Rochester Institute of Technology

RIT Digital Institutional Repository

Theses

10-2019

Three Dimensional Digital Alloying with Reactive Metal Inks

Chaitanya G. Mahajan
cgm5952@rit.edu

Follow this and additional works at: https://repository.rit.edu/theses

Recommended Citation
Mahajan, Chaitanya G., "Three Dimensional Digital Alloying with Reactive Metal Inks" (2019). Thesis.
Rochester Institute of Technology. Accessed from

This Dissertation is brought to you for free and open access by the RIT Libraries. For more information, please
contact repository@rit.edu.


https://repository.rit.edu/
https://repository.rit.edu/theses
https://repository.rit.edu/theses?utm_source=repository.rit.edu%2Ftheses%2F10236&utm_medium=PDF&utm_campaign=PDFCoverPages
https://repository.rit.edu/theses/10236?utm_source=repository.rit.edu%2Ftheses%2F10236&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:repository@rit.edu

RIT

Three Dimensional Digital Alloying with Reactive Metal Inks

by
Chaitanya G. Mahajan

A dissertation submitted in partial fulfilment of the requirements for the

degree of Doctor of Philosophy in Engineering

Engineering (PhD Program)

Kate Gleason College of Engineering

Rochester Institute of Technology,
Rochester, New York
October 2019



Three Dimensional Digital Alloying with Reactive Metal Inks
by
Chaitanya G. Mahajan
Committee Approval:

We, the undersigned committee members, certify that we have advised and/or supervised the
candidate on the work described in this dissertation. We further certify that we have reviewed the
dissertation manuscript and approve it in partial fulfillment of the requirements of the degree of
Doctor of Philosophy in Engineering.

Dr. Denis R. Cormier (Advisor) Date:
Earl W. Brinkman Professor, AMPrint Center Director, Industrial & Systems Engineering

Dr. Scott A. Williams Date:
Professor, School of Chemistry & Materials Science

Dr. Mark E. Irving Date:
Research Faculty, Industrial & Systems Engineering

Dr. David A. Borkholder Date:
Bausch & Lomb Professor, Microsystems Engineering

Certified by:

Dr. Edward Hensel Date:
Director, PhD in Engineering



Abstract

Kate Gleason College of Engineering
Rochester Institute of Technology

Degree: Doctor of Philosophy Program: Engineering PhD
Author: Chaitanya G. Mahajan Advisor: Dr. Denis R. Cormier
Dissertation Title: Three Dimensional Digital Alloying with Reactive Metal Inks

3D printing of multifunctional components using two or more materials is a rapidly
growing area of research. Metallic alloy inks have been used with various 3D printing techniques
to create functional components such as antennas, inductors, resistors, and biocompatible implants.
Most of these printing techniques use premixed metallic alloy inks or nanoalloy particles with a
fixed composition to fabricate the functional part. Since the properties of alloys vary with changes
in the elemental composition, a printing process which could digitally dispense alloy inks having
specific desired compositions would enable different functionalities and be highly desirable.

Using the binary copper-nickel system as an example, the formation of alloy with metal
precursor inks is presented. Since copper and nickel both have a face centered cubic (FCC)
structure and show complete miscibility in each other, formation of their nanoalloy is, in theory,
relatively easy. By printing metal precursor inks rather than nanoparticle suspensions, problems
associated with the nanoparticle inks such as ink stability and nozzle clogging can be avoided.
Copper and nickel precursor inks were formulated having rheological properties suitable for inkjet
printing. Reduction of metal inks was studied under various conditions. The sintered metal and
alloy structures were characterized using thermal analysis, infrared spectroscopy, energy-
dispersive x-ray spectroscopy (EDS), and x-ray diffraction. Nickel, a ferromagnetic metal, showed
novel microstructures such as aligned nanowires and nanowire grids when reduced in the presence
of a magnetic field. These microstructures had enhanced anisotropic electrical and magnetic
properties along the direction of the nanowire.

The reduction of combined ink solutions (copper and nickel) showed formation of a two
phase with copper as one phase and a nickel rich alloy as other. These structures demonstrated no
change in electrical resistivity when exposed to an oxidation rich environment. To achieve a
homogeneous alloy formation, the copper phase and the nickel rich phase were diffused together
at high temperatures. Copper nickel alloy inks with ratios CusgNiz, CusoNiso, and CuzoNiso were
formulated and reduced at 230 °C and later high temperature diffusion was achieved at 800 °C.
The lattice parameter of the alloy phase for the inks with ratio CusoNizo was 3.5533A, CusoNi50
was 3.5658 A, and CuzoNiz was 3.5921 A. Using Vegard’s law, the composition of the alloy
phases for the three samples were estimated to be CuszNiss, CussNiss, and CuzsNizs. This formation
of the desired alloy composition can open the door to numerous applications in biomedical and
electronics sectors, among others
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Chapter 1 Introduction

1.1. Introduction

Digital printing is a technique to provide the output of digital information from an
electronic file onto a substrate of some kind [1]. The substrate can be in the form of printing paper,
polymer, fabric, or metal. In recent years, researchers have begun to use different digital printing
techniques to print functional devices such as actuators, microcontrollers, and sensors which are
difficult to fabricate using traditional printing techniques. Conventional pattern-based printing
processes such as flexography, gravure, and screen printing involve several steps to create the
desired pattern to be printed which increases the production time and cost, particularly in situations
where the production volumes are low. In comparison with traditional pattern-based printing
techniques, on-demand digital printing techniques involve fewer processing steps, reduced
material wastage, and are capable of depositing material onto both planar and non-planar
substrates. Some examples of on-demand digital printing involve inkjet printing, aerosol jet
printing, and micro-extrusion printing. The printable materials are in the form of inks or pastes
which require specific rheology or flow properties to allow printing on different substrates. A wide
variety of ceramic, metal, and polymer inks have been used with digital printing techniques.
Typical thicknesses of the deposited films range from hundreds of nanometers to a few microns
per printing pass. In order to print a part with the desired thickness, multiple layers are printed on
top of each other until the thickness is achieved. On-demand digital printing of one or more inks
that provide mechanical, thermal, electrical, optical, magnetic, biological or other types of

functionalities can be classified as a branch of 3D printing. Different pattern-based and on-demand



digital printing techniques, their advantages, limitations and functional applications are discussed

further in Chapter 2.

Metals are suitable for conducting heat and electricity. As a result, they are used in the field
of printed electronics to fabricate 2D and 3D conductive structures. The market for printed
electronics was valued at $6.8 billion in 2018 and is forecast to reach $13.6 billion by 2023 [2].
Different applications in printed electronics involve wearable devices, smart packaging systems,
and healthcare monitoring devices. Digital printing of metal inks on solid and flexible substrates
has been demonstrated in the literature. These metal inks are commonly divided into nanoparticle
inks or precursor (Metal-Organic Decomposition- MOD) inks. These inks are explained in detail
in Chapter 2. Mixing several metal inks together to create a nanoalloy provides an opportunity for

tuning the physical and chemical properties at the nanoscale.

A nanoalloy is defined as a nanocluster alloy containing atoms or molecules of two or more
metals [3]. Nanoalloys are generally multimetallic nanoparticles fused together to create properties
that differ from those of the individual bulk metals. The physical and chemical properties of
nanoalloys can be enhanced by varying their composition and particle sizes to provide properties
with applications in biomedical, electronics, engineering and catalysis. There are over 80 metallic
elements in the periodic table resulting in the potential for more than 3000 possible binary
combinations [4]. Elements which are immiscible in the bulk form or have a large miscibility gap
can be mixed at the nanoscale to form nanoalloys with properties different from their individual

bulk matters [5, 6].



1.2. Theory of nanoalloys

1.2.1. Types of nanoalloys
Nanoalloys can be classified according to the mixing pattern of the metal atoms. The four

main types of mixing patterns can be identified as follows:

1.2.1.1. Core-shell nanoalloys:

Core-shell alloys consist of a shell of atoms of one metal surrounding a core of atoms of
another metal. Fig. 1-1(a) shows the schematic representation of a core-shell structure. These
patterns find their applications in many biomedical devices where the shell can serve as a
biocompatible protective layer to the core which may or may not be biocompatible. A wide variety
of bimetallic combination of elements such as FeAu [7], AgPd [8], FePt [9, 10], PtAu [11] have

been formulated.

1.2.1.2. Subcluster nanoalloys:
Subcluster alloys share an interface or have a small number of atoms at a segregation
interface. Fig. 1-1(c) shows a schematic representation of the subcluster alloy structure. Alloys

such as AlFe [12], AgNi and AgFe [13] have been fabricated with such a structure.

1.2.1.3. Mixed nanoalloys:

Mixed nanoalloys have either random atomic structure (Fig. 1-1(d)) or ordered atomic
structure (Fig. 1-1(e)). The intermixing pattern with random atomic structure is more common than
ordered atomic structures. CoAg [14], PdAu [11], AgCu [15], MnAu [16], and CuAg [17] show

mixed nanoalloys structures.



1.2.1.4. Multishell nanoalloys:

Multishell nanoalloys have alternating shells of different metals (Fig. 1-1(b)). These types
of nanoalloys are observed more in molecular dynamic simulations and are infrequently used
experimentally [18, 19]. Alloys of CuAu [19], CuAg [11], PdAg, and NiAg have shown this type

of mixing pattern in molecular dynamics simulation [20].

