumetric fraction of filled
space within the structure, of 16%. The specific octet microtruss architecture
was chosen to demonstrate the capability of emulsion stereolithography to produce
complex geometries with overhangs and slender beams, inaccessible to extrusion-
based AM processes. Fig. 2.3(a) shows a computer-aided design (CAD) model of a
single octet unit cell. Figures 2.3(b, ¢) contain scanning electron microscope (SEM)
images of the designed architecture of the Li,S-C lattices, and Fig. 2.3(d) provides
an SEM image of a representative 50 um-diameter beam. The beams in the as-
printed Li;SO,4 - H,O composite structure were designed to have 120 um diameters,
which implies pyrolysis-induced linear shrinkage of 58%. The presence of non-
polymerizable aqueous domains and surfactants in the resin emulsion generates
porosity at a range of length scales, which was analyzed using image analysis
software. Micropores were observed with an average diameter of 10.06 um + 0.26
um (avg. + std. err.) with a standard deviation of 4.15 um. Additionally, mesopores
with an average diameter of 42 + 1.0 nm with a standard deviation of 15.3 nm were
observed on the surface (Fig. 2.3(e, f)). The surfactant loading played a key role in
the pore size distribution, with lower surfactant loadings leading to larger, scarcer
pores (see Fig. A.4).

2.2.3 Chemical characterization of Li,S-C composites

During pyrolysis, the lithium sulfate hydrate is first dehydrated and then carbother-
mally reduced to lithium sulfide, and the polymer composite is converted to carbon
via the carbothermal reduction reaction Li»SO4 + 2C —— Li;S + 2 CO;. Figure
2.5 contains chemical characterization of the Li;SO4 - H>O composite before and

after pyrolysis at 400 °C and 800 °C to elucidate the different stages of the pyrolysis
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Figure 2.3: Morphology and surface properties of pyrolyzed Li,S-C electrodes. (a) 3D model
of an octet unit cell. SEM images of (b) a pyrolyzed Li,S-C octet microtruss lattice (tilt 40°), (c)
several beams on the top surface of the lattice, (d) a single 50 pm diameter beam, and (e) surface
morphology that contains nm-scale porosity introduced by the non-polymerizable components in the
emulsion resin. (f) Histogram of the nm-scale pore size distribution on the surface of the Li,S-C
lattice.

process. We conducted thermogravimetric analysis (TGA) on a resin sample that
consisted of 74.5 wt% PR-48, 18 wt% H,O, and 7.5 wt% Li,SO4-H,0O, which
reveals three distinct regions that correspond to different chemical processes (Fig.
2.5(a)). Below 300 °C, the Li,SO4 - H>O is dehydrated, and any water remaining
in the composite from the printing process is evaporated. The region between 300
°C and 450 °C corresponds to the carbonization of the organic elements of the
photopolymer. The final region above ~675 °C corresponds to the carbothermal
reduction of lithium sulfate and likely some further carbonization of the organic
photopolymer. X-ray diffraction (XRD) analysis was conducted on a Li,SO4 - H,O
composite at various stages of pyrolysis corresponding to the labeled locations on
the TGA curve of 1) as printed, 2) 400 °C pyrolysis, and 3) 800 °C pyrolysis. In the
as-printed sample, XRD analysis reveals the presence of crystalline lithium sulfate
hydrate in the polymer composite (Fig. 2.5(b)), deposited into the residual pores
within the 3D-sculpted structures after polymerization, created by dispersed water
droplets in the photopolymer resin. XRD analysis of the Li»SOq4 - HyO compos-
ite pyrolyzed at 400 °C confirms that the Li;SO4-H,O was fully dehydrated to
anhydrous Li,SO4 (Fig. 2.5(c)).
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XRD analysis of a composite printed from a Li;SO4-H;O emulsion resin and
pyrolyzed in an inert atmosphere at 800 °C shows complete conversion of Li;SOy4
to LipS (Fig. 2.5(d)). The broad peak around 26 = 20° is background from Kapton
tape used to shield the sample from air (Figure A.2). Energy-dispersive X-ray
spectroscopy (EDS) indicates a homogeneous distribution of sulfur in the beams
(Fig. 2.5(e), bottom left panel), which is consistent with the presence of Li,S; EDS
is not capable of detecting Li because of its low atomic number. The 0.3 wt% of
phosphorous (Fig. 2.5(e), bottom right panel) likely represents a degradation product
of the phosphorous-containing PL-TPO photoinitiator molecule. The observed
octahedral morphology of the crystals (Fig. 2.5(f)) is consistent with the equilibrium
Waulff construction shape for Li»S which minimizes the surface energy of the crystal

by faceting along (111) planes [96].

2.2.3.1 Material characterization experimental details

Samples were imaged via scanning electron microscopy (SEM; FEI Versa 3D Du-
alBeam) at an accelerating voltage of 5-20 kV. Elemental analysis was performed
using energy-dispersive X-ray spectroscopy (EDS; Zeiss 1550 VP FESEM with
Oxford X-Max SDD EDS detector), with an applied voltage of 20 kV. A Vacushut
transfer device (see Fig. 2.2b) was used to minimize air exposure during the transfer
of air sensitive samples from the glovebox to the SEM or SEM/EDS. Powder X-ray
Diffraction (XRD; PANalytical X’ Pert Pro) data was collected using a Cu K,, source
at 45 kV and 40 mA. Samples were either ground into powders with a mortar and
pestle, or if the sample had a flat edge, attached to a sample holder using clay prior
to XRD analysis. Air-sensitive samples were sealed between 2 layers of Kapton tape
to prevent air exposure during XRD measurements. Thermal gravimetric analysis
(TGA; Perkin Elmer Pyris) was performed by heating samples to 900 °C at a rate
of 5 °C/min in a N, atmosphere while the mass of the sample was continuously

measured.

2.2.4 Na,S-C composites

Emulsion stereolithography is not limited to producing composites with Li,S; this
technique can be used to fabricate carbon composites with any material that has
water soluble precursors. To demonstrate this, Na;S-C composites were fabricated
using the same methodology described previously in Section 2.2.1 but with aque-
ous NapSOy4 solutions instead of aqueous Li;SOy4 - H,O solutions. The resulting

Na;SO4 polymer composites were converted to Na,;S-C composites via pyrolysis by
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the carbothermal reduction reaction Na;SO4 + 2C —— NayS + 2 CO,. Since Li
and Na are both Group 1 alkali metals, it is not surprising that they undergo similar
carbothermal reduction reactions. The Na;SO4/Na;S system provides further evi-
dence for the mechanism of salt deposition in the printed parts because Na, unlike

Li, can be observed in the EDS results.

Salt crystals (in this case Na;SO,) are deposited in cavities formed by water droplets
during polymerization, and are unambiguously identified by electron energy disper-
sive x-ray spectroscopy (EDS) and XRD (Figs. 2.4a/c). The presence of crystalline
Na;S after pyrolysis is confirmed by EDS and XRD as well (Figs. 2.4b/d). Oxygen
is likely present in the EDS mapping of the pyrolyzed sample due to exposure to air
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Figure 2.4: Characterization of Na,SO4 and Na;,S composites. (a) SEM/EDS images of Na;SOq-
containing polymer composite showing deposition of Na,SO4 crystals inside of pores created by
emulsified water droplets. (b) SEM/EDS images of pyrolyzed samples after exposure to air which
caused formation of NaOH. (c) XRD patterns of Na,SO4 composites before pyrolysis and (d) NayS
composites after pyrolysis without air exposure.



31

(a) (b) (c)
1
Li,SO, - H,0 resin composite (as printed) Li,SO, resin composite (400 °C pyrolysis)
0.8
a = El
n =}
: <
z =
° = @
2 04 E g
= . o =
E £ } || - =
| |
2 02 1 O VOV poatn ~A
Li,SO, - H,0: ICSD #201530 Li,SO,: ICSD #22347
0 20 30 40 50 60 70 20 30 40 50 60 70
0 200 400 600 800 20 26
(d) Temperature (°C)

Li,S-C composite (800 °C pyrolysis)
=

Intensity (a.u.)

Li,S: ICSD #196932

20 30 40 50 60 70
20

Figure 2.5: Chemical and morphological characterization of architected Li2S-C.(a) Thermal
gravimetric analysis (TGA) of a Li»SO4 - HyO/polymer composite showing substantial mass loss
during pyrolysis. Numbers correspond to the maximum pyrolysis temperatures for three different
samples where XRD data was collected: 1) as printed (before pyrolysis), 2) after 400 °C pyrolysis,
and 3) after 800 °C pyrolysis. X-ray diffraction (XRD) spectra of (b) as-fabricated Li;SO4 - H,O
resin composite, which contains crystalline Li;SO4 - H;O (location 1 in TGA data), (c) composite
pyrolyzed at 400 °C, which reveals crystalline Li;SO4 (location 2 in TGA data), and (d) fully
pyrolyzed at 800°C Li,S-C composite that reveals crystalline Li;S (location 3 in TGA data) (e)
EDS elemental maps of a beam, which indicate homogeneous distribution of sulfur at the spatial
resolution of EDS (~1 pum). (f) SEM image of a faceted octahedral lithium sulfide crystal present in
the Li,S-C sample.

2.3 Electrochemical performance of 3D Li,S-C cathodes
2.3.1 Experimental details
2.3.1.1 Coin cell assembly

1,3-dioxolane (DOL, VWR) and dimethoxyethane (DME, VWR) were dried on a
solvent purification system, brought into the glovebox without air exposure and
stored over 3A molecular sieves. Lithium bis(triflouromethanesulfonyl)imide salt
(LiTFSI; 99.95%, Sigma-Aldrich) was dried at 120 °C under vacuum and brought

into the glovebox without air exposure.

Electrochemical cells were prepared in 2032 coin cell cases (MTI). The cells con-
sisted of a Li-foil anode (99.9%, 0.75mm, Sigma Aldrich), which was mechanically
cleaned directly preceding cell assembly, polypropylene separator (Celgard 2400),
15 drops of electrolyte, and an architected Li,S-C free-standing cathode. The elec-
trolyte was prepared in the glovebox as a 1M solution of LiTFSI in a 1:1 (vol/vol)
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mixture of DOL and DME, by adding the solvents to the salt, followed by 1 wt%
LiNOj3, and magnetically stirring at 550 rpm overnight.

2.3.1.2 Electrochemical characterization

Coin cell performance was evaluated using a battery cycler (Neware BTS4000),
via galvanostatic cycling between 1.6-2.8 V at a rate of C/20 (58.25 mA/gi,s),
calculated based on a gravimetric capacity of 1165 mAh/gy ;,s. Li»S-C cathodes were
activated by charging to a cutoff voltage of 3.9 V on the first cycle, consistent with
oxidative electrochemical activation of Li;S. Cyclic voltammetry was performed

using a potentiostat (Biologic BCS-805), scanning from 1.5-4 V at a rate of 10 uV/s.

2.3.2 Electrochemical performance of 3D architected Li,S-C cathodes

To demonstrate the feasibility of the emulsion stereolithography additive manufac-
turing technique to create functional batteries, we fabricated coin cells consisting of
a free-standing 3D Li,S-C composite cathode, a 0.75 mm thick lithium metal foil an-
ode, and an electrolyte consisting of 1M lithium bis(triflouromethanesulfonyl)imide
(LiTFSI) salt in a 1:1 (vol/vol) mixture of 1,3-dioxolane and dimethoxyethane
(DOL/DME). We also added 1 wt% of LiNOj salt to the electrolyte to stabilize
the solid electrolyte interphase on Li metal to reduce its reactivity and inhibit poly-
sulfide shuttling [97]. Cells containing LiNOz-free electrolyte charged significantly
beyond their theoretical capacity (see Fig. 2.6) before reaching a voltage cutoff, a

signature of the polysulfide shuttle effect [79].

Figure 2.7 contains the electrochemical performance and characterization of 3D
Li;S-C composites. Cyclic voltammetry experiments show the expected electro-
chemical signature of the two oxidative peaks at 2.37 V and 2.40 V and reductive
peaks at 2.33 V and 2.07 V (Fig. 2.7(a)) [98]. We found that a slow scan rate
of 10 uV/s was necessary to produce sharp peaks. The characteristic strong peak
at 3.41 V in the first cycle corresponds to the initial oxidative activation of Li,S
and disappears in subsequent cycles [99]. The reductive peaks match well with the
voltages of the plateaus observed in the discharging profiles. Galvanostatic cycling
of two nominally identical cells at a rate of C/20 showed a cycling lifetime of >100
cycles and a characteristic two-plateau discharge profile, with plateaus at 2.4 V and
2.1V (Fig. 2.7(b)). The cells were first galvanostatically charged to a cutoff voltage
of 3.9 V to oxidatively activate Li,S in the composite electrode [99]; all subsequent

cycling was performed between upper and lower voltage cutoffs of 2.8 V and 1.6
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Figure 2.6: Charging profile for a cell with polysulfide shuttling. First charge profile of an
architected Li,S-C cathode vs. Li at C/20 rate with 1M LiTFSI in DOL/DME electrolyte without
the addition of LiNO3. The cell demonstrates an excessively large charging plateau at ~2.4 'V,
several times larger than the theoretical capacity of Li»S (1165 mAh/g), a feature characteristic of
the polysulfide shuttle effect.

V, respectively. The replicate cells demonstrated a first cycle discharge capacity of
310.1 mAh/gy;,s. The average coulombic efficiency of the cells was 95.8%, with
86.6% of the first discharge capacity retained after 50 cycles and 79.8% of the first
discharge capacity retained after 100 cycles (Fig. 2.7(c)). Compared to other 3D
architected cathodes for Li-S batteries, this cycling performance represents a 19.4%
increase in capacity retention after 50 cycles, as well as a 3-fold improvement in
minimum electrode feature size (Fig. 2.7(d)). The benchmark of 50th cycle capacity

retention was chosen because 100th cycle data was not always available.

2.3.3 3D Li,S-C electrode discussion

We report the first 3D architected LirS-C composite and demonstrate its use as a
cathode material. We chose to work with an octet lattice geometry to demonstrate
the strengths of the emulsion stereolithography AM process. The Li,S loading
within the pyrolyzed structure was 19%, contributing to an overall Li;S loading
of 1.3 mg cm™. The Li,S loading was calculated by assuming that all Li;SOy in
the emulsion resin was converted to Li»S and that none was lost during thermal
treatment. The observed first cycle discharge capacity of 310.1 mAh/gy;,s is lower
than the theoretical capacity of 1165 mAh/g;,s, which is typical for Li,S cath-
ode/carbon composite materials due to the low ionic and electronic conductivity of

Li;S, as well as the difficulty of electrochemical activation for this material [100].
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Figure 2.7: Electrochemical characterization of Li>S-C composite. (a) The first five cycles of
cyclic voltammograms of an architected Li,S-C cathode vs. Li metal, at a scan rate of 10 uV/s.
(b) Discharge profiles of an architected Li,S-C cathode vs. Li at C/20 rate for the 1st, 10th, 50th,
and 100th cycles. (c) Capacity and coulombic efficiency vs. cycle number for architected Li,S-C
cathodes, with error bars representing the standard error of the mean for two replicate cells. (d)
Capacity of architected Li»S-C vs. other architected cathodes at slow scan rates (C/5 to C/20) [45,
46, 60] for Li-S batteries as a function of minimum critical dimensions.