(@) (b)

Core-shell Multi-shell

Subcluster

(@

Mixed Mixed
(random) (ordered)

Figure 1-1: Schematic representation of structural patterns (cross section) in nanoalloys. Adapted from [4]

1.2.2. Factors influencing the structure of nanoalloys
For an alloy with elements A and B, the type of nanoalloy structure formed depends upon
several factors including the preparation method and experimental procedure. The following list

indicates factors that help determine the atomic ordering of the nanoalloy [4].
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1. Relative strength of atomic bonding within a metal type (A-A or B-B) as well as between
metals (A-B). When the A-B bonds are the strongest, mixing is favored. Otherwise,
segregation is preferred with metal atoms having the strongest bond appearing in the center
of the core-shell type nanoalloy.

2. Surface energies of bulk elements favor segregation where the element with lowest surface
energy tends to separate out at the surface of the cluster.

3. Smaller atomic size elements tend to occupy the core in the core-shell type nanoalloy.

4. Electron transfer from less electronegative elements to more electronegative elements
favors mixing.

5. Elements which bind strongly to the ligands tend to get segregated during reduction.

1.2.3. Synthesis of nanoalloy particles

Wide ranges of nanoalloys have been produced using chemical (bottom-up) and physical
(top-down) methods. In top-down approaches, bulk metal is broken into nanosized particles
whereas in bottom-up approaches, atoms and molecules are assembled to construct the
nanoparticles. The main advantage of the top-down approaches is that bulk quantities of
nanoparticles can be produced within a short span of time. However, the bottom-up approaches
have the advantage of a more homogenous structure with more ordered crystallography within the
nanoparticle [21]. Figure 1-2 shows the top-down and bottom-up approaches for the synthesis of

nanoparticles.
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Figure 1-2: Top-down and bottom-up approaches for the synthesis of nanoparticles

Microwave irradiation (MWI) synthesis is one of the bottom-up synthesis techniques used
to produce nanoalloys. Metal precursors of the constituent elements that have large microwave
absorptions are used as reactants. The absorbed microwave radiation is converted to heat which
enhances the reaction rate. This allows rapid decomposition of the precursors to produce alloys of
the desired composition. However, this technique requires careful choice of metal precursors with
almost identical decomposition profiles to ensure the formation of nanoalloys [3, 22, 23].
Nanoalloys of CuAg [24], CuNi, AuAg, AgCu, and AuCu have been synthesized using MWI

technique [25].

Another bottom-up synthesis technique involves reduction of metal salts and mixed metal
hydroxide. The metal salts of different elements are dissolved in a solvent along with a capping
agent to control the growth of the nanoparticles. A reducing agent is then added to the solution to
reduce the mixed metal ions to form nanoparticles. The nanoparticles produced are then extracted
from the solution by centrifuging followed by washing and later drying under vacuum [3]. Thermal
decomposition of organometallic precursors has been used for creating monometallic
nanoparticles as well as nanoalloys. All metal atoms generated from the decomposition of the
precursor are transformed into polynuclear clusters where the metallic nanocrystals grow [26].

Nanoalloys of FePt [27] and CoPt [28] have been formulated using this process.



Physical preparation (top-down approach) of nanoalloy particles includes technigues such
as gas aggregation source, laser ablation of metal/alloy plate, and ion sputtering. In gas aggregation
source, the alloy clusters are formed by vaporizing the bulk metals of different elements and
allowing them to aggregate in the presence of an inert cooling gas. A high temperature furnace (>

2000 °C) is used to generate alloys of refractory metals such as Ni, Cu, and Ag [29].

Laser ablation is the most common technique to synthesize nanoalloys. A basic
experimental setup for laser ablation includes a laser and target material. A liquid or a carrier gas
is used as a medium in which ablation is performed. Alloys of FeAg [6], AgNiand AgFe [13] have
been formulated using the laser ablation process. In ion sputtering, alloy particles are produced
by bombarding high energy inert gas ions onto the metal target. lons of Ar*, Kr*, and Xe* are used
with bombardment energies ranging from 10-30 keV [4]. NiTi subcluster nanoalloy has been
formulated using this technique [30]. It is generally easier to control the structure of the nanoalloys
with bottom-up synthesis techniques than it is with top-down synthesis techniques [26]. If the
decomposition profiles are identical, then a well-mixed structure is possible. If the decomposition
profiles are different, it is possible to synthesize the core first and then increase the temperature to

generate a metallic shell on top of the core.

1.2.4. Characterization of nanoalloys

To characterize and study the properties of these nanoalloys, a wide variety of experimental
techniques are used. One technique is Auger electron spectroscopy (AES) in which the alloy
composition is determined from the top few layers of the nanoparticle surface. Electron and X-ray
diffraction techniques are used to study the structure, crystallinity and lattice spacing.
Transmission and scanning electron microscopy (TEM, SEM) are useful for studying the
nanoparticle structure as well as the atomic arrangement.
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1.2.5. Applications of nanoalloys
1.2.5.1. Biomedical

Nanoalloys with core-shell structures are often used in biomedical applications involving
drug delivery and hyperthermia treatment. Hyperthermia is a therapeutic technique used to treat
malignant tumors by raising the temperature of a specific region of the body where the tumor is
growing. It has been observed that cancer cells are more sensitive to heat than normal cells. An
alternating magnetic field is applied to heat up and destroy the tumor [31, 32]. Nanoalloys used in
these applications typically have a magnetic element positioned at the core and protective
biocompatible elements positioned at the shell [33, 34]. Other alloys such as FePt have been used
to detect overdoses of L-ascorbic acid or vitamin C in food, biological fluids, and pharmaceutical
products [10]. The CuAg nanoalloy has shown better antibacterial activity in comparison with pure
silver [17]. AuCu alloy has been used to fabricate biosensors to detect volatile organic compounds

[35]

Most biomedical applications use alloy nanoparticles for in vivo and in vitro studies. There
are very few functional biomedical components made using nanoalloys reported in the literature.
Nanoalloys having shape memory effect (SME) will be helpful to fabricate biomedical devices
using a wide range of printing techniques. Alloys exhibiting SME are materials which can be
formed into one shape before regaining their original shapes when heated. They have many
applications in medicine such as self-expandable endovascular and urinary stents, catheters, and
retrieval baskets [36]. Nitinol, which is an alloy of nickel and titanium, is an example of a material
that exhibits the SME. However, the effect of nanoparticle size on shape memory and

biocompatibility is still not well understood [3].



1.2.5.2. Catalysis

Nanoalloys are most commonly used in catalytic reactions because the reactions occur on
the surface of the material. The core is not in contact with the reactants. Hence, nanoalloys with
core-shell structures are preferred with expensive noble metals such as palladium or platinum at
the shell and less expensive metal such as copper or nickel at the core [37, 38]. A classic example
of a core shell structure is the use of platinum and palladium elements as shells in automotive
catalytic converters to reduce pollutants such as nitrogen oxides, carbon monoxide and

hydrocarbon emissions which are termed as unburned fuels [39].

1.2.5.3. Other applications

FeAu nanoalloys have higher magnetic anisotropy than the individual bulk element values
and are used in ultrahigh density magnetic recording media applications [40]. In the printed
electronics sector, CuAg nanoparticles alloys having Ag shells and Cu cores can be used in printed
electronics applications to reduce the cost of the printed ink. Resistivities as low as 8.2 uQ-cm
have been reported in the literature for CuAg nanoalloys [41]. NiZn ferrite nanopowder has been

used to increase the inductance of a coil [42].

1.3. Motivation

The printing of functional components using nanoalloy particles is still at a relatively
primitive stage. Inks with nanoalloy particles can serve as building blocks to create complex parts
for any specific application using a wide range of digital printing techniques. The physical and
chemical properties of the nanoalloys can be locally controlled by varying the composition via
digital printing methods. An example in which material properties may be tuned by variations in
composition can be seen in NiTi shape memory alloys. The shape transformation temperature can

be tuned between a range of -30 °C to +80 °C by changing the atomic proportion of nickel from
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47% to 51% [43, 44]. Other properties such as hysteresis width and mechanical strength can also
be modified through addition of other elements such as copper, iron, silver, and vanadium to the

NiTi alloy systems [43, 45].

However, printing of alloy structures requires ink preparation with nanoalloy particles of
that specific composition. Synthesis of these nanoalloy particles requires multiple steps which
include washing, filtering and drying. This increases the time and cost of synthesizing the
nanoalloy particles with desired composition. Therefore, a need exists for tuning the alloy

composition in-situ while printing a functional part.

Other challenges of 3D printing with nanoalloy particle inks include the problems
associated with aggregation of particles, nozzle clogging, and high sintering temperatures. Printing
individual metal solution inks that are mixed in-situ during printing to create a specific alloy
composition will improve the time of printing and reduce some of the problems encountered with

particle based inks.