Interestingly, the observed capacity of our Li,S-C cathode drops significantly after
the first cycle, but then increases from cycle 2 to 20. This may be the result of the
sluggish activation process of Li,S, causing some active material to remain unused
after the first cycle, but be accessed on subsequent cycles. Further optimization of
3D architected electrodes will require approaches such as moving towards higher
relative density structures in order to achieve loadings of >6 mg cm™ as practically
required by industry and incorporating counter electrodes and separators that are
conformal to the 3D architected structure. In particular, reducing void space and
electrolyte loading while maintaining mechanical integrity will be important for

further optimization.
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2.4 Nanomechanical particle compression of Li,S powders

We additionally conducted compression-to-failure experiments on individual micron-
sized Li,S particles in a custom-built nanomechanical instrument inside of an SEM
chamber, which revealed elastic deformation up to a contact pressure (i.e., axial
compressive stress) of 293 MPa, followed by plasticity over 5% of axial strain,
and ultimate failure via catastrophic crack propagation at 389 MPa. We analyzed
these experiments using the Hertzian elastic contact model between a sphere (Li,S
sample) and a half-space (indenter tip) to provide estimates for an effective Young’s
modulus of Li;S agglomerates, and to calculate contact pressure at the onset of

yielding and at ultimate failure.

2.4.1 Particle compression methodology

Future optimization of 3D architected Li»S composite cathode materials will require
a deeper understanding of the mechanical properties and deformation mechanisms
of LipS. To probe these properties, we performed in-situ compression experiments
using a nanomechanical probe (InSEM, Nanomechanics, Inc.) inside an SEM
chamber (FEI Quanta 200F) (Fig. 2.8a).

Li,S powder particles (Alfa Aesar) were dispersed on an Si substrate and transferred
from an argon filled glovebox into the SEM chamber using a Vacushut transfer
device. Samples were compressed with a 15 um diamond flat punch indenter (Fig.
2.8b) at an axial strain rate, defined as rate of indenter displacement divided by
sample height, of 0.01 s™! until failure. A prescribed cyclical dynamic displacement
was superimposed over the loading profile, with a target displacement of 2 nm and

a frequency of 45 Hz in order to perform continuous stiffness measurements.

During the experiment, load vs. displacement data and deformation video were
simultaneously collected. The initial loading segment, up to a displacement of
~100 nm, represents the elastic portion of the data, which can be analyzed using a
classical Hertzian elastic contact problem between a sphere and a half-space [101,
102]. Despite the fact that the particle is not a true sphere, over the small initial
loading segment, the rounded top surface of the particle can be approximated as
the surface of a sphere. The 15 um-diameter diamond flat punch indenter tip can
be approximated as a half space, and the particle as a sphere (Fig. 2.8c). In this

formulation, the applied load, F, is related to indenter displacement, 9, as:

Fher, = 4/3ExRY?6%2 (2.3)
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where Ey is the reduced modulus, 1/Eg = (1 — vl.z)/Ei + (1 = v?)/E; , in which

E; and v; are the Young’s modulus and Poisson’s ratio of the diamond indenter,
respectively, and E and v, are the Young’s modulus and Poisson’s ratio of the Li,S
sample. R is the radius of curvature of the top surface of the sample, and ¢ is the
vertical displacement of the indenter past the initial contact with the sample. The
radii of curvature of the particle surfaces were approximated to be 1296 + 128 nm

(avg. £ std. dev.) as measured from SEM images.

(b) (c)
Fhertz = ;ERRI/ZSS/Z

Indenter 1
E;, vy
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Figure 2.8: Nanomechanical particle compression methodology. (a) Image of the interior of
the SEM chamber showing the in-situ nanomechanical instrumentation. (b) SEM image of an
agglomerated Li,S particle directly under the diamond flat punch indenter. (c) Schematic of the
Hertzian elastic contact model between a sphere and a half space.

2.4.2 Particle compression results

Figure 2.9a contains load vs. displacement data for a representative particle com-
pression, as well as the Hertzian model least squares fit calculated using Eq. 2.3 with
the diamond indenter properties of E; = 1220 GPa and v; = 0.2, and the Poisson’s
ratio of LiyS of v; =0.18 [103]. The oscillation in the displacement data is a result of
a prescribed cyclical dynamic displacement superimposed over the loading profile,
with a target displacement of 2 nm and a frequency of 45 Hz. Fig. 2.9(b) contains
contact pressure for the same experiment, calculated by dividing the applied load

by the instantaneous projected circular contact area:

F, Hertz

The post-elastic plateau in contact pressure at a displacement of ~100 nm cor-
responds to plasticity initiation after yielding that causes deviation from linear
elasticity. Due to geometric irregularities, not all particles compressed were suit-
able for analysis using the Hertzian contact model. Load vs. displacement data

was analyzed for 2 samples whose elastic deformation was well described using the
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Hertzian contact model. We found that the average Young’s modulus of the LiS
particle agglomerates was 4.81 + 2.19 GPa (average + std. err.), with an average
contact pressure of 293 + 153 MPa at yielding and of 389 + 129 MPa at failure.
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Figure 2.9: Compression-to-failure experiments on LiS. (a) Load vs. displacement data for a
representative particle compression that contains a typical initial elastic loading region, yield point,
post-elastic deformation, crack initiation, and ultimate failure. (b) Contact pressure vs. displacement
calculated using Eqn. 2.4 with the same regions denoted in (a).

2.4.3 Li,S particle compression discussion

We focused on investigating the mechanical properties of Li,S because without a
detailed and spatially resolved understanding of the cathode material properties and
the mechanical stresses that arise due to cycling, advances in fabrication techniques
will not be able to be utilized to the fullest extent. The agglomerated morphology
of the powders we tested is similar to common composite electrode morphology, as
well as to the observed morphology of electrochemically deposited Li,S [104]. In
order to confirm the validity of the Hertzian contact model as a way to approximate
the elastic contact between the indenter and the particle, the scaling exponent of the
for the force vs. displacement data of a characteristic compression was analyzed.
In the elastic region, the scaling exponent was found to be 1.56, a deviation of only
4% from the 1.5 predicted by the Hertzian contact model (see Fig. 2.10).

Pure Li,S powder was chosen for this experiment because it enabled more stream-
lined testing of the pure material with fewer opportunities for contamination or air
exposure. Our reported compression-to-failure experiments on Li, S provide insights
towards understanding failure in Li-S cathode materials in a spatially resolved way.
The measured Young’s modulus of ~5 GPa is lower than expected given the report
of Sakuda et al., who measured the Young’s modulus of xLi,S - (100-x)P,Ss (x = 50-

80) glassy solid electrolytes via ultrasonic sound velocity measurements and found



38

logF vs. logd
Linear Fit

logF

1 1.5 2 2.5 3 3.5 4 4.5 5
log 4

Figure 2.10: Power law analysis of particle compression. Analysis of the power law scaling
exponent for load F vs. displacement ¢ of a characteristic particle compression. The slope of the
log(F) vs log(0) for the elastic region is 1.56, a deviation of only 4% from the scaling exponent of
1.5 predicted by the Hertzian contact model.

that these composites had Young’s moduli of 18-25 GPa, with Young’s modulus
increasing with higher Li,S content [105]. However, the compression results are not
entirely surprising given the agglomerated morphology of the powders tested. As
such, our reported Young’s modulus should be understood as a characteristic of the
elastic response of the agglomerated Li,S, rather than an intrinsic material property.
Interpreting the compression-to-failure results in the context of existing research on
stress induced during cycling in Li-S helps to shed some light on the mechanical
degradation that causes capacity fade. In the compression-to-failure experiments
in this work, Li;S agglomerate cracking occurred at an average contact pressure
of ~300 MPa, more than an order of magnitude larger than the measured nominal
stresses during battery cycling in the work of Zhang et al., who conducted multi-
beam optical stress sensing measurements on 70 um-thick film composite sulfur
electrodes and measured nominal in-plane film stresses of approximately +10MPa
during cycling [79]. This suggests that particle cracking is a negligible degradation
mechanism during Li-S cycling and highlights the need for spatially resolved in-situ
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stress measurements, particularly to understand the local stress states experienced by

Li;S particles and interfaces between active materials and conductive host materials.

2.5 Li-S battery summary and outlook

We developed emulsion stereolithography-based additive manufacturing process to
fabricate air sensitive Li-S cathode materials with feature resolution of 50 um, which
represents a threefold improvement in resolution over existing AM methods. This
technique is enabled by a unique combination of resin design to incorporate an
aqueous precursor into an organic resin via emulsification with the aid of surfac-
tants, DLP stereolithography, and post-lithography pyrolysis, and offers versatility
in form factors and geometry of the electrodes. Future research into the deformation
mechanisms of delamination and detachment of active materials from host materi-
als is warranted, with particular need for spatially resolved measurements of stress
evolution. This work paves a path forward for synergistically combining nanome-
chanical measurements for fundamental materials understanding with AM methods
capable of fabricating rationally designed electrode architectures to understand and

ultimately mitigate the problem of mechanical degradation in Li-S batteries.
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Chapter 3

HYDROGEL INFUSION ADDITIVE MANUFACTURING

Chapter Abstract
Additive manufacturing (AM) of metals can enable rapid development of advanced
parts with complex geometries, opening potential applications in the aerospace,
automotive, and biomedical fields. We report an AM process, coined ‘hydrogel in-
fusion additive manufacturing’ in which aqueous metal precursors are infused into
gels formed via vat photopolymerization, which are subsequently calcined and re-
duced to form metal structures. Our technique enables the use of a single photoresin
composition and varied post-processing conditions to fabricate a wide variety of
metals and alloys with microscale resolution and highly twinned microstructures
with annealing twin densities on the order of 10° m~!. We demonstrate fabrication
of microlattices with <50 um beam diameters formed from copper, nickel, silver, and
alloys thereof, as well as high entropy and refractory alloys. We found that during
the calcination process, the rate of mass loss associated with the exothermic com-
bustion of the gel scaffold must be controlled to form dense parts. Our simple and
compositionally flexible hydrogel-based approach to metal AM provides a pathway
to rapidly fabricate new classes of metals. In this chapter, we describe the develop-
ment and optimization of hydrogel infusion additive manufacturing (HIAM), using

copper as a model system.

This chapter has been adapted from:

1. Saccone, M. A."T; Gallivan, R. A."; Narita, K.; Yee, D. W."; Greer, J. R.T
Microscale fabrication of 3D multicomponent metals via hydrogel infusion.
In review 2022. Preprint DOI: 10.21203/rs.3.rs-1108933/v1.

Contributions: M.A.S conceived and designed the experiments, designed the pho-
toresin, fabricated samples, performed material characterization, and wrote the

manuscript.
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3.1 Introduction: Metal AM

Metal additive manufacturing (AM) enables the production of high value and high
performance components [107, 108] for aerospace [109, 110], automotive [111,
112], and biomedical applications [113, 114]. Layer-by-layer fabrication circum-
vents the geometric limitations of traditional metalworking techniques, allowing
topologically optimized parts to be made rapidly and efficiently [115-117]. In
particular, high resolution AM is needed in applications where weight savings are
critical such as in flapping-wing microrobots [118] (Figure 3.1) and in applica-

tions that require very fine features, such as micro electromechanical systems [119]
(MEMS, Figure 3.2)

a b

1cm

Figure 3.1: Flapping-wing microrobots. a, The 19 mg Nano hummingbird, and b, the 80 mg
RoboBee. Adapted with permission from reference [118]. Copyright Nature Research.

Figure 3.2: MEMS gravimeter. A MEMS device capable of measuring Earth’s tides. a, SEM
image showing the fine detail, and b, optical image showing overall device design. Scale bars: a,
500 um; b, 5 mm. Adapted with permission from reference [119]. Copyright Nature Research.
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3.1.1 State of the art metal AM

Existing techniques for metal AM rely on thermally initiated melting or sintering
for part shaping, a costly and material-limited process. This is mostly achieved
powder bed fusion (PBF) and directed energy deposition (DED) processes, which
make use of equipment often costing more than $100,000. Aluminum, magnesium,
and titanium can be reliably produced [108, 120—122] but often suffer from cracks
and interfacial delamination due to repeated melting and solidification [123-126].
These processes also struggle to produce materials such as copper and silver; high
thermal conductivity (>300 W/mK) and low laser absorptivity cause difficulties in

thermal initiation and localization of melting or sintering [127, 128].

3.1.2 Alternative AM approaches

A promising alternative class of techniques is vat photopolymerization (VP), which
uses light-initiated free radical polymerization to shape parts. Digital light process-
ing (DLP) accomplishes this by projecting 2D images of UV light into a photoresin
bath to cure an entire layer of the 3D structure simultaneously. DLP is capable of
high volumetric throughputs of up to 100 L/hr with a resolution of ~50 pm, [17,
19] and has found varied commercial applications in the direct manufacturing of
shoe soles [129], dental molds [130], and COVID-19 test swabs [131]. Strategies
for forming functional materials via VP were discussed in Section 1.3.4; other less
common techniques such as direct ink writing (DIW) and material jetting (MJ) use,
respectively, extrusion from a nozzle, and controlled deposition of a binder to define
part shape. These methods circumvent the challenges of using heat to define part
shape but struggle in other ways. Copper materials have been fabricated via DIW
[132] and MJ [133], but neither of these techniques have been able to fabricate cop-
per parts with feature sizes under 100 um. These methods, like prior VP methods,
require re-optimization based on the desired precursor; DIW requires tuning ink
compositions to achieve a shear-thinning character, and MJ is sensitive to initial

powder characteristics.

3.2 Hydrogel infusion additive manufacturing overview

We developed a VP-based AM technique, coined hydrogel infusion additive manu-
facturing (HIAM), which enables fabrication of a wide range of previously inacces-
sible microscale metals and alloys from a single photoresin composition and simple
post-processing treatments. We use 3D architected hydrogel scaffolds as platforms

for subsequent in-situ material synthesis reactions, shown schematically in Figure
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3.3a. 3D-sculpted hydrogels are infused with metal precursors, then calcined in air
and reduced in forming gas (5 vol% H; in N;) to convert the infused hydrogel scaf-
folds into miniaturized metal replicas. This approach represents a paradigm shift in
VP; the material is selected only after the structure is fabricated. Unlike existing
VP strategies, which incorporate target materials or precursors into the photoresin
during printing [29, 30, 134], HIAM does not require re-optimization of resins and
curing parameters for different materials, enabling quick iteration, compositional
tuning, and the ability to fabricate multimaterials. We demonstrate AM of metals
with critical dimensions of ~40 um that are challenging to fabricate using conven-
tional processes. Optical images of each stage in the HIAM process for Cu metal

are shown in Figure 3.3b.
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Figure 3.3: Hydrogel infusion additive manufacturing schematic. a, A 3D-printed organogel
is converted to a hydrogel after solvent exchange in water, then infused with aqueous precursors.
The infused 3D hydrogel is converted to an oxide after calcination at low pressure in air, and then
converted to a metal after reduction in H, b, HIAM process applied to copper, in which the aqueous
precursor is copper nitrate. To fabricate copper, hydrogel structures were soaked in a 2M copper
nitrate solution at 70 °C for 24 hours, followed by calcination at 700 °C (50 sccm air flow) and
reduction at 900 °C (150 sccm forming gas flow).