1.4. Structure of dissertation

This chapter focuses on different types of nanoalloy particles, factors influencing the
structure of the nanoalloy particles, different synthesizing techniques, and their applications. The
motivation for changing the alloy composition on the fly while printing a functional part is also
presented. The remainder of this document is organized as follows. Chapter 2 describes different
types of metal inks, and different printing and post-processing techniques used to fabricate a
functional part. Chapter 2 also highlights some of the research related to 3D printing of functional
alloy inks and different combinatorial material synthesis techniques. Chapter 3 describes the

formulation and characterization of copper and nickel ink. A feasibility study to produce CuNi
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nanoalloy film is also presented in this chapter. Chapter 4 highlights the results of printing and

sintering techniques to achieve an alloy of the desired ratio. Chapter 5 describes the reduction of

nickel ink in the presence of a magnetic field to achieve enhanced electrical and magnetic

properties. A summary of the research with key contributions and future directions are presented

in Chapter 6.
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Chapter 2 Literature Review

2.1. Introduction

This chapter focuses on different types of metal and alloy inks which are typically used to
fabricate 2D and 3D structures. These inks are dispensed using a wide variety of printing
techniques onto a substrate and are later sintered or cured to attain the desired functionality. In
recent years, alloy inks with different elemental compositions have been used to provide functions
such as electrical conductivity, electrical resistivity, and biocompatibility. The alloy composition

and printing techniques used to create the functional components are highlighted below.

2.2. Types of metal inks

Metal inks used in functional printing are broadly categorized as being either nanoparticle
(NP) metal ink suspensions or metal organic decomposition (MOD) precursor inks. The
nanoparticles in the NP metal ink can be synthesized using top-down or bottom-up approaches as
highlighted in Chapter 1. The MOD precursor inks produce nanoparticles directly onto a substrate
using a bottom-up approach. The printing inks principally consist of an active material, a carrier
solvent, vehicles, and additives. The active material for the nanoparticle inks consists of metal
nanoparticles suspended in the carrier solvent. In the MOD precursor inks, the active material is
an organic salt dissolved in the carrier solvent. The vehicle in both forms of the inks are the binder
agents which improve the adhesion between the inks and the substrate. Additives such as
surfactants are added to modify the surface tension of the ink, whereas dispersants are added to
avoid agglomeration of the nanoparticles in the carrier solvent. To get rid of the carrier solvent,
the printed pattern is thermally sintered to form a metallic layer. Figure 2-1 shows the schematic

overview of different approaches to form a metallic layer on a substrate.
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Figure 2-1: Schematic overview of different approaches to form a metallic structure onto a substrate.

Adapted from [1]

2.2.1. Nanoparticle metal inks

Nanoparticle metal inks are extensively used in the electronic and biomedical industries.
In these inks, metal nanoparticles are typically coated with either low molecular weight carboxyl,
amines, or polymers. The coating helps to stabilize the particles in the carrier solvent. The coating
is removed in the sintering stage to allow for metal-metal contact between the particles.
Nanoparticle metal inks of copper [2-8], nickel [9] and silver [10-14] have been used to provide
the conductive function in printed electronics. The stability of nanoparticle inks is affected by
factors such as agglomeration of the particles and evaporation of the carrier solvent. The
nanoparticles tend to agglomerate over time which affects the printing parameters and causes

uneven distribution of the material on the substrate. Evaporation of carrier solvent while printing
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or during storage may lead to a change in the solid loading content which alters the ink rheological

properties [15].

2.2.2. MOD precursor inks

MOD precursor inks are formulated by dissolving an organic metal salt in an appropriate
solvent to form a homogeneous solution. The homogenous solution is used as the ink and is
dispensed using a suitable printing technique. Other additives and film forming agents are added
to the solution to improve the printability and film forming onto the substrate. In the solution, the
metal ions accept an electron pair from a ligand to form metal coordinate complex ions. The metal
complex is reduced to form nanoparticles and eventually a conductive film using a suitable
sintering technique. MOD precursor inks of metals such as copper [16-24], gold [25], nickel [26]
and silver [25, 27-30] have been formulated. Formation of AuAg nanoalloy MOD precursor inks
has also been reported in the literature [25]. The stability problems observed in the nanoparticle
inks are lessened in the MOD precursor inks because the ink is a homogenous solution. However,
the solid loading content for the MOD precursor inks is typically less than that of the nanoparticle
inks. For instance, Rosen et al. formulated a copper precursor ink with a loading of 5.2 wt % [21].
This is compared with a copper nanoparticle ink formulated by Fan et al. with a loading of 35.15

wt % [31].

2.3. Printing processes

A wide variety of printing techniques may be used to deposit functional inks onto the
desired substrate. These techniques are divided into two groups: master pattern printing processes,
and digital printing processes. In master pattern printing processes, the same pattern is printed over
and over via a fixed pattern (e.g. engraved drum, screen, etc.). Typical examples of master pattern

printing processes include flexography, gravure, and screen printing. These are generally very high
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speed printing processes that are well suited for high volume printing of the same patterns. Digital
printing techniques do not use fixed master patterns and are instead able to vary the print pattern
within a printing run directly from a digital image file. Although digital printing techniques
eliminate the expense and changeover time associated with fixed master patterns, the trade-off is
that these processes are not generally as fast. Digital printing processes include inkjet printing,
aerosol jet printing, and micro extrusion. Descriptions of the primary printing processes in each

category are explained below.

2.3.1. Gravure printing

Gravure printing is preferred where long print runs with very high print quality are
required. Figure 2-2 shows a schematic illustration of gravure printing. A gravure cylinder is a
critical component on which the image to be printed is engraved. It is generally made from metals
such as copper or steel plated with copper. The gravure cylinder consists of recessed cells of
varying depth and area on the surface to deliver the desired volume of ink onto the substrate. The
surplus ink is scraped from the cylinder using a doctor blade. When the ink in the cells is in contact
with the substrate, the surface energy forces on the substrate pull the ink out of the cells. The
resolution of the print pattern is dependent on the ink viscosity, cell width and depth ratio and the
surface properties of the substrate [32]. A print resolution of 10-75 um with a wet film thickness

of 0.1-5 um can be obtained using this printing process [33, 34].
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Figure 2-2: The gravure process: (a) cylinder surface with cells; (b) printing unit. Adapted from [35]

Gravure printing has been used for printing functional devices such as antennas [36, 37],
capacitors [36], solar cells [38], and OLEDs [39]. Since contact between the substrate and the cells
is necessary for ink transfer, the substrate needs to be flat to maintain the pattern fidelity [35]. The
ink used for gravure printing should have low viscosity and must dry quickly. If the ink properties
change during the printing process, the cells tend to clog thereby affecting the print quality. The
cost to make a new cylinder of the desired pattern or to replace the old cylinder after continuous

use increases the overall cost of production.

2.3.2. Flexographic printing

Flexographic printing, or flexography, has similarities to gravure printing except that it
uses a flexible photopolymer printing plate wrapped around a cylinder. The ink is collected from
the ink reservoir by a rubber fountain roller. The ink is later transferred to the anilox roller which
is made of metal or ceramic and is engraved with small cells. These cells collect ink from the
fountain roller and then transfer ink to the plate cylinder. The amount of ink printed can be

controlled by varying the depth of engraved cells on the anilox roller. The substrate is placed
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between the impression cylinder and plate cylinder. A print resolution of 30-75 pum can be obtained
with the print thickness of 0.5-8 um [33]. Figure 2-3 shows a schematic illustration of the

flexography process.

«—— Substrate

Impression cylinder

Fountain roller /

Polymer plate \
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Ink

(@) (b)

Figure 2-3: The flexography process: (a) flexible polymer/rubber plate; (b) printing unit. Adapted from [35]

Flexography printing has been used to fabricate organic thin film transistors [40] and
antennas for RFID tags [41]. The resolution of flexography is restricted by the stiffness of the
material from which the polymer plate is fabricated. High stiffness plates have less compression
which can sometimes create pinholes in the printed pattern. Low stiffness plates can sometimes
lead to over compression of fine features resulting in open lines, overlapped lines, and wavy edges

[32, 42].

2.3.3. Screen printing

Screen printing is preferred where thick layers of functional inks need to be deposited on a
flat surface. It consists of a screen with the desired patterned mesh. The ink is pushed through the
mesh openings using a squeegee and is transferred onto the substrate. Two different types of screen

printing units may be used in manufacturing as shown in Figure 2-4 (a-b). Flatbed screen printing
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is used for small scale production, while rotary screen printing is used in roll to roll manufacturing.

A print resolution of 30-100 um can be obtained with print thicknesses of 3-100 um [32, 33].

Squeegee o ) Substrate
Ink/Paste
Screen
Squeegee
] | i \ O
Substrate ,/ t \\ Printed structure
| |
Screen printer stage Rotating screen : ) > Impression cylinder
(@) (b)

Figure 2-4: Screen printing process (a) flatbed unit; (b) rotary unit. Adapted from [32]

Screen printing has been used to print functional devices such as thin film transistors [43],
pressure sensors [44], temperature sensors [45], and organic light emitting devices [46]. The print
quality is determined by various factors such as paste viscosity, screen mesh size, speed, angle,
geometry of the squeegee, material of the screen and substrate. Small feature sizes require smaller
openings in the mesh to print fine features. This limits the amount of ink that can be transferred

onto the substrate which affects the print quality [34].

2.3.4. Micro extrusion printing

The micro extrusion printing process is used to print highly viscous functional materials.
Narrow lines with high aspect ratios can be printed using this printing technique. The process uses
air pressure and a valve mechanism to push the material out of a nozzle. Figure 2-5 shows a
schematic illustration of a micro extrusion printing process commercialized by nScrypt. A 3.c.c.
syringe is loaded with the functional material to be printed. Air pressure pushes the ink through a

ceramic nozzle which controls the size of the extruded material. Nozzle diameters ranging from
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12.5 um to 125 pm are used to extrude material. A valve needle controls the flow of material
through the nozzle. When the valve needle is moved down, the seal is opened allowing the ink to
flow out of the ceramic nozzle. To stop the flow of material, the valve moves upward which
produces negative pressure that sucks the ink back into the nozzle [47]. The minimum line width
is approximately 10 times larger than largest particle in the ink, hence line widths between 25 pm

and 3000 pum are generally considered feasible [48].