3.2.1 Resin design

We designed the photoresin to consist of equal volume fractions of PEGda binder and
DMF solvent. We found this composition to be optimal in terms of the mechanical
stability of the as-printed part and the amount of free volume within the structure
to allow substantial infiltration of metal salts. See Section 3.3 for a discussion
of how the resin was optimized. DMF was chosen as a diluent because it has
a low vapor pressure, which minimizes solvent evaporation during printing, is
miscible with water, which allows for fabrication of DMF-based organogels that

undergo solvent exchange to form hydrogels. DMF is also compatible with numerous
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photoinitiators and UV blockers. Omnirad 379, Michler’s ketone and Sudan I
were selected because of their photoactivity at the 405 nm wavelength of the DLP
laser and because they are comprised of only carbon, nitrogen, and oxygen atoms.
These molecules are converted to CO, and N, or NOx gases during calcination,
in contrast to commonly used phosphine oxide photoinitiators which can form
phosphorous oxide impurities during calcination, or water-soluble initiators such as
lithium phenyl-2,4,6-trimethylbenzoylphosphinate that are needed in fully aqueous
systems such as that of Yee et al. [65], which can retain impurities deriving from
alkali metal ions after calcination and reduction. The resin composition used for

this work is shown in Table 3.3.

3.2.2 DLP 3D printing of blank organogels

The DLP printing step defines the shape of the final part; the designed octet lat-
tice shape used throughout this work is shown in Figure 3.4. The DLP printing
parameters used are reported in Table A.2.

Perspective view Side view Top view

Figure 3.4: Designed octet lattice structure. The designed structure has beam of 200 um, W =L =
6.2 mm, and H = 3.2 mm. Seen from a, perspective view, b, side view, and ¢, top view.

3.2.3 Hydrogel infusion

After printing, a solvent exchange replaces DMF with water, converting the organogels
into hydrogels. The hydrogel structures are then soaked in a metal salt precursor
solution to allow metal ions to swell the hydrogel scaffold. Typically, gels were
infused for 24 hours on a hot plate at 70 °C.

3.2.4 Thermal treatment

Calcination in air converts the metal salt-swollen hydrogels to metal oxides, and
subsequent reduction in forming gas (95% N, 5% H,) yields metal or alloy replicas
of the designed architecture. Throughout the process, the part shape, defined during

DLP printing, is maintained, with each dimension undergoing ~60-70% linear
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shrinkage, with a concomitant ~65-90% mass loss during calcination depending
on the constituent materials (see Table A.6 for shrinkage and mass loss several

materials).

3.2.5 Chapter summary

The conversion of metal salts within polymer scaffolds to metal oxides and their
subsequent reduction to metals and alloys is a general process, requiring only that the
target material has water-soluble precursors and that the intermediate oxide formed
after calcination can be reduced by hydrogen gas. In this chapter, we restrict our
focus to process optimization for copper metal, from which many of the general
principles of HIAM can be understood; we delve into the wide array of materials
able to be fabricated in Chapter 4.

3.3 Process optimization

An ideal photoresin for hydrogel infusion additive manufactuting is easily printable,
mechanically stable, and able to be swollen with aqueous precursor solutions. We
used polyethylene glycol diacrylate (PEGda) as a binder, inspired by previous work
on aqueous photoresins with metal salts incorporated into the resin [30, 135].
Process development was conducted for both Norrish Type I and Norrish Type
IT photoinitiators, discussed below.

3.3.1 Early resins: Norrish type I initiation

Initially, we chose Mayzo OB+ as a UV blocker, and TPO-L as a photoinitiator,
inspired by the workhorse PR-48 standard clear prototyping resin (see Appendix
Table A.1 for PR-48 composition). Finally, we chose dimethylformamide (DMF) as
a solvent because it has a low vapor pressure, which minimizes solvent evaporation
during printing, is miscible with water, which allows for fabrication of DMF-
based organogels that can undergo solvent exchange to form the hydrogels, and is

compatible with numerous photoinitiators and UV blockers.

After several (9) iterations of this blank resin, the following formula, known as
BL9, was reached, which had excellent printability and mechanical stability, but
was kinetically limited during infusion. The components of BL9 are described in
Table 3.1. To prepare blank resin (BL9), 359.8 mg OB+ was added to 35 mL. DMF
in a centrifuge tube, and then mixed on high (~1500 rpm). To get the remaining
OB+ to dissolve, the centrifuge tube was placed on a 70 °C hot plate for 30 min, after
which all the OB+ had dissolved without further stirring. Then 535.0 mg TPO-L



46

was added as a liquid to the centrifuge tube and vortex mixed for 5 min to combine.
Finally, the contents of the centrifuge tube were poured into a glass jar containing
120g PEGDA 575. The low viscosity DMF solution was easily incorporated into
the PEGDA 575 by swirling the glass jar.

Component Purpose Amount
N,N-dimethylformamide (DMF) Diluent 35 mL
Poly(ethylene glycol) diacrylate .

M, =~ 575 (PEGda) Binder 120 mL
TPO-L Photoinitiator 535.0 mg
Mayzo OB+ UV blocker 359.8 mg

Table 3.1: Organogel blank resin BL9 components.

3.3.1.1 3D Printing

Architected blank organogel structured were fabricated via digital light processing
(DLP) stereolithography in a commercial 3D printer (Autodesk Ember). Approxi-
mately 100 mL of blank resin was used per print. The structures as designed were
octet lattices consisting of a 4 x 4 x 2 array of unit cells, with beam diameters
ranging from 250 um to 500 um. The overall part dimensions of the 500 um beam
diameter parts were designed to be able to fit inside of a 20 mL scintillation vial
during swelling. The exposure parameters varied slightly with resin composition
and tray age (due to PDMS window clouding), but were ~4.25 sec per layer. For all
prints, slow approach/separation slide rotation of 0.5 rpm on the first layer and 1 rpm
on subsequent layers was used to minimize shear forces on the delicate organogel
structures. After printing, organogel structures were rinsed with IPA while still ad-
hered to the build head, then carefully detached using a razor blade inclined nearly
parallel to the build head surface. Some organogel structures were further rinsed in
IPA for a total of ~15 minutes. After rinsing, organogel structures were dried and

massed.

3.3.1.2 Infusion

Organogel structures were added to aqueous salt solutions of varying concentrations.
The structures were swelled at 25 °C, 40 °C, or 70 °C for varying durations. After
swelling, excess water in the pores of the structures was removed by blowing nitrogen

gas. The structures were then massed.
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3.3.1.3 Thermal treatment

The swelled organogel structures were calcined in a tube furnace (MTI OTF-1500X)
in a dedicated quartz tube. During calcination, compressed air was flowed through
the tube at a flow rate of 50 sccm while a vacuum pump evacuated the tube. The
equilibrium pressure of air in the tube was ~8 Torr. During reduction, forming gas
(95% N3, 5% Hj) was flowed at 100 sccm. Temperature profiles are provided in
Table 3.2. The temperature profile for the 250 um beam diameter (BD) samples
was slightly modified to speed up the furnace run, but shares many of the same

characteristics as the 400 um BD profile.

Calcination (400 um BD) Calcination (250 um BD) Reduction (both)

.25 °C/min to 500 °C .25 °C/min to 400 °C 3 °C/min to 900 °C

1 °C/min to 700 °C 1 °C/min to 700 °C 3 hour isothermal

5 hour isothermal 3 hour isothermal 3 “C/min o room
temp.

1 °C/min to room temp. 2 °C/min to room temp.

Table 3.2: Heating profiles for infused BL9 gels.

3.3.1.4 Characterization

Lattices were imaged using an SEM (FEI Versa 3D DualBeam). Cross sections of
the lattices were milled using a gallium focused ion beam (FIB) at an accelerating
voltage of 30 kV and 50 nA current, while cleaning of the cross sections was done
via FIB at 16 kV and 25 nA current.

3.3.1.5 Kinetic study of infusion in BL9 gels

A swelling experiment was conducted to understand the effect of swelling solution
concentration on final structure morphology in BL9 gels. Blank octet lattices with
beam diameters of 250 um or 400 um were swelled with aqueous copper nitrate
solutions of varying concentrations from 1M to SM. All samples were swelled at 70
°C, and the 250 um samples were swelled for 36 hours while the 400 um samples
were swelled for 24 hours. Swelling organogel structures in higher concentration
salt solutions tended to produce swelled structures that were darker in color, as well
as slightly larger. A representative series from 1M to 5M for 400 um BD is shown
in Fig 3.5.

The swelling ratios of the BL9 structures as a function of swelling concentration is

reported in Fig 3.6. The consistently lower swelling ratios for the 400 um lattices
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Figure 3.5: Concentration series for BL9 gels infused with copper nitrate. Post-swelling con-
centration series for 400 um BD octet lattices, swelled at 70 °C for 24 hours.

indicate a diffusion limitation in the 400 um lattices compared to the 250 um lattices.
This result is consistent with thinner beams in the 250 um lattice, as well as the fact
that the 250 um lattices were swelled for a 50% longer duration. A characteristic
swelling time 7 is given by 7 = L?/D where L is a characteristic length and D
is the diffusivity. With this understanding, 7400/ 7250 = 2.56, so we should expect
that the swelling ratios would be equal if the 400 um BD lattices were allowed
to swell for 2.56x the amount of time as the 250 um lattices. While this is not a
particularly unusual finding, it does contradict an assumption we had made that 24hr
would lead to equilibration of the swelled structures. Instead, this analysis implies
that the systems may not have equilibrated even after 24+ hours. This finding also
has implications on the morphological results which will be discussed in the next

section.

3.3.1.6 Morphology of reduced BL9 gels

After swelled organogel lattices were calcined and reduced, they were imaged in
the SEM. FIB/SEM was used to investigate the porosity of the nodes and beams by
creating a notch in the center of a node. The results of FIB milling the nodes for

several copper lattices that were printed with 400 um BD are presented in Fig 3.7.

It is clear from these images that all of the nodes have a large pore in the center or
could simply be considered as shell structures. The shell thickness ranges from a
few microns to 10s of microns and seems to reach a maximum somewhere between
2M and 3M swelling concentration. These large voids are not likely the result of
gas formation during the combustion process. In the previous section, it was shown
that the 400 um BD samples were likely diffusion-limited during swelling. If the
copper nitrate precursor was unable to fully diffuse to the center of the nodes, voids

would form there. This seems plausible given that at nodes there is much less access
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Figure 3.6: Swelling ratios for BL9 gels infused with copper nitrate. The 36 hr infusion into
a structure with a smaller beam diameter has conisistently higher swelling ratios than the 24 hr
infusion, suggesting a diffusion limitation in the 400 um BD system.

1M oM 2.67 M 3M 4M

Figure 3.7: FIB cross-sections of BL9 copper lattices. Reduced copper lattices from concentration
series for 400 um BD octet lattices. All swelled at 70 °C for 24 hr.
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to solution compared to at beams. Another factor that could contribute to the void
formation is the degree of shrinkage of the organogel sample during calcination
and reduction. It was observed that the samples swelled at lower concentrations
(1IM-2M) tended to shrink more, while samples swelled at higher concentrations
(3M-5M) were roughly similarly sized. One hypothesis regarding the void formation
is that during calcination the samples shrink until the resulting copper oxide forms
a percolating network that is mechanically robust enough to support itself. Lower
concentration samples may take longer to form this percolating network and therefore

densify further. Further experiments would be needed to confirm this hypothesis.

In an attempt to reduce the size of the voids at nodes, new samples were printed
with beam diameters of 250 um and swelled with concentrations from 1M to SM
in copper nitrate solution. As discussed earlier, these samples were less diffusion-
limited than the 400 um samples, although it was not confirmed whether they were

fully equilibrated during swelling. The morphology of the 2M sample is presented

in Figure 3.8.

Top view Top view Top view Tilt view

Top view of FIB Cleaned node FIB  Zoom node FIB Side of FIB cut (not Rear of FIB cut (not
cleaned) cleaned)

Figure 3.8: FIB cross-sections of 250 um BL9 copper lattice. Reduced copper lattice swelled at
2M from 250 um BD octet lattice series, swelled at 70 °C for 36 hr.

The reduced 250 um sample has beams with <100 um diameter, and is much denser
within the nodes, with only a few small pores. Interestingly, there is a large horizontal

pore that could be a result of the collapse of the top surface of the node.

3.3.2 Norrish type II initiation resins

A second iteration of resins were designed that relied on Norrish type II initiation.
Omnirad 379, Michler’s ketone and Sudan I were selected because of their photoac-
tivity at the 405 nm wavelength of the DLP laser and because they are comprised of

only carbon, nitrogen, and oxygen atoms. These molecules are converted to CO; and
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N, or NO, gases during calcination, in contrast to commonly used phosphine oxide

photoinitiators which can form phosphorous oxide impurities during calcination.

We designed the photoresin to consist of equal volume fractions of PEGda binder,
and DMF solvent. We found this composition to be optimal in terms of the me-
chanical stability of the as-printed part and the amount of free volume within the

structure to allow substantial infiltration of metal salts.

The ultimate composition of the blank resin (lovingly known as ‘BL50’—our blank
resin with 50% solvent) is shown in Table 3.3. The component amounts shown
here are scaled to create ~70 mL resin, the minimum amount needed to print on the
Autodesk Ember 3D printer.

Component Purpose Amount
N,N-dimethylformamide (DMF) Diluent 35 mL
Poly(ethylene glycol) diacrylate Mn~= 575 .

(PEGda) Binder 35mL

2-dimethylamino-2-(4-methyl-benzyl)-1-(4-
morpholin-4-yl-phenyl)-butan-1-one

(Irgacure 379) Photoinitiator 347 mg
bis[4-(dimethylamino)phenyl]methanone
(Michler’s Ketone)
1-(phenyldiazenyl)naphthalen-2-ol (Sudan I) UV blocker 10.3 mg

Sensitizer 229 mg

Table 3.3: Organogel blank resin BL50 components.

3.3.2.1 Resin preparation

28 mL N,N-dimethylformamide (DMF; Sigma Aldrich, >99.9%) was mixed with 35
mL poly(ethylene glycol diacrylate) Mn = 575 (PEGda; Sigma-Aldrich). Separately,
347 mg 2-dimethylamino-2-(4-methyl-benzyl)- 1-(4-morpholin-4-yl-phenyl)-butan-
1-one (Irgacure 379; iGM Resins), 229 mg bis[4-(dimethylamino)phenyl Jmethanone
(Michler’s ketone; Sigma-Aldrich) and 10.3 mg 1-(phenyldiazenyl)naphthalen-2-ol
(Sudan I; Sigma-Aldrich) was stirred into 7mL of DMF. This solution was then
added to the DMF/PEGda mixture and swirled until completely homogenous.

3.3.3 3D printing and post-processing

The resin was formed into 3D organogel structures using a commercial 405 nm
wavelength DLP 3D printer (Autodesk Ember). Lattice structures were designed
consisting of octet lattices with 200 pm beam diameter and 1.5 mm unit cell size

(see Figure 3.4). The specific octet lattice geometry was chosen because these
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lattices are known to be stiff, with deformation arising from stretching-dominated
mechanisms [136]. This allows the printed gel structures to retain their shape during
printing better than for bending-dominated structures, which is helpful for printing
soft organogel structures. Additionally, at the edges of the structure, the octet unit
cell is terminated halfway through the unit cell to remove the presence of sharp

features at the part corners, which are easily damaged during post-processing.

3.3.3.1 Printing

Parameter Setting

UV wavelength 405 nm

Layer thickness 50 um
Exposure time 6.5s —7.5s"
Tray rotation speed 0.5 — 1.5 rpm*

Table 3.4: BL50 DLP printing and post-processing parameters.

“Exposure times varied slightly based on the age of the PDMS window through which UV light is
projected, and the age of the photoresin.

#0.5 rpm for first layer to ensure good build plate adhesion, 1.5 rpm for the rest of the model layers.

3.3.3.2 Washes

After printing, the organogel lattices are yellow in color due to the presence of the
UV blocker Sudan I. To remove unreacted photoresin components, each 3D printed
organogel structure was soaked in DMF for 1 hr on a hot plate at 70 °C. After the first
DMF rinse, the DMF was decanted, and organogel was soaked again in fresh DMF
for 1 hr at 70 °C. After this process, the lattice appeared clear. Subsequently, each
organogel structure was soaked in deionized (DI) water for 1 hr at 70 °C, followed
by a second soak in fresh DI water for 1 hr at 70 °C to convert the structures
from organogel lattices to hydrogel lattices. The solvent exchange step is needed
to remove residual DMF in the structure, which can lead to formation of porosity
upon calcination and reduction (see Figure 3.9). The presence of DMF can also
cause precipitation of the metal salt during the swelling process, leading to an

inhomogeneous distribution of the metal precursors.

3.3.3.3 Infusion and post-processing

After washing, hydrogel lattices were dabbed dry (to remove water trapped in pores),
but were not fully dried (water remained in the hydrogel structure). The hydrogel
lattices were then infused with a 2M solution of copper nitrate for 24 hours at 70 °C.



53

During calcination, a slow ramp rate of 0.25 °C/min was applied up to 700 °C with
a 3 hour isothermal hold, with vacuum being pulled and a 50 sccm air flow. During
reduction, the ramp rate was 3 °C/min up to 900 °C with a 6 hour isothermal hold,

with 150 sccm of forming gas flowing and vacuum being pulled.

Figure 3.9: Porosity in copper structure when H,O solvent exchange step is omitted. Sample
was calcined at 700 °C using .5 °C/min heating rate, reduced at 900 °C with 3 °C/min heating rate.
Scale bar: 50 pm.

3.4 Characterization of HIAM-derived copper

Once the HIAM process was optimized, we were able to reliably fabricate copper
microlattices. This section focuses on the characterization of those copper micro-
lattices. We sought a complete understanding of both the HIAM process and the
materials it can produce via structural, chemical, morphological, microstructural,

and mechanical characterization.

3.4.1 Structural characterization

The external and internal morphology of the metal microlattices were investigated
by scanning electron microscopy (SEM; FEI Versa 3D DualBeam) at an accelerating
voltage of 10-20 kV. Gallium focused ion beam (FIB) milling was performed in the
same instrument to mill lattice cross-sections using an accelerating voltage of 30 kV
and a current of 50 nA. FIB cleaning of the cross-sections was performed using an
accelerating voltage of 16 kV and a current of 25 nA.

SEM imaging reveals that Cu samples maintained their octet lattice shape during
thermal treatment, with beam diameters of ~40 um. Using the FIB to mill out

representative cross-sections in the lattice nodes, we observed that these materials
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were dense and relatively defect-free. The Cu showed a few < 5 pm-diameter pores

and a lamellar crack (Figure 3.10d).

a

Figure 3.10: Morphology of Cu microlattice. SEM images of Cu lattice showing a, multiple
unit cells (top view), b, a single node (top view), ¢, a single node (52 °tilt view), d, FIB-milled
cross-section showing the internal structure of a node (52 °tilt view). Scale bars: a, 200 um; b,c, 50
pm; d, 25 pm.

3.4.2 Grain size analysis
To analyze the distribution of grain sizes present in HIAM-derived copper, grain

boundaries were identified visually, and traced (see Figure 3.11).

The traced grain boundaries were then analyzed in ImagelJ via the following proce-
dure:

1. Set scale based on horizontal field width (HFW).
2. Invert image to create dark background.
3. Make binary.

4. ‘Analyze particles’ command.
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Figure 3.11: Copper microlattice with traced grains. a, SEM image of Cu lattice and b, grain
boundaries identified on Cu lattice from a. Scale bars: a,b, 50 pm.

When using the Analyze Particles command in ImagelJ [137], all enclosed regions
were considered a grain. Grains that terminated on an edge were not considered in
the analysis. Since real grains grains are not circular, grain diameter is reported as

the diameter of a circle with the same area as the grain: d = (47’4)1/ 2,

The grain size analysis results for copper are reported in histograms in Figure 3.12.
HIAM-derived Cu has an area-weighted average grain size of 13.74 + 8.43 um (n =
246).
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Figure 3.12: Grain size distribution for HIAM-derived Cu. a, Grain size distribution for Cu and
b, area-weighted probability density for Cu grain sizes.

3.4.2.1 Electron backscatter diffraction analysis

With the z-direction and build direction aligned, metal lattice samples were loaded
into an Oxford EBSD System in a Zeiss11550VP SEM and are imaged using a 120
um aperture at 20 kV. Data analysis for the Kikuchi maps was done in AztechHKL

software. All maps display the inverse pole figure in the z-direction.
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3.4.3 Chemical characterization

We investigated the chemical composition of the metal microlattices using X-ray
diffraction (XRD), energy dispersive X-ray spectroscopy (EDS), thermogravimetric
analysis (TGA), and differential scanning calorimetry (DSC) to understand the
chemical and microstructural evolution of these materials during calcination and

reduction.

3.4.3.1 EDS analysis

Elemental analysis was performed in the FEI Versa 3D DualBeam SEM using
energy-dispersive X-ray spectroscopy (EDS; Bruker Quantax 200, XFlash 6|60
detector), with an applied voltage of 20 kV. Energy dispersive X-ray spectroscopy
(EDS) mapping showed homogenous distribution of Cu in the Cu lattice, as well as
the presence of small SiO; particles that result from contamination from the quartz

furnace tube and/or the mullite boats in which samples are calcined and reduced.
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Figure 3.13: Cu EDS analysis. a, EDS spectrum with quantification table (inset) and b, EDS maps.
Scale bar: b, 50 pm.

3.4.3.2 XRD analysis

Powder X-ray Diffraction (XRD; PANalytical X’Pert Pro) data was collected using
a Cu K, source at 45 kV and 40 mA. Samples were either ground into powders or
flattened and attached to an amorphous zero-background sample holder using clay
prior to XRD analysis.

Calcination of metal nitrate salt-containing gels in air (700 °C, 50 sccm) produces
metal oxide replicas of the architectures. After calcination of a Cu precursor gel,

the XRD pattern of the resulting material matches the pattern of monoclinic CuO
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(Figure 3.14a). After reduction of the oxide material in forming gas (700 °C, 150
sccm), the XRD pattern of the resulting material matches the pattern of face centered
cubic Cu metal. Notably, no remaining oxide phase is detected via XRD analysis,
suggesting full conversion of CuO to Cu during the reduction step. We observe
peak splitting attributed to K,1/> splitting in the reflection at 20 = 74°, which

characteristically becomes exacerbated at high diffraction angles.

a b

After calcination

CuO ref. Cu ref.
ICSD #16025 Lo ICSD #16025 |

20 25 30 35 40 45 50 55 60 20 30 40 50 60 70 80
20 20

Intensity (a.u.)
Intensity (a.u.)

Figure 3.14: Cu XRD analysis. XRD patterns for a, calcined Cu gel showing presence of CuO, and
b, reduced sample showing conversion of CuO to Cu.

3.4.3.3 Thermal analysis: TGA & DSC

Thermogravimetric analysis (TGA; TA Instruments TGA 550A) was performed by
heating samples to 700 °C at a rate of 1 °C/min in an air flow of 25 mL/min while the
mass of the sample was continuously measured. Differential scanning calorimetry
(DSC; TA Instruments DSC 25) was performed by heating samples to 700 °C at
a rate of 1 °C/min in an air flow of 25 mL/min while heat flow to the sample was
continuously measured.

The results of these expermiments are shown in Figure 3.15. The Cu and precursor
gel retains 12.7% of the original mass, reaching completion between 370 °C and
380 °C, indicated by mass stabilization at full conversion. The derivative of sample
weight with respect to temperature, dW/dT, shows the region of highest mass loss
rate of 1 wt.%/°C that occurs at 353 °C. Figure 3.15b contains the DSC profile of a
Cu precursor gel heated in air at 1 °C/min. An exothermic event begins at 235 °C,

reaching a maximum heat flow of -1.5 W/g at 308 °C.

3.4.3.4 Measuring carbon content via EDS and TEM

Quantifying trace amounts of carbon in metals is difficult. Notably, EDS struggles

to quantify light elements, and often requires high accelerating voltages (a rule of
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Figure 3.15: Cu thermal analysis. a, TGA data for calcination of Cu gel at 1 °C/min in air to 700
°C. b, DSC data showing heat transfer from Cu gel during calcination at 1 °C/min in air, showing a
significant exothermic event around 300 °C.

thumb is 2x the energy of the probed transition). With the understanding that a
quantitative analysis on C content via EDS will never be exact due to 1) the presence
of adventitious carbon and 2) the inability for EDS to quantify light elements well,
we aimed to investigate whether any carbon remained from un-combusted PEGda.
To do so, we combined results from SEM EDS at high and low accelerating voltages,
as well as TEM EDS.

We compared the EDS spectra of HI-derived CusoNisg using accelerating voltages
of both 20 kV and 5 kV (see Figure A.5). The comparison shows that high accel-
erating voltage is needed to excite Ko X-rays in Cu and Ni (and achieve accurate
quantification of Cu and Ni), but that at high voltage, the C peaks are obscured in
the spectrum, leading to difficulty in quantifying C. At lower accelerating voltage,
quantification shows 1.69 wt% C, which may be due to adventitious carbon. Ulti-
mately, higher resolution techniques were needed to fully investigate the presence
of carbon in these materials. We performed TEM analysis, including EDS, on
HI-derived Cu (see Figures 3.17 and 3.18). The TEM analysis does not show any
obvious amorphous regions indicative of remaining carbon, and EDS mapping at
high resolution shows that the largest source of carbon is also the aluminosilicate

inclusions, a result of contamination from the furnace tube.

3.4.4 Microstructural and mechanical characterization

For the processing conditions reported here, HI-derived copper is microcrystalline,
with randomly oriented micro-grains that are densely populated by annealing twins
which generally form as the result of crystalline defects during grain growth or grain
boundary motion [138]. The presence of micron-scale twinned regions in Cu is seen
clearly in Ga* ion-channeling images (Figure 3.16a, yellow arrows point to twins)

and electron backscatter diffraction (EBSD) maps (Figure 3.16b). The presence
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and quantity of annealing twins has implications for the mechanical behavior of

HI-derived metals during nanoindentation, discussed further in Section 3.4.4.3.

3.4.4.1 Microstructural characterization

HI-derived materials have high crystallographic twin densities [139], defined as the
length of twin boundary per cross-sectional area. Cu has a twin density of ~1.7x10°
m! with each grain containing on average 4.8 twin boundaries, and 88% of all grains
containing at least one twin boundary. Additional twinning statistics as measured
by EBSD are reported in Table A.3.

Figure 3.16: Cu microstructural characterization. a, Ga+ ion-channeling image and b, EBSD
maps of Cu show high densities of annealing twins. Cu has a complex micro-grained structure and
multiple twinned regions within grains denoted by yellow arrows. Scale bars: a, 50 um; b, 20 um;

3.4.4.2 TEM analysis

Lamellae with thicknesses of <100 nm were prepared for transmission electron mi-
croscopy (TEM) using a liftout procedure in an SEM (FEI Versa 3D DualBeam) by
Rebecca Gallivan. The top surface of the liftout region was protected with a ~100
nm-thick layer of platinum (Pt) deposited via a gas injection system (GIS), followed
by a ~400 nm-thick layer of Ga* FIB-deposited Pt in the same chamber. Next, a
Ga* ion beam was used to carve out trenches into the substrate forming a U-cut to
free the ~1 um-wide metal lamella base from the rest of the substrate. A tungsten
needle (EZIift program) was attached to the lamella with FIB-deposited Pt before
being cut free of the sample and transferred to a copper halfmoon grid. The lamella
was attached to the Cu grid with FIB-deposited Pt and the tungsten needle was cut
away to free the sample. After detaching the tungsten needle, a series of FIB cuts
with a decreasing Ga* voltage/current (30 kV/100 pA; 30 kV/10 pA; 16 kV/23 pA)

were used to progressively thin the cross-section of the lamella structure to <100
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nm. TEM imaging was performed in a Jeol JEM-2800 TEM with a 200 kV beam
with Mingjie Xu at the UC Irvine Materials Research Institute.

TEM analysis of HI-derived Cu (Figure 3.17) shows twins in more detail. We
observe that grain boundaries and twin boundaries are well-formed, with no voids
at triple junctions, and no observable secondary phases (i.e., unreduced CuO or
amorphous carbon) besides the presence of aluminosilicate inclusions (see Figure
3.18 for TEM EDS) that result from contamination from the furnace tube. The inset
of Figure 3.17 shows the diffraction pattern corresponding to FCC Cu, along the

[311] zone axis.

a

Figure 3.17: Cu TEM characterization. a, TEM images of Hl-derived Cu show well-formed
grain boundaries, and some aluminosilicate inclusions. FCC copper is observed from the diffraction
pattern in the inset of a. b, TEM image of a twin boundary and aluminosilicate inclusion. Scale
bars: a, 2 um, inset 10 nm~'; b, 500 nm.

3.4.4.3 Nanoindentation

Samples were prepared for nanoindentation by mounting them in acrylic (Beuhler
SamplKwik) and curing for 12 hours in silicone molds. The samples were polished
first with 300 grit until the metal structure was exposed. The samples then were
polished with 600 grit, followed by 1200 grit and subsequently a 0.25 pym grit
suspension (Beuhler MetaDi Polycrystalline Diamond Slurry). Indentation was
performed on an Agilent G200 Nano Indenter with XP module using a Berkovich
tip with an area function given by A = 24.5h” + 688h. Samples were indented at
1073 strain rate to a maximum depth of 1 um, followed by a 2 second hold and
subsequent unloading. Grain sizes were determined via SEM image analysis that
consisted of tracing grains on the surface of the sample and using ImageJ to analyze
the resulting shapes. These values were corroborated by EBSD mapping analysis

of grain size.