Smart pump
needle chuck

17 Ink

«—3 c.c. syringe

Valve movement
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Extruded ink

[ «—————— Substrate

Figure 2-5: nScrypt micro extrusion system. Adapted from [49]

This process has been used to print solid oxide fuel cell materials [49], antennas [50], and
strain gauges [51]. This technique is capable of printing functional ink on planar as well on non-
planar substrates. Since low viscosity inks can 0oze out of the nozzle, printing very low viscosity

inks with inkjet or aerosol jet techniques is recommended.

2.3.5. Inkjet printing
Inkjet printing is widely used to print functional materials on planar surfaces. Inkjet

printing techniques can be classified as either continuous mode or drop-on-demand (DOD) based
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on the form in which liquid ink exits the nozzle. Figure 2-6 shows a schematic illustration of
continuous inkjet and DOD inkjet systems. The continuous mode has a steady stream of
electrically charged ink droplets which are deflected electrostatically. The electrical potential of a
charging electrode induces charge on each drop as it exits the nozzle head. The drop then passes
through electric field plates which deflect the charged droplets. Uncharged drops pass into the
catcher, allowing them to be recycled. The DOD inkjet system ejects ink drops only when they are
required to be printed. The liquid is ejected using thermal or piezoelectric actuation. The thermal
actuator DOD inkjet printer creates a short-lived bubble of vapor which pushes the ink droplets
out of the nozzle. After the bubbles collapse, the cavity is refilled with ink from the reservoir.
Piezoelectric actuated DOD uses a piezoelectric element which changes the internal volume of the
ink cavity on the application of electric field and thereby pushes ink from the nozzle. The cavity
then refills with ink from the reservoir. Feature sizes obtained using these processes typically range

from 20-50 um with a wet film thickness of 0.3-20 um [33].
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Figure 2-6: Inkjet printing process (a) continuous mode; (b) drop on demand mode. Adapted from [48]
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Inkjet printing has been used to fabricate antennas [52], capacitors [36], and resistors [36].
MOD precursor inks of different elements such as silver [53] and copper [22] have been printing
using inkjet printing technique. To achieve high throughput, multiple print heads or large numbers
of nozzles must be used which increases the risk of nozzle clogging and thereby affecting the print
quality. Since inkjet printing is non-contact, the ink fired from the nozzle may tend to miss the
target and affect the print dimensions if the droplet trajectory is not perpendicular to the face plate.
Uneven drying of the functional ink after printing can also affect print quality for this printing
technique. Inkjet printing processes are generally used to print on flat surfaces as printing on non-
planar surfaces is difficult and requires complex calculations to compensate for non-uniform

droplet travel times to reach the substrate [54].

2.3.6. Aerosol jet printing

Aerosol-Jet printing focusses an aerosol mist of the functional material to be printed onto
planar or non-planar surfaces. The functional ink can be atomized using pneumatic or ultrasonic
energy to create an aerosol mist. Figure 2-7 shows a schematic illustration of the pneumatic
atomizing aerosol jet process. The aerosol jet printing process uses nitrogen gas to atomize ink and
to transport the aerosol mist from the atomizer to the deposition head. The deposition head has a
sheath gas inlet which surrounds the aerosol stream as it exits the nozzle. Process parameters such
as ink flow rate, cup and tube temperature, translation speed, and stand-off distance can be varied
to deposit material with desired thickness and height. Feature sizes as small as 5 um have been

achieved using aerosol jet printing [55].
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Figure 2-7: Aerosol jet system. Adapted from [56]

Aerosol jet printing has been used to fabricate transistors on flexible polyimide substrates
[57], sensors [58, 59], and strain gauges [59]. The main advantage of the aerosol jet process is its
capability to print fine features on planar and non-planar surfaces. However, the aerosol mist
coming out of the nozzle is carried by a high flow carrier gas (e.g. nitrogen) which fans out as it
approaches the substrate. Sub-micron droplets in the aerosol stream can be swept out with the
carrier gas, thus generating satellite droplets near the printed features which affects the print quality

[60].

As mentioned before, different additives and stabilizing agents are added to the functional
inks to facilitate the printing process. These inks often require post processing to remove the
additives and create necking between the nanoparticles. Different post processing methods used

are discussed in the next section.
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2.4. Post processing

Sintering techniques such as thermal [22, 53], plasma [61], and photonic [24, 53] sintering
have been used for post processing of printed functional inks. The ink printed on a substrate has a
large volume of carrier solvent and much lower volume of functional material. The carrier solvent
must be evaporated to initiate sintering. The dynamics of evaporation influence the functionality
of the deposited ink as significant shrinkage in the volume can result in cracks developed at the
surface of the printed material. Other challenges include removing the capping layer of polymer
from the surface of the nanomaterials, breaking down the metal complex to reduce the metals to
their elemental forms and ink adhesion to the substrate. Thermal and photonic sintering processes

are explained in detail below.

2.4.1. Thermal sintering

Thermal sintering involves heating the printed pattern to an elevated temperature using a
hot plate, furnace or vacuum oven. To get rid of additives and other nonfunctional components
from the ink, the printed patterns are often sintered at a temperature higher than 200 °C. This limits
the choice of substrate materials since common polymer substrates such as PET has a glass
transition temperatures less than 200 °C. Another major drawback of thermal sintering is the time
duration of sintering which is significantly high in comparison with the other sintering methods
such as photonic sintering. This complicates its integration with roll to roll manufacturing and
requires long complex winding feed paths [62]. Due to these shortcomings, sintering techniques

such as photonic sintering are sometimes used.
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2.4.2. Photonic sintering

Photonic sintering uses intense pulses of broad spectrum light from ultraviolet to the
infrared region (200 nm - 1200 nm). The energy generated with these lamps in each short pulse of
light creates extremely high temperature within a micro to millisecond time frame [63]. At these
temperatures, evaporation of solvent and other organics along with rapid sintering of the
nanoparticles takes place. The high temperature is achieved in a short time frame during which the
substrate remains relatively cool. The process parameters need to be carefully adjusted to avoid
damaging the printed pattern and underlying polymer. If too much energy is supplied, it can ablate
the deposited ink from the substrate. If not enough energy is supplied, it may lead to an unsintered
film [64]. Since the sintering of the ink takes place in milliseconds, this process can be integrated

with roll to roll manufacturing process.

Alloy inks with different elemental compositions have been used to create functional
devices using different printing techniques. Some of the printing process, their advantages and

limitations are described below.

2.5. 3D printing of functional alloy inks

Low melting point alloys with high conductivity have been used in the printed electronics
industry for a very long time. Gallium (Ga) and indium (In) liquid alloys (Galn) have moderate
conductivity and can be printed at room temperature using 3D printing techniques. Zheng et al.
[65, 66] printed Galn alloy using a custom-made micro-extrusion 3D printer. Room-temperature-
vulcanization (RTV) silicone rubber was printed as an encapsulation material to maintain
functional stability of the alloy ink (Figure 2-8 (A) & 2-8 (B)). Zhang et al. [67] demonstrated
atomized spraying of Galn alloy onto a micro machined mask to create printed circuits on various

substrates (Figure 2-8 (C)). The ink was atomized to create droplets ranging from 700 nm to 50
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pum in diameter. A thin oxide layer on the droplet surfaces improved adhesion to the substrate. A
limitation of using Galn ink includes spontaneous contraction to droplets because of high surface

tension [66]. Also, the ink remains liquid at room temperature which may cause leakage and affect

the functionality of the device.

o= Alr inlet

Nozzle

@A) ®)

Figure 2-8: (A) Printed conductive circuit using Galn as functional ink (Used with permission [66]); (B) Step
1: Galn ink printed on substrate. Step 2: RTV silicone rubber printed as encapsulated material (Used with
permission [65]); (C) Schematic illustration of atomized spraying of Galn ink on mask to create printed

circuits (Used with permission [67])

Other options for 3D printing low melting point alloy inks with applications in the
healthcare sector have been reported in the literature. Liu et al. [68] created a 3D printer as seen in
Figure 2-9 (A) to dispense pure metals or alloys with melting points less than 300 °C. The alloy
ink is loaded into a syringe which is wrapped by an aluminum alloy cylinder that is heated via
constantan resistance wire. The syringe needle is immersed in cooling fluid such as water or
ethanol to avoid oxidation of the ink while dispensing. The same research group demonstrated the
use of functional alloy ink in medical electronics [69]. Alloy Gas7InzsSni25 with a melting point
of 9.85 °C was used to create electrodes to measure electrocardiography (ECG) signals and

impedance for deep brain stimulation. The alloy was injected in gelatin which acted like a
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packaging material for the electrode as seen in Figure 2-9 (B). Yi et al. [70] proposed an alloy
BissInss 6Sn1sZno.4 with a melting point of 57.5°C which could be used as bone cement for fixing
total joint arthroplasty as seen in Figure 2-9 (C). The fabrication process is carried out inside a

cooling fluid which limits the use of substrate materials.
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Figure 2-9: (A) Schematic illustration of liquid phase 3D printing (Used with permission [68]); (B) Injectable
alloy electrode in porcine tissue (Used with permission [69]); (C) CT scan of porcine femur with alloy cement

(Used with permission [70])

A very recent development has been the liquid metal 3D printer by Vader et al. [71]. The
solid metal wire is fed into the nozzle chamber where it is melted to form a reservoir of liquid
metal. A pulsed magnetic field is applied using the coil surrounding the reservoir to produce
magnetohydrodynamic pressure which pushes a droplet of liquid metal out of the nozzle. The
ejected liquid droplet lands on the substrate where it solidifies. Alloys of aluminum such as 4043
and 7075 have been printed using this technique [72]. The starting material in this process is in the

form of wire with fixed alloy composition.

3D printing of nanoalloys to create functional devices is still in its early stage. Pal et al.

[73] formulated a CuNiMn nanoparticle alloy ink which can be sintered under reducing
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atmosphere at 800 °C. The ink was made with nanoalloy particles suspended in isopropanol. The
ink was dispensed using aerosol jet printing and was used to print conductive structures for printed
electronics applications. However, because of the high sintering temperature, this alloy ink is not
suitable for use with low melting point substrates. Zhao et al. [74] printed a nanoalloy ink of AuCu
on a flexible substrate using a doctor blade printing technique to fabricate a sensor that detects
volatile organic compounds. Figure 2-11 shows a schematic representation of the fabrication
process. To sinter the ink and form a conductive pattern, a laser is scanned in the desired pattern
onto the printed sample. Since the final functional pattern is determined by the sintered area
exposed under the laser path, the unsintered ink needs to be cleared from the substrate which

increases the cost of fabrication.

[N ——

Nanoalloy ink
printing

Figure 2-10: Nanoalloy printing followed by pulse laser sintering (Used with permission [74])

The 3D printing techniques of alloy inks highlighted above are capable of printing
premixed alloy inks or nanoalloy particles with a fixed composition. However, the creation of
functionally graded alloy structures or structures in which the alloy composition is changed on the
fly while printing has not been widely explored to date. A printing technique analogous to
combinatorial material synthesis would have a number of advantages in controlling the elemental
ratio of the final printed alloy part. Printing techniques used in combinatorial material synthesis

are highlighted in the following section.
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2.6. Combinatorial materials synthesis

Combinatorial materials synthesis is a high throughput synthesis technique that combines
a small number of elements or chemical reagents in specific proportions to achieve the desired
reaction schemes and to develop a combinatory library of well-defined materials or products [75].
This synthesis technique was highly exploited in the pharmaceutical industry in the early 1990’s
to make discovery of new drugs faster and more efficient. The traditional method to create
combinatorial libraries includes pulsed laser deposition, chemical vapor deposition [76] and

multigun sputtering systems [77].

Inkjet printing techniques have also been used to create libraries of mixed oxide catalysts
[78], liquid crystals [79], and ferroelectric thin films [80]. The main advantage of inkjet printing
over traditional methods is digital control over the small amount of material dispensed. Complete
mixing of individual inks is critical to form a compound of desired stoichiometry. The mixing of
the individual material takes place either inside a dispensing tool [81, 82] or on the substrate by

dispensing individual droplets of each material ink on top of each other [78-80, 83, 84].

Mohebi et al. [81] designed and built a printer to dispense ceramic suspension inks onto a
substrate. Figure 2-12 (A) shows a schematic illustration of the printer. The inks are mixed behind
the nozzle and printed at precise locations using the XY motion controller. The mixing chamber

is a solenoid micropump providing distributive mixing by circulation of the inks.
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Figure 2-11 (A) Schematic illustration printer where printing ceramic inks are mixed before printing (Used
with permission [81]) (B) Mixing producer for formation of PZT thin films with different Ti/Zr ratio (Used
with permission [80])

Figure 2-12 (B) shows the mixing procedure reported by Okamura et al. [80] to fabricate
lead zirconate titanate (PZT) thin films with different Zr/Ti ratios. Alcohol sol gel precursor
solutions of PT and PZ were used as the inks. A similar mixing technique was reported by
Reichenbach et al. [83] and Murray et al. [84]. Reichenbach et al. [78] generated combinatorial
libraries of complex metal oxide catalyst by dispensing metal precursor solutions using inkjet
printheads in a stainless steel microwell plate. Murray el al. [84] used inkjet printing to dispense
and allow in situ mixing of colloidal suspension of nonoaluminum and nanocopper oxide to create

thermite on a flexible substrate.

Most of the research related to combinatorial material synthesis using inkjet printing
focuses on creating libraries by printing dots on a substrate or printing in microwell/microtiter
plates. The challenges in printing a functional part directly onto a substrate includes poor print
quality due to overlapping print regions [80] and the removal of byproducts during synthesis [85].
However, combinatorial material synthesize shows some potential in creating a functional alloy

by controlling its elemental composition of individual metal inks. The research needs to generate
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a functional part with desired alloy composition by printing metal inks are described in the next

section.

2.7. Research needs

A review of some of the different types of metal inks, different printing processes, and
different sintering techniques along with the recent progress in printing functional alloy ink have
been highlighted in this chapter. Most of these printing techniques use premixed alloy inks or
nanoalloy particles with a fixed composition to fabricate a functional part. The current printing
processes are not capable of printing different alloy composition within the printed part.
Combinatorial material synthesis shows potential in mixing individual inks, but the research is
more focused on creating mixed metal oxides with different stoichiometric ratios instead of

creating metallic alloys with specific compositions.

Since the properties of an alloy change as a function of elemental composition, a printing
process which could dispense alloy inks with specific compositions to provide desired functions
is required. 3D printing has evolved from a single material approaches to include multi-material
deposition techniques. This enables creation of multi-material parts in which each material can
serve a different function. Printing individual metal inks in desired proportions to form an alloy
with selective composition will help in printing multifunctional components without changing the
functional ink every time. This will also improve the time of printing and reduce the overall cost

of the fabrication.

Inkjet printing shows potential for dispensing more than one ink at a time. The print time
with multi nozzle inkjet is relatively low compared with single nozzle dispensing techniques.

Despite the large body of work on printing metallic inks with inkjet printing, mixing two or more
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elemental inks to form an alloy has not been well explored. An extensive study is required, in order
to understand the degree of mixing following jetting of individual metal inks from different
nozzles. Printing and sintering strategies could be developed to produce alloys having desired
compositions. This printing and sintering of the desired composition of alloy ink can open the door
to different applications in biomedical, electronics and other sectors. The next chapter focuses on
the research approach to form digital nanoalloys by mixing individual metal inks in desired

proportions.
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Chapter 3 Ink Formulations

3.1. Introduction

As described in earlier chapters, nanoalloy particles show a wide range of properties which
are useful in biomedical and electronic applications. 3D printing of nanoalloys is not yet scaled up
in comparison with the printing of single metal elements. Most of the printing techniques use
nanoalloy particles or alloy inks which have fixed elemental compositions. Printing
multifunctional components with different alloy compositions requires changing the nanoalloy ink
every time. This increases the time of printing as well as the fabrication cost. The process of
controlling the alloy composition while printing is still not explored. Since the properties of alloys
vary with changes in the elemental composition, a printing process which could digitally dispense
alloy inks having specific desired compositions would enable different functionalities. This
chapter focuses on the research approach to achieve formation of digital nanoalloys by mixing
individual metal precursor inks in desired proportions. Ink formulation of copper and nickel MOD
precursor inks along with their characterizations are explained in detail. An experiment confirming
the basic feasibility of formation of nanoalloys by mixing individual elemental inks is also

presented.

3.2. Overview

Inkjet printing has been used to print functional nanoparticle metal inks and MOD
precursor inks of copper and silver onto different substrates. However, the inkjet printing of multi-
element alloy inks is still in its early stages. Conventional inkjet printing prints a color image on
the paper by tightly controlling the relative proportions of each ink (i.e. cyan, yellow, magenta,

and black) at a given location in the image. A similar process can be used to print multi-element
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nanoalloy inks onto the substrate. In this case, each element in the alloy is formulated into its own
individual metal ink, and the “color” in the image maps to proportions of the individual elemental
inks rather than cyan, yellow, magenta, and/or black. This approach allows for spatial control of
the nanoalloy composition. Since inkjet printing is amongst the few printing processes which can
jet a known volume of ink onto the substrate, the jetting parameters can be varied so that individual
metal inks of defined volumes land on the same spot to produce an alloy of preferred composition.
Printing of mixed metal oxides has been reported in the literature [1, 2], but printing of metallic
alloys is a challenge because of issues such as formation of oxides and removal of carbon from the

sintered sample.

This research work aims to gain insight into the printing of digital nanoalloy compositions
by ex-situ mixing of individual elemental inks (i.e. mixing on the substrate after jetting) in
appropriate proportions. Using the binary copper-nickel system as an example, the formation of
nanoalloy with MOD precursor ink is reported. Since copper and nickel both have a face centered
cubic (FCC) structure and show complete miscibility in each other, formation of their nanoalloy
is, in theory, relatively straightforward. By printing MOD precursor inks, problems associated with

nanoparticle inks such as ink stability and nozzle clogging can be avoided.