61

-
Figure 3.18: Cu TEM EDS characterization. TEM EDS analysis shows a 200 nm diameter
aluminosilicate inclusion. Scale bar: 250 nm.
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Figure 3.19: Cu nanoindentation analysis. Nanoindentation hardness of HI-derived Cu is higher
than reference nanoindentation data [140—142] and extrapolated Hall-Petch grain size scaling (dashed
lines show correction for effect of twin-induced hardening). Error bars show standard deviations of
grain size and nanoindentation hardness, where available. Sample size: Cu hardness, n = 22; Cu
grain size, n = 246.
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3.5 Hydrogel infusion additive manufacturing summary and outlook

In this chapter, discussed the development of the HIAM technique, and showed how
it can be applied to fabricate copper microlattices with high resolution. In the next
chapter, we extend our investigation of HIAM to other material systems, and explore

alloys and other esoteric materials.
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Chapter 4

VERSATILE AM: ADDITIONAL MATERIALS

Chapter Abstract
In the previous chapter, the development of the HIAM process and its optimization
for copper metal was described. Here, we show that this method can easily be

expanded to make other materials, including other metals, oxides, and alloys.

This chapter has been adapted from:

1. Saccone, M. A.""; Gallivan, R. A."; Narita, K.; Yee, D. W."; Greer, J. R."
Microscale fabrication of 3D multicomponent metals via hydrogel infusion.
In review 2022. Preprint DOI: 10.21203/rs.3.rs-1108933/v]1.

Contributions: M.A.S. conceived and designed the experiments, designed the
photoresin, fabricated samples, performed material characterization, and wrote the

manuscript.
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4.1 Introduction: Hydrogel infusion, beyond copper

Compared to existing techniques which include precursors in the resin or introduce
precursors through chemically directed swelling, HIAM enables facile traversing of
a much larger compositional space, and significantly reduces the burden on resin
design and/or developing conjugation chemistry, which may differ depending on the
desired precursor. To demonstrate the versatility of HIAM compared to previous
gel-based VP AM techniques [30, 34, 135], we fabricated a variety of materials
in addition to copper, including common metals nickel, silver, and alloys thereof
(Section 4.2), as well as more esoteric materials such as a CuNiCoFe high entropy
alloy and the refractory alloy W-Ni. We also fabricated metallic multimaterials,
described in Section 4.6. Additional development was required for these materials;
fabrication and characterization of the CuNiCoFe high entropy alloy is described in
Section 4.3 and the W-Ni alloy is described in Section 4.4. Multimaterials including
Cu/Co and Cu/CuNi multimaterials, are described in Section 4.6. HIAM is also
distinguished by its ability to be parallelized, discussed in Section 4.5. Several
organogels can be printed simultaneously, swelled in separate solutions, and then
calcined/reduced together. This parallelization is impossible with any other form of
metal AM and is a direct consequence of the temporal separation of part shaping

and material choice.

4.2 More materials: Cu, Ni, Ag, and binary alloys

We fabricated a variety of materials in addition to copper, including common metals
nickel, silver, and alloys thereof, all from a single photoresin, using the same
processing conditions described in HIAM for Cu in Chapter 3. The branching
nature of the fabrication possibilities is shown in Figure 4.1. Additionally, some of
the data from the pure copper system will be recapitulated in this section in order to

compare the behavior of a pure metal to the behavior of a prototypical alloy (CuNi).

4.2.1 Structural characterization of Cu/Ni/Ag metals

The external and internal morphology of the metal microlattices were investigated
by scanning electron microscopy (SEM) and a Ga*-source focused ion beam (FIB).
SEM imaging reveals that all samples maintained their octet lattice shape during
thermal treatment (Figures 4.2a-c). Using the FIB to mill out representative cross-
sections in the lattice nodes, we observed that two of the pure metals, Ni and Cu,
were dense and relatively defect-free, with a few < Sum-diameter pores and lamellar

cracks highlighted by yellow arrows in Figure 4.2d (i, 1i1). The morphology of the
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Figure 4.1: HIAM process for Ni, Cu, Ag, and alloys demonstrates versatility for printing
common metals. a, A PEGda-/DMF-based 3D printed organogel structure (chemical components
pictured) is converted to a b, hydrogel replica after leaching out photoactive compounds and ex-
changing solvents in water. ¢, Metal salt swollen 3D hydrogels obtained after swelling in 2M salt
solutions, indicated by respective arrows, for 24 hours at 70 °C. d, Metal oxide structures formed
following the calcination of the metal salt swollen hydrogel structures at 700 °C in air. e, Metal and
alloy 3D structures formed by reduction of the CuO, CuO/NiO, and NiO structures at 900 °C and
the CuO/Ag structures at 700 °C in forming gas, or directly by calcination for the pure Ag structure.
Scale bars: a-¢, 2 mm; d, 1 mm; e, 500 um.
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CuNi alloy (Figure 4.2d (i1)) appeared to be dense and contains similar um-sized
spherical pores as pure Cu, with no observed lamellar cracks. The CuAg lattices
appeared to be fully dense and phase-segregated into Cu- and Ag-rich domains that
can be distinguished by ~5 um regions of differing contrast in Figure 4.2d (iv) (see
elemental maps in Figure 4.10); Ag lattices were porous and contain ~10 pm sized

sintered grains adjoined by 1-10 um-sized voids.

The Cu and CuNi samples contain fewer defects and pores compared with pure Ni
and Ag. The presence of defects and pores is correlated with higher maximum
dW/dT, quantified by TGA (see Table A.5). During calcination, samples undergo
~60-70% linear shrinkage and ~65-90% mass loss (see Table A.6), which drives
kinetic competition between part shrinkage and internal pore formation. These
findings indicate that rapid thermal decomposition inhibits global, isotropic part
shrinkage and causes the formation of internal voids and pores; controlling and
minimizing the rate of mass loss during thermal treatment steps is important for
fabricating high quality parts via the HIAM method, consistent with other debind-
ing processes. In practice, this necessitated slow ramping at 0.25 °C/min during

calcination, and calcining at low pressure (~6 Torr).

4.2.2 Chemical characterization of Cu/Ni/Ag metals
Additional chemical characterization was performed for the materials pictured in

Figure 4.1, discussed in the following sections.

4.2.2.1 EDS analysis

EDS analyses in Figure 4.3 of Cu and CuNi microlattices show that these materials
contain, by weight, 93% and 86% of the target materials, respectively. The balance
is made up of carbon, which is difficult to accurately quantify and likely includes

some adventitious carbon and aluminosilicate contamination from the furnace tubes.

This analysis shows that the atomic ratio of Cu:Ni in our CuNi material is 1.21:1,
or a stoichiometric composition of CussNigs. The deviation of alloy composition
from swelling solution composition is likely due to different affinities of PEGda with
the metal ions[143]. However, by adjusting the swelling solutions to account for
preferential incorporation of certain ions, target compositions can be achieved with
precision. For example, to target a CusoNisq alloy, we swelled a hydrogel precursor
in a 1:1.21 molar ratio of Cu(NO3),:Ni(NO3), at a total metal cation concentration
of 2M. After calcination and reduction, EDS analysis (Figure 4.4) showed that the



67

Figure 4.2: Structural characterization of additional HIAM metal lattices. a-c, SEM images of
metal or alloy octet lattices. Panel a shows multiple unit cells from the top. Panel b shows a single
node of the octet lattice from the top. Panel ¢ shows a single node of the octet lattice from 52°tilt.
Panel d shows a FIB/SEM cross section of internal node structure from 52°tilt. Yellow arrows point
to lamellar pores parallel to surface of node. Scale bars: a, 100 pm; b, ¢, 50 um; d, 25 pm.

stoichiometry of this cupronickel alloy (referred to hereafter as CusgNisg) was within

1% of the target composition, at Cusg 5Nigg 5.

4.2.2.2 XRD analysis

The XRD patterns shown in Figure 4.5a (see Figure 4.7 for additional materials’ XRD
patterns) show that the calcined Cu precursor gel, which contained Cu(NO3),, and
the CuNi precursor gel, which contained Cu(NO3),/Ni(NOs),, were fully converted
to CuO and CuO/NiO, respectively. Notably, the CuO/NiO XRD pattern shows the
presence of the individual NiO and CuO phases in the calcined material. Reduction
of these metal oxides in forming gas (900 °C, 150 sccm) converts the CuO and
CuO/NiO lattices to Cu and a homogenous CuNi alloy, respectively (Figure 4.5b).
While both CuNi and Cu have face centered cubic crystal (FCC) structures, the
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Figure 4.3: EDS data for Cu/Ni/Ag and alloys. EDS spectra for the metal microlattices shown
in Figure 4.1: a, Cu, b, CuNi, ¢, Ni, d, CuAg, and e, Ag. All EDS spectra were collected at the
surface of a microlattice, except the CuAg spectrum, which was collected from a Ga™ ion FIB-milled
cross-section, leading to a small Ga signal.
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Figure 4.4: EDS data for CusoNisgp. After adjusting the infusion step for CuNi, a, EDS analysis
shows that a CuNi alloy with composition Cusgs5Nisg5 was produced. EDS maps at b, 2.9kx
magnification and ¢, 50kx magnification show that there is no observable inhomogeneity at any scale
in the distribution of Cu and Ni. The variations in intensity in the EDS maps at lower magnification
in b are a result of surface morphology. Scale bars: b, 10 pm; ¢, 500 nm.
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single set of FCC reflections in the CuNi pattern shift to higher diffraction angles,
a result of decreased lattice spacing due to the incorporation of the smaller Ni atom

into the structure.
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Figure 4.5: XRD analysis of Cu and CuNi. a, XRD patterns of calcined gels: Cu(NO3), gel is
converted to CuO and Cu(NO3),/Ni(NO3), gel is converted to CuO/NiO. b, XRD patterns of oxides
reduced to parent metals: CuO is converted to Cu, and CuO/NiO is converted to a homogenous CuNi
alloy, as evidenced by the single set of FCC reflections.

XRD patterns for the Ni, Ag, and CuAg systems support the conclusions drawn
from the Cu and CuNi systems—that calcination converts the metal-nitrate-swollen
precursor gel to a metal oxide, and subsequent treatment with forming gas reduces
the metal oxide to the parent metal(s). Notable differences occur in the Ag and
CuAg systems. In both systems containg Ag, elemental silver is formed during
calcination, an unsurprising result given that silver nitrate is known to decompose to
metallic silver under these conditions [144]. Additionally, the CuAg system is phase
separated into Cu- and Ag-rich domains after reduction in forming gas, evidenced
by the presence of reflections corresponding to pure Ag and pure Cu in the XRD
patterns of 4.7d and the EDS maps in Figure 4.10. This is a result of Cu and Ag
being immiscible, evidenced by the phase diagram [145] (see Figure 4.6).

4.2.2.3 TGA and DSC analysis

Figure 4.8 contains TGA and DSC data for Cu and CuNi gels heated in air at 1
°C/min; equivalent data for Ni, CuAg, and Ag is provided in Figure 4.9. The Cu
and CuNi precursor gels, respectively, exhibit a similar mass loss profile to 12.7%
and 15.8% of the original mass, reaching completion between 370 °C and 380 °C,
indicated by mass stabilization at full conversion. The derivative of sample weight
with respect to temperature, dW/dT, shows the regions of highest mass loss rate
of ~1 wt.%/°C that occur at 353 °C for Cu and at 331 °C for CuNi. Guides are
placed at 110 °C, where initial dW/dT peaks occur for both Cu and CuNi, and 265
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Figure 4.6: Ag-Cu phase diagram. The phase diagram shows that at 700 °C, the annealing
temperature at which the CuAg samples are held, Cu and Ag are not miscible. Reproduced with
permission from reference [145]. Copyright Elsevier Science & Technology Journals 2009.

°C, where a subsequent dW/dT peak occurs for only Cu. Figure 4.8b contains DSC
profiles of Cu and CuNi precursor gels heated in air at 1 °C/min. Both gels exhibit
similar normalized heat flow profiles; exothermic peaks begin at ~235 °C for both
and reach a maximum heat flow of ~1.5 W/g at 308 °C for Cu, and -2.6 W/g at 304
°C for CuNi.

TGA and DSC analyses of Cu and CuNi calcination reveal that the water initially
bound to the hydrogel polymer network evaporates below ~100 °C, indicated by the
endothermic heat flow of ~ 0.25 W/g present in the DSC profiles of both materials
below 100 °C [146]. Multiple thermally induced processes occur simultaneously
upon further heating. For example, between 100 °C and 400°C, the Cu sample
undergoes 1) dehydration of Cu(NO3); - xH,O to anhydrous Cu(NO3),, 2) thermal
decomposition of anhydrous Cu(NO3);, 3) an exothermic combustion reaction [147]
in which the nitrate salt acts as an oxidizer of the PEGda (CygH460;3) polymer
network through the reaction Cu(NO3), + n(CoeHs6013) + (317-2.5) O —
CuO + 23 H,O + 2617 CO, + Ny, where 7 is the molar ratio of PEGda to nitrate
salt, and 4) thermal decomposition of PEGda.
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Figure 4.7: XRD analysis of additional Cu/Ni/Ag metals and alloys. X-ray diffraction patterns
after calcination of a, Ni gel, showing conversion to NiO, ¢, CuAg gel, showing conversion to a
mixture of CuO and metallic Ag, and e, Ag gel, showing conversion to metallic Ag. XRD patterns
after reduction of b, NiO, showing conversion to metallic Ni, and d, CuO/Ag, showing conversion
to phase separated Cu and Ag.
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TGA and DSC profiles of the CuNi samples suggest a similar process occurs as in
the pure Cu sample, with a distinction being that the copper nitrate and nickel nitrate

salts simultaneously decompose and act as oxidizers for polymer combustion.

Both Cu and CuNi precursor gels exhibit a strongly exothermic peak around 300 °C
that is attributed to the combustion of the PEGda polymer scaffold. The rates and
temperatures of maximum heat flow are -1.5 W/g at 308 °C for Cu, and -2.6 W/g
at 304 °C for CuNi (Figure 4.8b) and indicate that, during calcination, the CuNi
gel releases heat more rapidly. This finding is consistent with our observation that
the rate of maximum heat flow in the Ni gel is even higher, at -3.97 W/g at 333 °C
(Figure 4.9b). The onset of this exothermic event is similar for Cu and CulNi, (~235
°C), while the onset of the corresponding event in pure Ni occurs at a significantly
higher temperature of ~295 °C. This trend suggests that the heat released from the
exothermic combustion of the copper nitrate salt in CuNi is sufficient to quickly
increase the local temperature in the gel to the point where the nickel nitrate salt
also contributes to the oxidation reaction at an apparently lower temperature, as is

common in combustion synthesis [148].
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Figure 4.8: TGA/DSC analysis of Cu and CuNi. a, TGA profiles of metal ion-infused gels heated
to 700 °C in air at 1 °C/min reveal rapid mass loss events reaching maxima at 353 °C for Cu and 331
°C for CuNi. b, DSC profiles of metal ion-infused gels heated to 400 °C in air at 1 °C/min reveal
exothermic events with maximum heat flow at 308 °C for Cu and at 304 °C for CuNi.