In recent years, copper nickel nanoalloys have gained considerable interest in the research
community due to the conductivity of copper and the corrosion resistance of nickel. For this reason,
they are potential candidates as electrodes in corrosive environments. CuNi alloys are used in
marine applications [3], solid oxide fuel cells [4], glucose sensors [5], hydrogenation of refined
soybean oil [6], photodegradation of organic dyes [7], and in hyperthermia therapy [8]. Different
methods have been used to fabricate CuNi nanoalloy particles. Chemical methods include

electrochemistry [5], hydrothermal reduction [7, 9], microemulsions [10, 11], mechanical alloying
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[12, 13], reduction of polyols [13, 14] or salts [15, 16], and solution combustion [17, 18].
Synthesizing such nanoalloy particles is often accompanied by undesirable contamination in the
final composition. For example, impurities from the metal salts may not be completely removed
by repeated washing and drying of the nanoparticles. Oxidation is also a problem, requiring special
care during washing, filtering, and drying of the nanoalloy particles. Printing individual copper
and nickel precursor inks in desired proportions directly onto a substrate to form a nanoalloy film
will eliminate some of the problems encountered in the synthesis and use of premade nanoparticles.

The copper, nickel, and alloy ink formulations and characterizations are explained in detail below.

3.3. MOD ink formulations

To realize the formation of a nanoalloy using MOD precursor inks, individual inks of
copper and nickel were formulated. The same ligand molecule (ethylene diamine:
NH2CH2CH2NH>) and carrier solvent (ethylene glycol: HOCH,CH,OH) were used to prepare the
individual inks to avoid immiscibility and solubility issues during mixing. Nickel formate
dihydrate (molecular weight (MW): 184.77) and copper formate tetrahydrate (molecular weight
(MW): 225.65) were purchased from Alfa Aesar, USA. Ethylene diamine was purchased from
Fisher Scientific, USA and ethylene glycol was purchased from Sigma-Aldrich, USA. All
chemicals used were analytical grade. These chemicals were used without further purification.
Glass microscope slides (Thermo Scientific, USA), Kapton® film (DuPont USA, 5 mil thick) and
single crystal quartz (MTI corporation, USA) were used as substrates and were cleaned with

isopropyl alcohol before ink deposition.

To formulate copper MOD precursor ink, ethylene glycol (EG) (2 ml) was used as the
solvent. Ethylene diamine (ED) (0.36 ml, 5.39 mmol) was used as the ligand and was added to the

ethylene glycol. The mixture was stirred at room temperature for 15 minutes. Copper formate
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tetrahydrate (0.61 g, 2.70 mmol) was added to the solution and stirred at room temperature for one
hour. A dark blue color was formed indicating the formation of a copper amine complex. The ink
was filtered through a 0.2 um syringe filter. The nickel precursor (MOD) ink formulation was
adapted from the patent published by Ginley et al. [19]. To formulate the nickel ink, ethylene
glycol (2 ml) was used as the solvent. Ethylene diamine (0.36 ml, 5.39 mmol) was used as the
ligand and added to the ethylene glycol. The mixture was stirred at room temperature for 15
minutes. Nickel formate (0.50 g, 2.70 mmol) was added to the solution and stirred at room
temperature for one hour. The ink turned from green to purple indicating the formation of a nickel
amine complex. The ink was filtered through a 0.2 pum syringe filter. Table 3-1 show the ink
compositions for copper and nickel MOD precursor inks. To formulate the alloy inks, copper and

nickel inks were mixed in the desired ratios and stirred at room temperature.

Table 3-1: MOD precursor ink composition

Additive Amount Mole
Nickel formate dihydrate 059 2.70 mmol
Ni MOD ink Ethylenediamine 0.36 ml 5.39 mmol
Ethylene glycol 2 mi 35.86 mmol
Copper formate tetrahydrate 0.61¢ 2.70 mmol
Cu MOD ink Ethylenediamine 0.36 ml 5.39 mmol
Ethylene glycol 2 ml 35.86 mmol

3.4. Ink characterization

The copper and nickel MOD precursor inks contain the metal formate salts complexed by
ethylenediamine. The electron pair from the nitrogen of ethylenediamine forms a coordinate bond
with the metal ions. Formate ions were used because of their low molecular weight and volatility

[20]. Furthermore, the decomposition of formate is accompanied by the release of carbon dioxide
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and molecular hydrogen, (Eq. 1 & Eq. 2), the latter of which generates a reducing atmosphere,

thus limiting the amount of oxidation of the reduced metals [21].
2 HCOO™ - 2 CO, + H, + 2e~ Eg. 3.1
M?* 4+ 2e~ - M%(M = Cu or Ni) Eq. 3.2

The bidentate ethylenediamine was used in the formation of the metal complex to enhance
the reduction efficiency, achieve complex stability, and increase solubility in the solvent. Ethylene
glycol was used as a solvent to obtain suitable solubility and rheological properties for inkjet
printing. The high boiling point (~ 198 °C) of ethylene glycol also enables reduction of the
complex to metal at elevated temperature. Other solvents such as water could be used as a solvent

to reduce the viscosity of the MOD precursor ink.

In order to determine the structure of the complex, infrared spectroscopy (IR) was used for
copper MOD ink, nickel MOD ink, ethylenediamine, and ethylene glycol. The IR spectroscopy
measures the vibrations of atoms and determines functional groups in molecules. Figure 3-1 shows
the primary IR absorbance for ethylene glycol, ethylenediamine, and the copper and nickel
precursor (MOD) inks. As expected, all of the EG peaks in the ink spectra match those associated
with neat EG. EG vibrational transitions in the ink do not exhibit any evidence of metal-EG
interactions through vibrational peak damping or significant spectral band shifting. The IR spectra
(Figure 3-1) also confirms that the ED is directly complexed to the metals as indicated by

dampening of the IR frequencies assigned to amine transitions.
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Figure 3-1: IR spectra of ethylene glycol (EG), ethylenediamine (ED), copper ink and nickel ink. Reproduced
from [22] licensed under CC by 4.0

To determine the metal weight in the formulated ink and the temperature at which reducing
atmosphere is generated, thermogravimetric analysis (TGA) and mass spectrometry (MS) were
performed on the copper and nickel MOD inks. The TGA monitors the mass of the sample material
while it is heated to give a plot of mass loss as a function of temperature. TGA was performed by
heating the ink sample in a platinum pan from room temperature to 300 °C at 10 °C/min. The MS
analyzes the gases that leave the sample as it is heated. For MS analysis, 4.0 ul of the ink was
placed onto clean glass wool inside of a 0.25 inch OD glass tube. These were then placed into the
autosampler tray (Gerstel TDSA, Germany) with the open ends blocked with Viton® O-rings.
Each tube was individually loaded into the chamber which was heated to 30°C while helium flowed
through the tube at 100 ml/min. Effluent from the tube was split, with 1.0 ml/min directed into the
mass spectrometer (Agilent 5973, USA) through a heated one meter transfer line. The remainder
of the effluent was vented. The sample tube was heated from room temperature to 280 °C at a rate

of 10 °C/min.
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Figures 3-2(a) and 3-2(b) show the TGA-MS results for copper and nickel precursor inks
respectively. For both the inks, the thermal decomposition occurs in two stages. The solvent
evaporates first, followed by the metal reduction. In the first stage (< 130 °C), ethylene glycol and
water are released leaving behind the metal complex. The reduction of the copper and nickel MOD
precursor inks occur at ~ 155 °C and ~ 220 °C respectively. The metal complex decomposition
evolves carbon dioxide, carbon monoxide and ethylenediamine, consistent with the reactions in
Eqg. 3.1 and Eq. 3.2. The final solid loadings of copper and nickel are 6.5 % and 4.5 % w/w

respectively.

Cu MOD ink Ni MOD ink
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Figure 3-2: Thermal analysis mass spectrometry (TA - MS) of (A) Cu and (B) Ni precursor inks. Reproduced

from [22] licensed under CC by 4.0

To observe the nanoparticles in the scanning electron microscope (SEM), the ink was drop
casted on a glass substrate and was reduced in the furnace at 230 °C with a ramp up rate of 10 °C/
min. Figure 3-3 shows SEM images of the reduced copper and nickel from the precursor inks. The

metal deposits are composed of sintered nanoparticles having an average particle size around 500
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nm. The size of the particles are dependent on various factors such as the rates of reaction,
nucleation and crystal growth [23]. Small particles can coalesce into larger particles. The XRD

analysis also confirmed the reduction of the inks to elemental copper and nickel (Figure 3-4).