4.2.3 Mechanical characterization of Cu and CuNi

Nanoindentation experiments performed on HI-derived Cu and CuNi revealed the
hardness of Cu to be 1.81 + 0.37 GPa and that of CuNi to be 2.15 + 0.22 GPa. To
contextualize these results, Figure 4.11 contains a plot of nanoindentation hardness
vs. grain size for the HTAM-produced Cu and CuNi in this work compared to data
from literature for the same metals produced via traditional processing techniques
(see Table A.4 for tabulated data). The plot also contains the expected hardness

based on the Hall-Petch relation H = Hy + kd~'/2, which relates nanoindentation
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Figure 4.9: TGA/DSC data for additional metals. TGA data for a, Ni ¢, CuAg, and e, Ag. DSC
data for b, Ni d, CuAg, and f, Ag.

Figure 4.10: EDS mapping for CuAg showing heterogeneous alloying. The CuAg material forms
a dense, heterogeneous alloy, with separate ~5 um Cu- and Ag-rich phases. This phase separation is
predicted by the Cu-Ag phase diagram [145], and can be seen by a, regions of differing contrast in
secondary a electron SEM image, as well as in EDS maps of a FIB-milled cross section showing b,
Cu-, and ¢, Ag-containing regions. Scale bars: a-¢, 2 pm.
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hardness H to grain size d for ductile metals, where H is an intrinsic hardness for a
single crystalline material and & is a scaling factor related to grain boundary-induced
hardening [149, 150].

Twin boundaries are known to act as barriers to dislocation motion during defor-
mation [139, 151] and thus effectively increase measured hardness. To account for
this effect, we introduced a modified Hall-Petch relation to account for the high
twin boundary density [152]. The relative strength of the twin boundary in resisting
deformation changes for various metals and alloys; to set an upper bound on twin-

induced hardening, the twin boundaries are effectively treated as grain boundaries

_D_
N+1°

per grain (see Section A.2.1 for derivation of this expression). Since Culi is far

and the grain size d becomes d, s = where N is the number of twin boundaries
more sensitive to boundary impact on hardening than Cu (as evident by the 3.8 times
larger k value in CuNi), there is a stronger effect of the twin boundaries even though

there are ~25% less twins than Cu.
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Figure 4.11: HI-derived Cu and CuNi nanoindentation hardness. Nanoindentation hardnesses
of Hl-derived Cu and CuNi samples are higher than reference nanoindentation data [140-142, 153,
154] and extrapolated Hall-Petch grain size scaling (dashed lines show correction for effect of twin-
induced hardening). Error bars show standard deviations of grain size and nanoindentation hardness,
where available. Insets: area-weighted grain size distribution for Cu and CuNi. Sample sizes: Cu
hardness, n = 22; CuNi hardness, n = 44; Cu grain size, n = 246; CuNi grain size, n = 309.

HIAM-derived metals contain a high density of annealing twins, formed without the
ordinarily requisite melting and recrystallization [155], due to the complex interplay
between kinetic processes (i.e., solid-state diffusion and grain nucleation) and ther-

modynamic grain coalescence during high-temperature calcination and reduction.
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Both Cu and CuNlNi exhibit higher hardness than the Hall-Petch predicted values

even when corrected for twin boundary presence, by 47% and 15%, respectively.
While the spread in measured hardness can be attributed to variance in the locally
probed microstructure (i.e., close proximity to twin boundaries and grain boundaries
increasing hardness and the presence of micro-porosity reducing it), the greater av-
erage hardness is indicative of a global complexity in the material not explained
by a simple microstructural mechanism, opening a new avenue for engineering and

investigating complex material behavior.

4.3 High entropy alloys

We fabricated multicomponent alloys to demonstrate compositional flexibility of
the HIAM process. In particular, we were motivated to explore high entropy al-
loys (HEAs), or alloys with 4+ components in (often) equimolar ratios, because
these alloys are known to have desirable properties such as high strength and good
corrosion resistance. Additionally, the compositional space represented by HEAs
is enormous. Even restricting to equimolar compositions, Figure 4.12 shows that
the number of alloys exponentially grows as more principal elements are consid-
ered [156]. If we additionally consider off-stoichiometric compositions, there are
countless more compositions to explore. This compositional space is too large to
explore via AM methods in which new compositions require new resins or new
fabrication parameters. HIAM is an attractive technique to fabricate HEAs because
of the simple ability to tune compositions, to add or remove elements as desired, and

to parallelize fabrication, opening a path towards high-throughput experimentation.

4.3.1 Motivation for fabricating CuNiCoFe

We chose to target the CuNiCoFe system because nitrate precursors for each metal
in this quaternary alloy are readily available, and the CuNiCoFe alloy has been well
characterized. Equimolar CuNiCoFe (i.e., Cuy5Niz5Coy5Fe;s) is expected to exist

as a single phase with face centered cubic crystal structure [156].

4.3.2 Tuning the swelling solution to account for preferential incorporation

Based on the results of CuNi alloy experiments, we observed that certain precursors
preferentially incorporate into the hydrogel network, and that this effect could be
accounted for to achieve target alloy composition with precision by adjusting the
swelling compositions after an initial experiment in which the degree of preferential

incorporation for each component was measured.
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Figure 4.12: High entropy alloy compositional space. The total number of equiatomic compositions
increases exponentially with the number of principal elements. Reproduced with permission from
reference [156]. Copyright Elsevier Science & Technology Journals.

We hypothesized that we could tune the alloy composition by following the algorithm
(as we did for the CuNi alloy), which implements a linear adjustment of the swelling

solution to account for observed preferential incorporation:

1. Swell a hydrogel in a mixture of N precursors with molar ratios xy, x2, . . . , Xy
such that }; x; = 1.

2. Use EDS analysis to measure the stoichiometry of the alloy formed from step

1, with molar ratios of the N elements yy, y2, ..., yy such that }; y; = 1.
3. Define an incorporation ratio for each component: ¢; = y;/x;.

4. Swell a 2nd hydrogel in a mixture of the same N precursors such that x; ,,¢,, =

yi,Target/¢i .

. . Xi
5. Finally, normalize: X; new Norm = le& such that »; X; yew Norm = 1.

Xi,new
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We applied this procedure to the fabrication of the CuNiCoFe alloy. First, we
swelled a hydrogel in an equiatomic solution of Cu(NO3);, Ni(NOj3),, Co(NO3)s;,
and Fe(NOs3)3 such that x¢, = xn; = Xco = Xp. = 0.25 and the total concentration
of metal cations was 2M. After calcination, EDS revealed that the molar ratios of
the metals were yc, = 0.16, yy; = 0.18, yc, = 0.19, yr. = 0.47. We note that iron
is by far preferentially incorporated compared to copper, nickel, and cobalt. This is
a result of iron being the only trivalent metal, causing stronger interactions with the

PEGda polymer backbone.

After applying the algorithm described above, we formed an alloy with the compo-
sition Cup3NigCosiFe g, quantified by EDS analysis in Figure 4.13. Hereafter this
composition is referred to as CuNiCoFe. Compared to the CuNi system, where there
are only two components, and the incorporation ratios are similar, the CuNiCoFe
system contains more interactions between different elements, and has a wider range
of incorporation ratios due to the presence of both divalent and trivalent cations.
Apparently, the linear adjustment works best when the components have similar
interaction strengths, and the adjustment to swelling concentrations is small (as with

CuNi), but nevertheless is a first step towards adjusting more complex systems.
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> Cu,,Ni, Co_Fe
Element Mass [%] Atom [%]

30 Copper 23.62 18.36
e Nickel 26.12 21.99
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10 1 Silicon 0.10 0.18
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Figure 4.13: CuNiCoFe EDS spectrum and quantification. EDS spectrum quantifying the alloy
composition as Cup3NizgCosiFeis.
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4.3.3 CuNiCoFe fabrication

Like other materials fabricated, the CuNiCoFe structures were swelled for 24 hr at
70 °C in a solution containing a mixture of nitrate salts as described above. The
structures were then calcined at 700 °C in air, and reduced at 900 °C in forming gas,
following the same procedures as described in the Methods section. Supplementary

Figure 4.14a-d shows the steps in the fabrication of the CuNiCoFe alloy, from

infused gel to metal alloy.

Figure 4.14: CuNiCoFe high entropy alloy fabrication. a, CuNiCoFe infused hydrogel is converted
to b, CuNiCoFe oxide after calcination and ¢,d, CuNiCoFe alloy after reduction. Scale bars: a, 3
mm; b,e, 1 mm; d, 1 cm.

4.3.4 Phase separation in CuNiCoFe alloy
4.3.4.1 EDS analysis of CuNiCoFe

Like other HIAM metals, CuNiCoFe is microcrystalline (Fig 4.15a). Unlike CuNi,
which formed a homogenous alloy, we observed phase separation into at least two
phases in the reduced CuNiCoFe alloy, evidenced by Cu-rich and Cu-poor regions
in the EDS mapping of this material (Fig 4.15b).

a b

Figure 4.15: CuNiCoFe EDS map. a, SEM image shows a micro-grained microstructure, and b,
EDS mapping shows that there are Cu-rich and Cu-poor regions throughout. Scale bars: a,b, 3 um.
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Overlaying the Cu EDS map with the SEM image gives a sense of the relationship
between chemical content and observable grain and twin boundaries (4.16). It
is clear that the high Cu-content regions correspond to some observable grain
boundaries. Quantification of these EDS maps in the sub-regions denoted 1, 2, and
3, in (Fig 4.16a) shows that the Cu-rich regions (1 and 3) have >50 at% copper,
while the Cu-poor region (2) has 12% copper (See Figure A.6 for detailed sub-region
element quantification).

M52-128-1 449
Ch1 MAG: 999%0x HV:20kV WD: 10.0mm Px: 9 nm

Figure 4.16: CuNiCoFe SEM image overlayed with Cu EDS map. EDS analysis shows that the
CuNiCoFe HEA has regions of high copper content (>50 at%, Cu-rich) and low copper content (~12
at%, Cu-poor). Scale bar: 3 um.

4.3.4.2 XRD analysis of CuNiCoFe

After calcination, we observed two phases via XRD (Figure 4.17a), with one set of
reflections corresponding to a monoclinic CuO-type structure, and another corre-
sponding to a cubic NaCl-type (NiO-like) structure. After reduction of this mixed-
phase oxide material, we observed two phases via XRD (Figure 4.17b), with two
sets of reflections, each corresponding to face-centered cubic (FCC) structures with
different lattice parameters. This is expected given the phase separation we observe
in the EDS mapping, and the fact that CuNiCoFe alloys are predicted to form FCC
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structures. The difference in composition between the Cu-rich and the Cu-poor alloy
phases is enough to shift the Cu-rich phase reflections to slightly lower diffraction
angles, a result of slightly larger lattice spacing due to the incorporation of the larger
Cu atom. Like the CuNi alloy, the CuNiCoFe alloy forms several oxide phases after
calcination. However, in the CuNi system, these phases diffuse to form a single
FCC CuNi phase, with no evidence of compositional gradients. In the CuNiCoFe
system, the amount of annealing during the reduction step may not be sufficient,

leading to compositional gradients in the final structure.

4.3.5 Structural characterization of CuNiCoFe

We additionally performed FIB/SEM analysis of the CuNiCoFe alloy, shown in
Figure 4.18. As with other metals, the designed octet lattice structure is well-
maintained throughout the process (Figure 4.18a). SEM images of a FIB-milled

cross-section of a node (Figure 4.18d,f) reveal some ~10 um-thick lamellar pores.

4.4 Tungsten-containing materials

Tungsten, a refractory metal, is both very useful and hard to shape due to its high
melting point of ~ 3400 °C. Additive manufacturing of tungsten and tungsten com-
posites remains a challenge in the field. Existing examples of tungsten AM include
selective laser beam melting [157] as well as direct ink writing and subsequent
Hj-reduction of WO3-containing inks [158].

4.4.1 Fabrication of W-Ni

So far, we have shown that HIAM is compatible with metals that have metal nitrate
salt precursors; tungsten has no equivalent water-soluble precursors. As such,
we investigated a new class of HIAM precursors to fabricate tungsten, in which
the target material exists not as a cation, but as part of an anion complex. We
chose ammonium metatungstate hydrate (AMT, (NH4)eHy W 12049 - xH>O, Sigma
Aldrich) as a precursor due to its solubility and stability in water. AMT has also
been shown to decompose to WOs3 under calcination [159], and has even been used
as a precursor in an AM process [160]. Based on the findings of Dunand and
coworkers [158], we added a small amount of Ni(NO3); to the swelling solution to
act as a sintering aid during the reduction of WO3—Ni to W-Ni. Hydrogels were
swelled in a mixture of 98.5% 2M AMT (W atom basis) and 1.5% 2M Ni(NO3),
at 70 °C for 2 weeks. The samples then underwent calcination at 0.25 °C/min to
500 °C, then 1 °C/min to 700 °C, and a 3-hour isothermal hold. The samples were
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Figure 4.17: CuNiCoFe XRD analysis. a, XRD pattern of calcined CuNiCoFe gel shows two
phases: 1) a CuO-like phase (monoclinic CuO-type structure) and 2) a NiO-like phase (cubic NaCl-

type structure). b, XRD pattern of reduced CuNiCoFe alloy shows two face-centered cubic phases
with different lattice parameters (Cu and CuNi patterns for reference).
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Figure 4.18: CuNiCoFe FIB/SEM analysis. SEM images of the CuNiCoFe lattice showing a, an
overview (top view), b, a single node (52 °tilt view), ¢, a single node (top view), d, a FIB-milled
cross-section at the node (52 °tilt view), e, microcrystalline grain structure, f, zoomed-in view of the
FIB-milled cross-section. Scale bars: a, 1 mm; b,c, 100 um; d, 50 pm; e, 10 um; f, 30 um.
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reduced following a thermal profile of 3 °C/min to 1200 °C and a 1-hour isothermal
hold, under forming gas at a flow rate of 500 sccm at atmospheric pressure (through
a gas bubbler). Figure 4.19 shows the steps in the fabrication process, from oxide
to metal. Like other HIAM processes with metal nitrate salts, the HIAM process
with AMT as a W precursor yields microlattices with beam diameters of ~50 um.
EDS analysis of W-Ni structures in Figure 4.20 shows that HIAM can produce W-Ni
lattices with >90 wt% tungsten.

a b

-
o

o
K

K

Figure 4.19: W-Ni fabrication steps. a, A WO3-Ni microlattice is converted to b,c, a W-Ni
microlattice after reduction. Scale bars: a,b, 1 mm; ¢, 100 pm.
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Figure 4.20: W-Ni EDS analysis. EDS analysis at 5kV accelerating voltage shows that the lattice is
over 90% tungsten by mass.

4.5 Parallelization of HIAM
HIAM stands out amongst other functional material AM methods for its ability to be

parallelized. Because part shaping and material selection are both temporally and
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Figure 4.21: W-Ni EDS mapping. EDS maps show some separation of Ni to grain boundaries.
Scale bars: 3 um.

spatially separated, many gels can be printed simultaneously, infused simultaneously
in different precursor solutions, and then heat-treated simultaneously. Figure 4.22
shows 8 hydrogel lattices (precursors of Cu, CuNi, CuNiCoFe, and CuNiCoFeCr)

being simultaneously calcined to form oxides.

Cu CuNi CuNiCoFe CuNiCoFeCr

Parallel
calcination

‘I. - & @

Figure 4.22: Parallel calcination of 8 infused gels. 8 infused gels (top) containing precursors
for Cu, CuNi, CuNiCoFe, and CuNiCoFeCr were calcined simultaneously to form oxides (bottom).
Scale bar: 2 cm.
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4.6 Multi-materials

In alloys, multiple components combine to give these materials properties different
than the principle components. In homogenous alloys such as HTAM-derived CuNi,
the components Cu and Ni are mixed at the atomic level, forming a single phase
material. Alternatively, in heterogeneous alloys such as HIAM-derived CuAg and
CuNiCoFe, multiple phases are present, leading to multiple phases which mix at the
micron scale. However, because we generally interact with materials at the mm to cm
scale or larger, even these heterogeneous alloys can be thought of as alloys because
the variation occurs on a scale many orders of magnitude smaller. Depending on
the application, the distinction between a heterogenous alloy and multiple materials
may vary, but for the sake of argument, let us make use of a definition in which a
material appears homogenous to a human, i.e., a human could not, without the use

of a microscope or other characterization tools, identify the multiple components.

Increasing the scale at which multicomponent materials have their principle compo-
nents separated brings us to the realm of multi-materials, in which the component
domains reach a distinguishable size. Multi-material additive manufacturing (MM-
AM) is a particularly useful approach to AM, in which not only can the overall shape
of the fabricated part be arbitrarily designed, but the material selection at each point

in the structure can also be chosen [161].

4.6.1 Multimaterial AM methods

Multimaterial fabrication has been demonstrated for a variety of AM techniques.
Extrusion techniques such as FDM and DIW perhaps offer the most straightfor-
ward implementation of multimaterial printing, as the feedstock material can be
changed in the middle of printing. For example Lewis and coworkers demonstrated

multimaterial DIW with a multinozzle printer [162].

Because other VP techniques for AM of functional materials rely on resins that
contain precursors of the final material, creating multimaterials requires switching
out the resin bath for each new material layer, or using a dual-wavelength system in

which two different components are cured with different wavelengths of light [163].
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4.6.2 Multimaterials fabricated via HIAM

HIAM enables a more streamlined approach to multimaterials, where the material
deposition can be defined based on directed infusion of active material precursors.
To demonstrate this capability, octet lattices with beam diameters of 400 um were
printed, and then infused from either end with a different precursor solution to form

a Cu/Co multimaterial, shown in Figure 4.23.

a b c
Co Solid plate Cu

24 hr infusion
Room temp.

Figure 4.23: Cu/Co multimaterial. a, An octet lattice structure divided by a solid internal plate was
swelled horizontally with Cu(NO3), from one end and Co(NOs3), from the other end for 24 hours
at room temperature. After infusion and drying, the result was a b, Cu/Co precursor gel. After
calcination and reduction, a ¢, Cu/Co multimaterial was formed. Scale bars: b, 1 cm; ¢, 2 mm.

The ability to form multimaterials via HIAM represents a clear point of departure
from all previous VP methods that can fabricate functional materials, which require
switching out multiple precursor-containing resin baths or using a dual-cure multi-

wavelength setup.

The fabrication of the Cu/Co multimaterial via HIAM was a proof of concept for
using directed swelling to create multimaterials, but results in several important
takeaways. It is possible to fabricate multimaterials, evidenced by the clear distinc-
tion in color both in the precursor gel state and in the reduced metal state. However,
several key challenges presented that need to be solved to effectively implement mul-
timaterial HTAM. Some of these challenges are engineering problems, and some
have broader implications for the viability of this method, or impose some design

restrictions.

An obvious challenge is how to localize swelling solutions to particular regions of

the gel precursor. In this proof of concept, the boundary between the two materials



88

is a plane, which is the simplest case to implement experimentally. The solid plate
dividing the lattice (see Figure 4.23a) was needed to prevent the solutions on each
side of the lattice from mixing, but it did not work perfectly; the surface tension
of the liquids allowed some to cross the barrier. The ability for HIAM to create
multimaterials is fundamentally limited by how swelling solutions can be introduced
to different regions of a printed part. In some cases, such as printing intertwined
tubes, this could be done easily. In other cases, it can be more challenging to
prevent swelling solutions from mixing. However, recent work from Duoss and
coworkers has beautifully shown the promise of using 3D architected cellular solids
as devices to direct fluid flow [164]. In the future, combining cellular fluidics with
hydrogel infusion additive manufacturing could open up a new and powerful realm

of multi-material vat photopolymerization AM.

Another important step for future work of multimaterials fabricated via HIAM is to
understand what the joint regions look like. It is well known that interfaces between
materials can act as hotspots for defects and weaknesses, so there are likely material

constraints on what types of materials can be joined via HIAM.

Finally, the shape changes associated with the HIAM process must be taken into
account to prevent undue warping of the materials. For instance, materials should
have similar amounts of linear shrinkage to prevent stress from building up at
interfaces. Even with the Cu/Co example, differential shrinkage between the Cu
segment and the Co segment led to noticeable warping of the final part. An ideal
candidate for a multimaterial would be Cu and CuNi, which both exhibit similar
amounts of linear shrinkage, and also have similar decomposition temperatures for

their precursor gels.

4.7 Hydrogel infusion additive manufacturing outlook

4.7.1 Material selection after part shaping

In nearly every AM process to date, the final material is decided prior part shaping,
i.e., the AM material feedstock is often the desired material itself or contains precur-
sors that can be subsequently converted into the desired material after part-shaping.
The composition of the fabricated 3D structure is thus either that of the feedstock
or of some clear derivative of it. To fabricate the same structure out of a different
material necessarily requires the use of a different resin or feedstock formulation.
In the context of ceramic and metal VP, this means that regardless of the slurry

or inorganic-organic hybrid approach, the fabrication of each inorganic material
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requires an involved process of photoresin design and formulation, in addition to

print parameter optimization.

HIAM is fundamentally different from the state of the art in that the material is se-
lected after part shaping. We have shown that a blank organogel structure fabricated
from a single resin formulation can be transformed into a vast number of different
compositions. Because the inorganic precursors are infused only after part shap-
ing, HIAM is unlike traditional slurry or inorganic-organic hybrid resin approaches
in that only a single photoresin composition needs to be designed and optimized
for VP, which significantly simplifies the material development process. We have
shown that this ability allows HIAM to fabricate geometrically and compositionally
complex 3D materials such as refractory metals and high entropy alloys, as well as

multimaterial structures, a previously impossible task for VP.

4.7.2 Beyond DLP printing

HIAM is not limited to DLP printing; this methodology is generalizable to other
polymer AM processes which can produce gels such as stereolithography, direct ink
writing, or could be adapted to higher resolution VP via two photon lithography

processes.

4.7.3 HIAM materials horizons and applications

We developed an AM process to create microscale metal 3D structures using a
facile and versatile VP approach. The conversion of metal salts within polymer
scaffolds to metal oxides and their subsequent reduction to metals and alloys is a
general process, requiring only that the target material has water-soluble precur-
sors and that the intermediate oxide formed after calcination can be reduced by
hydrogen gas. The ability to fabricate metallic materials using this accessible and
high-resolution process provides new opportunities for fabrication of energy mate-
rials, micro-electromechanical systems, and biomedical devices. Hydrogel infusion
represents a paradigm shift in AM, where the material is selected only after the part
is shaped; directed infusion can create metallic multimaterials, and unprecedented
compositional flexibility enables the fabrication of multicomponent alloys such as
high entropy alloys and refractory alloys, known to have intermetallic phases which
lead to superior high temperature behavior, and enhanced yield strength [165].
HIAM has direct implications for industrial use, as it provides a practical and pow-
erful capability to integrate into the burgeoning and commercially advanced VP

printing ecosystem.
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Chapter 5

THESIS SUMMARY AND OUTLOOK

So take that laminate out of your wallet and read it
And recommit yourself to the healing of the world
And to the welfare of all creatures upon it

Pursue of practice that will strengthen your heart

John K. Samson, Postdoc Blues

5.1 Thesis summary

In this thesis, I reported two new methodologies for fabricating functional materials
via vat photopolymerization, and showed how each can be useful. The first, emul-
sion stereolithography, is a novel way for introducing functional material precursors
into a photopolymer resin, making use of aqueous precursors emulsified in an or-
ganic photopolymer resin. I showed that sulfate salts can be carbothermally reduced
to sulfides and the polymer backbone pyrolyzed to carbon in sifu after part shap-
ing, leading to sulfide-carbon composites which can be used as cathode materials
in sulfur-based batteries. These cathode materials were thoroughly characterized
chemically and electrochemically, and some interesting implications for materials
design, such as the ability to tune pore size through the emulsion surfact loading
were discovered. We detoured briefly into the nanomechanical realm to study the
mechanical behavior of lithium sulfide powders, measuring for the first time when
powder agglomerates will fracture under a compressive load, and compared these
results to literature in situ stress evolution data in composite sulfur cathodes, which
suggested that fracture of lithium sulfide powders or agglomerates may not be a

dominant form of mechanical degradation in the lithium-sulfur cathode.

The second new method for fabricating functional materials, hydrogel infusion
additive manufacturing (HIAM), is a simple and powerful method for fabricating
a wide range of materials from a single resin system. We use a paradigm wherein
printed organogels are subsequently infused with precursors, and then undergo
chemical reactions to convert those precursors to desired functional materials. Using
this versatile method, we fabricated a variety of materials including pure metals

(Cu, Ni, Ag), homogenous alloys (CuNi), heterogenous alloys (CuAg), high entropy
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alloys (CuNiCoFe), and refractory alloys (W-Ni). We additionally characterized
these materials both structurally and chemically to understand how the energetic
chemical reactions such as combustion inherent to the HIAM process affect the
microstructures of produced parts. We reported how HIAM was optimized for the
copper system, and how the principles from that system are generally applicable to
many other materials, especially those with nitrate salt precursors. We investigated
the unusual microstructural features, such as high annealing twin densities, that
are typical of HIAM-derived metals, and the implications of these features on
mechanical properties measured by nanoindentation. Ultimately, we showed that
HIAM-derived Cu and CuNi are harder than predicted by the Hall-Petch relation,

even when accounting for the presence of twin boundaries.

5.2 Thesis outlook
In the field of additive manufacturing, there are still many unsolved problems, but I

believe they fall broadly into the following categories:

1. Increasing resolution: can we make it smaller?

2. Increasing throughput: can we make it faster/larger without sacrificing

feature size?
3. Developing new materials: can we make useful new functional materials?

4. Understanding and quantifying defects: how can we be sure all AM mate-

rials behave as designed?

5. Applications: how can we use 3D-architected materials to improve perfor-

mance in real-world situations?

5.2.1 3D batteries outlook

The field of 3D batteries is nascent, and doubtless many exciting advances will
occur within the next several years. In our recently published perspective, Kai,
Yuchun, Julia, and I reflected on what we have learned working on 3D batteries for
the past several years [166]. As a field, I believe we have done a good job answering
some of the specific technical challenges relating to fabricating 3D battery materials,
and identifying some niche applications such as spacecraft which may benefit from
multifunctional structural batteries that could be created via additive manufacturing.

However, we have yet to see a commercially viable 3D printed battery, and the reality
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of the situation is that battery manufacturing has become such a large-scale and
established part of modern society that practical innovation will require simplifying
or integrating with existing manufacturing processes. I doubt that conventional
additive manufacturing, especially of the complex and deeply interesting structures
that many of us are fond of, will ever find a place in the real-world manufacturing
of batteries. This work still has value; the deterministic and predictable structures
achievable via AM are useful tools for investigating fundamental questions about
battery architecture: if we could shape batteries arbitrarily, how should we? 1believe
the most impactful research on 3D batteries will focus on using these systems as
tools to understand broader questions about battery design, and to learn lessons that
will be useful for commercial battery manufacturing. A potential example of this
is the recent trend towards laser ablation of electrode materials [167], which seeks
to implement a simpler and more scalable approach to large-area patterning, and

recognizes the advantages of nonplanar battery geometry.

5.2.2 Hydrogel infusion additive manufacturing outlook

As described throughout this thesis, additive manufacturing of metals has a wide
variety of applications, and has historically been a technically challenging endeavor.
Commercial metal AM has been mainly limited to costly systems which use heat to
define part shape. In contrast, hydrogel infusion additive manufacturing (HIAM)
represents a much more accessible and versatile platform for creating 3D metals. |
hope that other researchers will use the tools we have developed to 3D print new
materials and follow their own paths of discovery and innovation. Developing and
demonstrating this technique has been, without a doubt, the most enjoyable and
engaging scientific project I have worked on. And it has been gratifying to see
other members of the Greer group adopt HIAM as a tool in their journeys to make

biomedical materials, magnetic materials, and more.

Yet, there is more to be done, and the questions keep unfolding. The submission of
a paper, or of this thesis, are transitory milestones in a larger scientific endeavor, and
I am excited to see how this research will evolve. The remaining questions about
HIAM that I find most interesting are:

1. Can we predict metal ion incorporation based on the binding affinity of a

specific metal ion for the polymer network?

2. What do microstructures of HIAM metals look like immediately after the

combustion reaction finishes, without any annealing?
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3. What other new materials can be made with this technique? Carbides, sulfides,

esoteric alloys?

4. Can we create a model to solve the inverse design of HIAM parts by taking
into account heat transport, mass transport, and chemical reactions during

calcination and reduction?

These questions will likely prove to be fertile scientific ground, and will also be

necessary in order for HIAM to be implemented at a commercial scale.

5.3 Thank you

Finally, dear reader, thank you for coming along on this journey with me, and thank
you for your interest in this work. I hope you found in this thesis what you were
looking for. A final message: within and beyond additive manufacturing, each of us
has tools we can use to make the world a better place.

What are your tools, and what will you make?
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APPENDIX

A.1 Chapter 2 Appendix

Component Amount  Purpose

Allnex Ebecryl 8210  39.776% Oligomer: Aliphatic urethane acrylate
Sartomer SR 494 LM  39.776% Oligomer: Lower viscosity acrylate
Rahn Genomer 1122 19.888% Reactive diluent: Reduces viscosity
Esstech TPO+ 0.400%  Photoinitiator

Mayzo OB+ 0.160% UV blocker

Table A.1: PR-48 photopolymer resin formulation. Amounts and purposes of the components of
PR-48 photopolymer resin. All percentages are wt/wt.