Figure 3-3: SEM image of (A) copper and (B) nickel film sintered in N2 atmosphere. Reproduced from [22]

licensed under CC by 4.0
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Figure 3-4: X-ray diffraction patterns for reduced copper and nickel films on quartz substrate. Reproduced

from [22] licensed under CC by 4.0
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To confirm the formation of copper and nickel crystal structure, XRD diffraction patterns
of the inks were used to calculate the lattice parameter values and to compare them with values
reported in the literature. The lattice parameter of a metal, alloy or a compound is the spacing
between the adjacent unit cells in a crystal structure. The diffraction pattern obtained from the
XRD determines the arrangement of atoms in a crystal structure via the Bragg condition as given

in Eq. 3.3 [24].
A= Zdhkl sin @ Eq 3.3

Where 4 is the wavelength of the radiation, dnq is the distance between the hkl planes of
the lattice where h, k, and I are the Miller indices and @ is the diffraction angle. For cubic crystals
like copper and nickel with lattice parameter a, the spacing d between the hkl lattice planes is given

by

a

d=—
Vh2+k2 412

Eq. 3.4

From the diffraction pattern of the sintered sample and the wavelength for Cu (Kal)
radiation, the lattice parameter ‘a’ for a crystal structure can be calculated using Eq. 3.3 and 3.4.
Kal peak positions for the sintered inks were obtained from Pearson type VII peak decomposition
[25]. The precise lattice parameter was determined from a plot of lattice parameter versus
c0s%0/sinf [26]. The experimental lattice parameters for copper and nickel were found to be 3.6144
A and 3.5242 A respectively. These values are in good agreement with the lattice parameters for
pure copper (3.614 A, PDF# 00-004-0836) and pure nickel (3.524 A, PDF# 00-004-0850). The

calculations to determine the lattice parameters is attached in APPENDIX-A.
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Differential thermal analysis was performed on copper and nickel MOD precursor inks to
determine the thermal events during the reduction process. The differential thermal analysis
records the temperature difference between the sample pan and the reference pan during the
heating process. The plot of temperature difference against temperature shows the thermal activity
of the sample. The endothermic or exothermic event occurring in the ink is detected relative to the
inert reference sample. Figure 3-5 shows the differential thermal analysis for inks when heated up
to 300 °C at 10 °C/minute. The reduction of copper and nickel to their elemental states occurs in
four stages. The first stage is the same for both the inks and includes evaporation of ethylene glycol
and water as indicated by the endothermic region below 140 °C. The second stage includes
reduction of the metal complex as indicated by the exothermic range up to 155 °C for copper and
around 200 °C for nickel. The exothermic ranges for the metals match the TGA-MS (Figure 3.2).
Nucleation takes place in the third stage. This is indicated by endothermic range from ~ 160-180
°C for Cu, and ~195-230 °C for Ni. Nucleation can be affected by impurities present in the ink
and/or substrate. Impurities may inhibit or accelerate the rate of the reactions. The fourth stage is

the crystal growth indicated by exothermic ranges > ~ 180 °C for Cu and ~ 230 °C for Ni.
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Figure 3-5: Differential thermal analysis for copper MOD ink and nickel MOD ink at 10 °C/minute.

Reproduced from [22] licensed under CC by 4.0

The copper and nickel MOD precursor inks show formation of elemental copper and nickel
upon reduction. To determine the formation of nanoalloy by mixing individual metal precursor
inks, an alloy ink was formulated by mixing copper and nickel MOD ink in ratio of (1:1). The

alloy ink characterization and different sintering conditions are explained below.

3.5. Alloy ink characterization

Figure 3-6 shows a proposed schematic overview of the nanoalloy formation process using
copper and nickel precursor inks. The copper and nickel nuclei formed after the reduction reaction
result in copper-nickel nanoalloy particles. The nanoalloy particles formed have inhomogeneous
concentrations of copper and nickel atoms. These nanoalloy particles subsequently sinter into a

continuous film due to surface diffusion.
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Figure 3-6: Schematic overview of formation of nanoalloy structure onto a substrate. Reproduced from [22]

licensed under CC by 4.0

To observe the formation of alloy in different sintering conditions, the copper and nickel
MOD inks were mixed together in the ratio of 1:1 and stirred at room temperature for 1 hr. The
ink was printed using the drop casting technique and sintered in one of three different ways — on a
hotplate, or in an oven with either vacuum or inert atmosphere (N2) conditions. The distribution of
copper and nickel in the sintered film was observed using Scanning Electron Microscopy with
Energy-Dispersive X-Ray Spectroscopy (EDS) elemental mapping. The elemental map shows the
spatial distribution and relative intensities of elements present over the scanned area. The relative
intensities associated with different elements in the sample are color coded in a 2D image.
Different locations of the film were scanned in order to see the distribution throughout the sintered

sample.
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Sintering on hot plate: The printed alloy ink was sintered on a magnetic hotplate at 230
°C for 30 min. The EDS elemental mapping (Fig. 3-7) shows clear segregation between
reduced copper and nickel. The reason for the segregation is presumed to be related to the
magnet present underneath the hotplate which was used to mix the solutions using a
magnetic stir bars. Since nickel is a ferromagnetic material, it is attracted to a magnet. In
the process of reduction of the alloy ink, the nickel particles formed were attracted to each
other in presence of magnetic field. This caused segregation between the reduced copper
and nickel nanoparticles. A hot plate with no magnet underneath showed no such
segregation (Fig. 3-8). The phenomena of reduction of nickel MOD precursor ink in
presence of magnetic field shows potential for aligning nickel nanoparticles in direction of
the magnetic field. Different types of microstructures can be fabricated onto a substrate by
changing the direction of the magnetic field. The effect of aligned nickel particles on

electric and magnetic properties of sintered film is explained in detail in Chapter 5.
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Figure 3-7: EDS elemental mapping plots on samples sintered on a magnetic hotplate
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Figure 3-8: EDS elemental mapping plots on samples sintered on a nonmagnetic hotplate.

Sintering in inert atmosphere: The printed alloy ink was sintered in an inert atmosphere
(N2) at 230 °C for 30 min with ramp up rate of 10 °C/min. The elemental mapping (Fig. 3-
9) shows much more uniform mixing of copper and nickel. The elemental composition
shows approximately 1:1 ratio of copper and nickel with some trace amount of carbon,

oxygen, and nitrogen.
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Figure 3-9: EDS elemental mapping plots on samples sintered in an inert atmosphere

Sintering in vacuum: The printed alloy ink was sintered in a vacuum furnace at 230 °C
for 30 min with ramp up rate of 10 °C/min. The elemental mapping (Fig. 3-10) shows
similar mixing patterns as seen in samples sintered under inert atmosphere. Much more
uniform mixing of copper and nickel were observed. The elemental composition shows
approximately 1:1 ratio of copper and nickel with some trace amount of carbon and oxygen.
The percentage of carbon and oxygen in the samples sintered in vacuum furnace were less

in comparison with the ones sintered in an inert atmosphere.
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Figure 3-10: EDS elemental mapping plots on samples sintered in a vacuum furnace

The sintering in vacuum and inert atmosphere show no segregation of copper and nickel.
However, the EDS elemental mapping shows a 2D image based on the elements present in the
scanned area. It does not show the crystalline phases present in the alloy. To assess whether or not
a CuNi alloy was formed and to understand the phases present, XRD analyses were carried out on

the sintered sample.

Alloy ink (CuNi, 1:1) was drop casted on a single crystal quartz substrate (X-cut - 110) and
sintered in a vacuum furnace at 230 °C for 30 min with ramp up rate of 10 °C/min. The final
sintered film was characterized by a RIGAKU DMax-1IB X-ray diffractometer. The EDS
elemental mapping (Figure 3-11 (A)) as seen in previous section shows no segregation of copper
and nickel (within the measurement resolution). The X-ray diffraction pattern in Figure 3-10 (C)
shows peaks for both a copper phase and a copper-nickel alloy phase. The lattice parameter
obtained for the copper peak was 3.6143 A, and for the copper-nickel alloy peak was 3.5318 A.
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Using Vegard’s law, the composition of the alloy phase was estimated to be CugNig. The
calculations to determine the lattice parameter and composition of alloy phase are presented in
APPENDIX-A. The TEM of the drop casted film sintered at 2°C/min in a vacuum furnace was

also studied and the results are presented in APPENDIX B.
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Figure 3-11: (A) EDS elemental maps on samples sintered in a vacuum furnace. (B) EDS spectrum of the
sintered sample. (C) X-ray diffraction pattern for sintered film on quartz substrate. Reproduced from [22]

licensed under CC by 4.0

The XRD shows the presence of two phases in the sintered film of copper and nickel rich
CuNi alloy. This indicates the reduction of copper first followed by reduction of nickel. In order
to observe the endothermic and exothermic events for the formation of bi-metallic film, DTA was

carried out for Cu, Ni and CuNi MOD inks at 2 °C/min (Figure 3-12). As shown above for 10
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°C/min, the reduction of the metal complex to elemental metal was observed in four stages (S1:
solvent evaporation, S2: reduction of the complex, S3: Nucleation and S4: Growth). The first stage
(S1) was the same for all inks. The copper complex reduces at a lower temperature than nickel due
to its higher reduction potential. For the CuNi alloy ink, copper reduces first and provides
nucleation sites for nickel which reduces later when the temperature is increased. The endothermic
peak for the nickel reduction (in CuNi ink) takes place at a lower temperature than for the Ni ink
suggesting that the presence of copper nanoparticles may catalyze the reaction. This corroborates
the results obtained from the XRD where copper and the copper-nickel alloy phases were observed.
The resulting alloy films have a layered structure with copper reducing first at the substrate and a

non-uniform distribution of Cu and Ni atoms (CuNi) alloy on top of the reduced copper.
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Figure 3-12: Differential thermal analysis for copper MOD ink, nickel MOD ink, and CuNi alloy MOD ink.

Reproduced from [22] licensed under CC by 4.0
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The DTA and XRD analyses suggest the presence of two phases with copper as one phase
and nickel rich alloy as the second phase. The theory behind the phase separation can be explained
using the Eyring equation [27] which considers the temperature dependence and change in the
Gibbs free energy (AG). The change in the Gibbs free energy is the driving force for the reduction
of metal to its elemental state. The relation of AG with the reduction potential of a metal is

measured using the cell potential (Ecen) under standard conditions and is given by

AG = —nFEceu Eq 3.5

where n (mol) is the number of electrons transferred in the reaction, and F'is the Faraday constant

(96500 C/mol). E,.yis the potential difference (J/C) which is given by

Ecell = Ereduction + onidation Eq 3.6

where Ejeduction 1S the reduction potential and Eyxiaacion 1S the oxidation potential of the ions.