Setting Value Explanation
Layer thickness 25 Standard
First layer exposure 9 sec High exposure adheres resin to build head

Burn in layer exposure 5.25 sec Higher than standard

Model layer exposure  4.75 sec  Higher than standard

Z lift 750 p Standard

Tray rotation speed 3 rpm Slowed to reduce shearing forces

Table A.2: Print settings. Print settings for Autodesk Ember SLA for use with cloudy emulsion
based resins. These settings are designed to enable printing of structures with a feature size of 120
pThe main differences from standard settings are higher exposure times, which are needed to cure
the cloudy resin, and a slower tray rotation speed, which is needed to prevent shearing off of small
features

A.1.1 Lithium sulfide precursor resins

For resins made with Li;S precursor, Li,S was purchased from Alfa Aesar and
stored in a glovebox under argon. Standard Clear PR-48 (PR-48) prototyping resin,
an acrylate photopolymer resin, was purchased from Colorado Photopolymer So-
lutions. The components of PR-48 are described in Table A.1. Immediately prior
to mixing resins, the desired amount of Li,S was massed in the glovebox and re-
moved from the glovebox in a sealed vial. To this sealed vial a pre-massed amount
of PR-48 was added, and then the vial was quickly re-sealed, followed by vigor-

ous mixing. The resulting solution/suspension was opaque and light yellow in color.
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Resins prepared using this method resulted in a thick yellow homogeneous suspen-
sion (Fig. A.la). Upon irradiation with ultraviolet (405 nm) light, the photopolymer
resin was cured into a chip (Fig. A.1b). The resin mixing and curing process was
carried out as quickly as possible in air, but there was inevitable hydrolysis where
the Li,S composite was exposed to air. After curing the composite, it was quickly
cut in half and transfered to a Kapton tape XRD enclosure. The XRD spectrum
(Fig. A.lc) shows the presence of crystalline Li;S and the absence of the hydrol-
ysis product LiOH. The peaks at 12° and 12.75° 26 are background from the clay
putty, while the broad peak around 20° 26 is background from the Kapton tape (see
Appedix Fig. A.2).

c)

~ Li;S cured composite
- / \

Figure A.1: Li;S precursor resin process. (a) solutions of Li,S in PR-48, (b) a UV-cured Li,S
composite chip, (c) XRD spectrum showing the presence of crystalline Li» S (intensity units arbitrary)

—U,S cured composite 01-33-08
U,S reference
Kapton Tape and Clay

Intensity

20

Figure A.2: Kapton tape and clay reference XRD pattern. XRD pattern of Kapton tape and clay
matches with background peaks in curedLi;S sample.
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Fabricating Li»S composites with Li>S precursors has several limitations. As dis-
cussed earlier, some hydrolysis is inevitable since the process involves working with
Li,S in air. It is not possible to circumvent this problem by performing all pro-
cessing and printing steps inside of a glovebox filled with an inert gas. In addition
to being impractical, printing inside a glovebox would not work because the DLP
3D printing process requires the presence of O, to inhibit polymerization on the
transparent window. Additionally, there is no way to control the size or morphology
of the deposited Li,S particles. A more ideal fabrication procedure would involve

working with an air-stable compound during the resin mixing and 3D printing steps.

0 2 12 35 93 234 1 3 11
min min min min min min day days days

Composition (wt%)

A J

Emulsion resin
PR-48 (88.9%)
Water (8.9%)

PVP (0.4%)
Li, SO, (1.8%)

AMLANREE
b) |

PR-48 (90.9%)
Water (9.1%)

AARRANR N
c)

PR-48 (50%)
Water (50%)

' ' | | | _- :- | 5 ‘
Figure A.3: Time lapse of resin settling. (a) Emulsion resin used in this work with photopolymer
oil phase and Li;SOy4 - H>O salt solution water phase stabilized by PVP surfactant. (b) Mixture of

water and photopolymer resin in a similar ratio without surfactant or salt. (c) 50/50 wt% mixture of
water and photopolymer resin.
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139.8 £ 8.1 nm
143.5nm

PR-48: 88.9%
H,0: 8.9%
PVP: 0.4%
Li,SO, - H,0: 1.8%

Figure A.4: Porosity distribution from emulsion stereolithography with lower surfactant load-
ing. Porosity distribution for a resin variant with lower surfactant and salt loadings than the resin
used in the main work. The average pore size of 139.8 + 8.1 nm and standard deviation of 143.5 nm
resulting from the low-surfactant resin are larger than the average pore size and standard deviation
for the high-surfactant resin.

A.2 Chapter 3 Appendix

A.2.1 Twin boundary-induced hardening

Following a framework outlined by Pande et al. [152], we added a correction to
the classical Hall-Petch relationship (which considers the effect of grain boundaries
to block dislocation motion) to account for the ability of twins to act as additional
dislocation barriers. We used this statistical relationship to calculate an estimated

average hardness.

The Hall-Petch effect can be explained by scaling the relative length between a dis-
location and boundary which impedes its ability to effect plastic deformation. Twin
boundaries act as barriers to dislocation motion, though they generally contribute a

lower energetic barrier compared to grain boundaries.
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We account for the addition of these twin boundaries in the Hall-Petch relationship
by creating an effective grain size, D.sr, that incorporates the reduced distance
between barriers. This is done by dividing the measured grain size, D, by the

number of boundaries in a grain:

D.sr= (A.1)

1+pN

where N is the number of twin boundaries, and p is a scaling term representative
of the effective strength (ability to impede dislocation motion) of a twin boundary
relative to a grain boundary. The scaling term, p, allows for proportional weighting
of the twin boundary’s relative participation in the material’s hardening. The value
of p ranges from O to 1 with a value of 0 meaning there is no resistance to dislocation
motion and a value of 1 giving equal resistance to a grain boundary. This relationship
assumes that each boundary is isolated and all interactions are independent (i.e., no
interaction or effects felt from other boundaries in grain). The 1 added to the p * N
term accounts for the standard grain boundary and can be seen when p = 0 as the

equation reduces to D, sr = D, recovering the classic Hall-Petch relationship.

Thus, the Hall-Petch prediction of hardness for a material with twin boundaries can

be written as
-1/2

H = Hy+kD;

(A.2)
or
-1/2
1+pN

To establish a clear upper-bound for the hardness contribution of isolated twin

H=H0+k

(A.3)

boundaries, the twin boundaries are set to have the same resistance as a grain

boundary (p = 1).
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Avg. Fracu'o " . Twin line Twin number
. . of grains  Twins per . .
Material grain size with grain length density  areal density
-1 /106 -2 /1010
(um) fwins (m~" /10°) (m~= /10")
Cu 4.6 88+ 12% 4.8+1.0 ~1.7 0.71
CuNi 4.8 75+13% 3.8+0.5 ~1.3 0.94

Table A.3: Twinning statistics measured by EBSD. Twin densities and grain sizes were measured
at nodes, consistent with where nanoindentation experiments were performed. Note that avg. grain

size is a number average, and corroborates the grain size data from Figure 3.12.

. d std. dev H std. dev.
Reference = Material d (um) (um) H (GPa) (GPa) Notes
Wang 2020 Nis;Cugg 0.028 0 6.85 0.20
Extracted from
Emeis 2018  NiCu 021  0.0151 331 0.1 Fig 3. Hardness
converted from
HYV units
Extracted from
Fig. 5. Interpo-
lated between re-
Bahr 2005 NiCu 50 N/A 1.45 0.16 ported NigoCuyg
and Ni4oCu60
values with 50
um grain size
Electrodeposited,
Bansal 2005 Cu 0.05 N/A 2.1 N/A no grain size
statistics
Extracted from
Emeis 2018 Cu 045  0.0259 144 0.06 Fig 3. Hardness
converted from
HYV units
Cu 40.1 5.03 1.04 0.06 Bulk Cu
Cu 20.5 2.64 1.07 0.09 Bulk Cu
Cu 14.3 2.95 1.07 0.08 Bulk Cu
Chang 2007 Cu 123 152 111 0.08 Bulk Cu
Cu 453  0.532 1.29 0.11 Electroplated Cu
Cu 1.56 0.352 1.41 0.11 Electroplated Cu
Fit results Cu Ho = 1.08 GPa k =0.236 GPa u'/2
CuNi Hy=1.31GPa k =0.927 GPa p'/?

Table A.4: Nanoindentation reference data for Cu and CuNi Hall-Petch fits. Data from references
[140-142, 153, 154].

A.3.1 Correlation of dW/dT with defect morphology
Observed defect morphology (see FIB/SEM cross-sections Figure 4.2) is correlated

with observed maximum rate of mass change dW/dT from TGA experiments, but

not correlated with rate of maximum heat flow (see Table A.5).



Maximum mass

Maximum heat
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Material loss rate from flow rate from Observed morphology
TGA (%/°C) DSC (W/g)
Cu -0.97 @ 352 °C G5@308°ec  omall <5 pm pores,
spherical & lamellar
CuNi -0.94 @ 331 °C -2.6 @ 304 °C Small pores
Ni -12.73 @ 304 °C -3.87 @ 333 °C Large lamellar pore
CuAg -0.80 @ 346 °C -1.15 @ 275 °C Dense, phase segregated
Ag -2.24 @ 166 °C -1.23 @ 315 °C Large >10 um pores

Table A.5: Comparison of TGA/DSC data with defect morphology.

Like the dense Cu and CuNi samples, the dense CuAg has a low maximum dW/dT
of -0.80 % °C during calcination. XRD analysis of the calcined CuAg shows
that elemental Ag and CuO coexist (see Figure 4.7); silver nitrate decomposes to
elemental silver during calcination [144] while under the same conditions copper

nitrate is converted to CuO.

Material Linear Shrinkage (%) Calcination Mass Loss (%)

Ni 73.10 85.27
CuNi 69.03 84.15
Cu 63.04 87.32
CuAg 63.19 79.33
Ag 57.35 66.13

Table A.6: Mass loss and shrinkage during processing of organogel lattices. Linear shrinkage
was calculated from lattice side length from the as-printed state to the reduced metal state, measured
from SEM images. Mass loss was calculated from TGA from the swelled, dried state to the calcined
state.
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A.3.2 Comparison of EDS analysis in Cus¢Nis¢ at high and low accelerating

voltage

cps/eV

450

N Cu-Ka

400

350

300

T T
2 4 6 8 10 12
Energy [keV]

cps/eV

18

20

T T
3 4
Energy [keV]

Map

Element At.No. Netto

Mass Mass Norm. Atom abs. error [%] rel. error [%]

[%]

Copper 295502213 47.72
Nickel 28 6417842 /42.61
Oxygen 8 209864 1.72
Aluminium 13 121969 1.31
Silicon 14 49739| 0.28
Carbon 6 0| 0.00
Sum 93.64

Map

Element At.No. Netto

[%] [%]

50.96| 45.70
45.51| 44.19
1.84| 6.56
1.40 2.96
0.29, 0.60
0.00, 0.00
100.00 100.00

(1 sigma)
0.41
0.36
0.08
0.06
0.01
0.00

(1 sigma)
0.86
0.84
4.79
4.59
4.28
5.40

Mass Mass Norm. Atom abs. error [%] rel. error [%]

[%]

Copper 29 2364485 62.84
Nickel 282096192 34.55
Carbon 6 80455 1.69
Oxygen 8| 54270 0.84
Silicon 14/ 2692| 0.06
Aluminium 13| 1130, 0.01

Sum 100.00

[%] [%]
6284 55.76
34.55) 33.20
169 7.95
0.84) 2.95
0.06 0.12
0.01 0.03

100.00 100.00

(1 sigma)
1.78
0.91
0.06'
0.02
0.04
0.00

(1 sigma)
2.34
2.63
3.80
291
70.12
31.86

Figure A.5: EDS analysis for Cus(Nis alloy at 20 kV and 5 kV accelerating voltage. a, EDS
spectrum and element table for CusgNisy with 20 kV accelerating voltage, incoming count rate
of ~400 kcps. At the high accelerating voltage and count rate needed to quantify the atomic
ratio of Cu and Ni, the C peak is obscured, and the EDS software cannot quantify C due to high
uncertainty. b, EDS spectrum and element table for the same CusoNisg sample, in the same location
and magnification, with 5 kV accelerating voltage, incoming count rate of ~75 kcps. Note that for
5 kV accelerating voltage, Ni and Cu Ka peaks are not excited, and so Cu and Ni content must be
quantified using the lower energy and overlapping La peaks. However, the C peak is more easily
distinguished. This exemplifies the difficulty with simultaneously quantifying both light and heavy

elements.
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A.3.3 EDS analysis of phase separation in CuNiCoFe

1

Mass Mass Morm. Atom abs. error [%] rel. error [%]
Element At. No. Netto

[%a] [%a] [%] (1 sigma) (1 sigma)
Copper 29| 4495 51.85 63.64 50.13 4.17 3.03
MNickel 28| 1112/10.31 12.66) 10.80 0.38 3.54
Cobalt 27 1149 9.33 11.46 9.73 0.30 8.62
Iron 26| 711 5.12 6.28 5.63 0.46 9.04
Carbon 6 99 4.43 5.44| 22.66 0.61 13.66
Aluminium 13 553 0.40 0.49 0.90 0.11 28.88
Oxygen 8 3 0.04 0.05 0.14 0.14 386.10
Silicon 14 0| 0.00 0.00| 0.00 0.00 2.25
Sum 81.48 100.00 100.00

Mass Mass Morm. Atom abs. error [%] rel. error [%]
Element At. No. Netto

[%] [%] [%] (1sigma) {1sigma)
Cobalt 27| 9885/30.64 33.21 28.43 1.49 4.87
Mickel 28| 7616/26.81 29.05 24.98 1.36 5.06
Iron 26 6954 16.34 17.71 16.00 0.78 4.75
Copper 29| 3075 14.24 15.44| 12.26 0.82 5.73
Carbon 6 239 3.80 4.11| 17.29 0.38 10.03
Aluminium 13 112 0.24 0.26) 0.49 0.06 24.45
Oxygen 3 28| 0.12 0.13| 041 0.09 78.71
Silicon 14 54| 0.08 0.03| 0.15 0.04 49.10
Sum 92.26 100.00 100.00

Mass Mass Morm. Atom abs. error [%] rel. error [%]
Element At. No. Netto

[%] [%] [%]  (1sigma) {1sigma)
Copper 29| 2974/50.56 69.47| 55.44 4.84 9.57
Mickel 28 637 8.47 11.64| 10.06 0.37 10.32
Cobalt 27 589 6.59 9.05 7.79 0.69 10.51
Carbon ] 60 3.90 5.36) 22.65 0.66 16.89
Iron 26| 333| 3.25 447 4.06 0.38 11.54
Aluminium 13 0| 0.00 0.00| 0.01 0.03 999.00
Oxygen 8 0| 0.00 0.00| 0.00 0.00 4.82
Silicon 14 0 0.00 0.00, 0.00 0.00 2.25
Sum 72.78 100.00 100.00

Figure A.6: CuNiCoFe EDS element quantification of Cu-rich and Cu-poor regions. EDS
spectra collected at an accelerating voltage of 20 kV, ICR ~ 60 kcps.
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