For copper and nickel MOD precursor inks, copper and nickel ions are reduced by

accepting two electrons. The standard reduction potential for copper and nickel is [28]

Cu*t +2e - Cu® +0.337V

Ni?* +2e~ - Ni® —0.24V

In this reaction, the formate ion is oxidized by losing electrons to form carbon dioxide. The

standard oxidation potential for the formate ion is [29]

HCOO™ + OH™ -» C0,+ H,0 +2e™ + 043V

The cell potential can be calculated by substituting the reduction and oxidation potentials
in Eqg. 3.6
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Ecy, = 03374043 =0.767V
Ey; = —0.24+0.43 =019V

The change in the Gibbs free energy for the reduction of copper and nickel can be

calculated by substituting the cell potential values in Eq. 3.5
AGgy = —NnFEq, = —(2%96500% 0.767) = —148031] =~ —148 kJ
AGy; = —mFEy; = —(2 * 96500 % 0.19) = —36670] ~ —37 kJ

As the change in Gibbs free energy for copper is much lower than that of nickel, the
reduction of copper is thermodynamically favored over the reduction of the nickel. Also, the rate
of reaction increases exponentially with the temperature and is determined using the Eyring

equation [27]

K = "Z;Te-% Eq. 3.7
where k is the rate constant, kz is Boltzmann’s constant, & is Planck’s constant, R is the gas
constant, 7 is the absolute temperature, and 4G is the Gibbs free energy of activation. Since the
change in Gibbs free energy for copper is lower than that of nickel, the reduction process is
accelerated as the temperature is increased. Also, as the temperature is increasing, the
nanoparticles nucleate and create an autocatalytic reaction which further affects the reduction rate

of the MOD precursor inks.

The formation of layered nanostructures show potential in printed electronics applications.
Copper is an excellent electrical conductor while nickel is highly resistant to rusting and corrosion.

The two phased structure with copper at the bottom and nickel rich alloy at the surface could be

67



used as an electrode in oxidative environment. The electrical properties of the copper, nickel and
copper nickel alloy were characterized by measuring the change in resistance of the sintered

sample after exposing to oxygen rich atmospheric plasma.

A solid square film (1 cm x 1 cm) was printed with copper, nickel and alloy MOD ink on
a glass substrate using a Fuji Dimatix inkjet printer (DMP 3000). The samples were sintered in a
vacuum furnace at 230 °C for 30 min with a ramp up rate of 2 °C/min. The sintered film was
exposed to an O, plasma using a Surfx Atomflo™ 400 atmospheric plasma system. This system
generates plasma using a helium-oxygen gas mixture to create an oxidizing environment. The
plasma head was mounted on a linear stage to move on command in the X and Y directions. The
Z height between the sample and the head (i.e standoff distance) was kept constant at 10 mm. For
each pass, the power of the plasma was set to 100 W. Helium and oxygen gas flow rates of 15.00
I/min and 0.30 l/min respectively were used. The resistance was measured across the sintered
sample after every ten passes of the oxygen plasma. Figure 3-13 shows the change in relative
resistance of the printed film with exposure to Oz plasma. As expected, the relative resistance of
the sintered copper increased due to oxidization as the number of passes was increased. In contrast,
the relative resistance of the nickel and copper nickel alloy samples was not affected by the
oxidizing environment. The nickel rich alloy encapsulating the copper prevents the copper from
oxidation. This demonstrated ability of the nanoalloy structure to maintain conductivity in a
strongly corrosive or oxidative environment suggests numerous potential applications in

electronics.
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Figure 3-13: Measured change of resistance in printed film on exposure to oxygen plasma. Reproduced from

[22] licensed under CC by 4.0

3.6. Summary

Copper and nickel precursor inks were formulated using metal formate salts,
ethylenediamine, and ethylene glycol. The reduction process of copper, nickel and combined
solutions was studied in detail. EDS elemental mapping shows the reduction of alloy ink with well
mixed copper and nickel. Sintering on magnetic hotplate results in segregation since nickel
particles are attracted to each other in presence of the magnetic field. No segregations were
observed for samples sintered in vacuum and in inert atmosphere. XRD analysis of the sintered
alloy in vacuum furnace shows the presence of two phases, copper and bimetallic copper-nickel.
DTA analysis for the alloy MOD ink confirmed the reduction of copper first followed by reduction
of nickel rich alloy on top of copper. Sintering of the alloy ink resulted in the formation of a copper

film on the substrate that was encapsulated by nickel-rich alloy. The lattice parameter for the
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sintered alloy was 3.5318 A, indicating the average composition of the bimetallic alloy to be
CusgNigz. In order to explore the electrical properties of the layered nanostructure, the relative
resistance change in an oxidizing environment was observed for sintered copper, nickel and copper
nickel alloy film. After several passes of oxygen plasma treatment, the nanoalloy film
demonstrated no change in resistivity values, making the copper-nickel nanoalloy film suitable as

an electrical conductor in oxidizing environments.

This study confirms the basic feasibility of mixing individual elemental MOD precursor
inks to form a nanoalloy. The copper and nickel show uniform distribution along a 2D plane but
XRD shows presence of two phases along the thickness. In order to make a 3D part with desired
alloy composition, such structures are not preferred. To achieve homogenous alloy formation
throughout the sample, the copper at the core needs to diffuse into the nickel rich alloy. The next
chapter focuses on approaches to diffuse the copper from the core into the nickel rich alloy to
achieve homogenous alloy formation. The formation of alloy by mixing of copper and nickel inks
in desired proportions using inkjet printing technique and the degree of mixing following jetting

from different nozzle is also described.
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Chapter 4 Digital Alloying Using Precursor Inks

4.1. Introduction

As described in the previous chapter, when the copper-nickel mixture ink was reduced at
appropriate temperatures, a two phased structure formed within a copper-nickel alloy film.
Although such copper nickel structures are useful as conductors in oxidizing environments, to
achieve the desired homogenous alloy film, the copper phase needs to be diffused in the nickel
rich alloy. The diffusion of atoms is dependent upon temperature, concentration, diffusion distance
and time. This chapter describes a high-temperature diffusion process aimed at achieving the

desired copper-nickel alloy composition.

4.2. Inkjet printing of copper and nickel inks

To study the degree of mixing following jetting of individual metal inks, the Cu and Ni
MOD inks described in the previous chapter were printed onto a substrate using a Fuji Dimatix
inkjet printer (DMP 3000). The printer uses a piezoelectric ink cartridge having a single row of 16
nozzles to dispense the ink with a drop volume of 10 pl onto a substrate. The print head temperature
and the voltage were adjusted for individual inks before printing. The copper and nickel MOD
precursor inks were filtered through a 0.2 um syringe filter before loading into separate ink
cartridges. Substrates were cleaned with IPA and treated with atmospheric plasma to increase the
wettability of the inks. A5 mm square was printing with drop spacing of 20 um for each layer.
The inks were dispensed onto a substrate in the desired layer ratios (Cu:Ni — 1:4, 2:3, 3:2, and
4:1). For e.g.: In layer ratio of Cu:Ni —1:4, one layer of copper ink was printed onto the substrate

and then the nickel ink cartridge was loaded into the printer and four layers of nickel ink were

75



printed on top of the copper layer. The final printed film was reduced in a vacuum furnace at 230

°C at 10 °C/ min for 30 min as shown in Figure 4-1.

Cu Ni Reduced at Cu C/}'\Niuv

1 I 230°C _
gee $oe

Layer no.: 1,2,..., m Layer no.: 1,2,...,n Layer (elemental) ratio: m:n

Figure 4-1: Inkjet printing of copper and nickel ink onto a substrate with desired layer ratio

To analyze the degree of mixing after the reduction of copper and nickel to their elemental
states, EDS elemental mapping analysis was performed on the sintered samples. The EDS
elemental mapping (Figure 4-2) shows a uniform distribution of the reduced copper and nickel.
No segregation between reduced copper and nickel was observed in the reduced film. This
confirmed the mixing of copper and nickel following the jetting and sintering processes along the
two dimensions (X and Y). However as seen in the previous chapter, phases of copper and copper-
nickel alloy can be present along the thickness of the film (Z dimension). To diffuse the copper
phase into the nickel-rich copper nickel alloy, factors such as time and temperature must be
considered. The following section highlights the equations governing elemental diffusion at high

temperatures.
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Figure 4-2: EDS elemental mapping of reduced films by printing individual metal precursor inks using inkjet

printing

4.3. High temperature diffusion

Diffusion is a mass flow process by which species change their position relative to their
neighbors. Diffusion in metals plays an important role in the formation of a homogeneous alloy
(consisting of a single phase). The equations governing diffusion come from Fick’s first and
second laws. Adolf Fick [1] proposed the laws of diffusion in steady and unsteady state conditions.
In steady state conditions, the concentration is independent of time whereas in unsteady state
conditions, the concentration changes with time. Fick’s first law states that in steady state
conditions, the flux of particles (atoms, molecules, ions, etc.) in a one dimensional system is

proportional to the concentration gradient and is expressed as

ac
J=-D%= Eq. 4.1
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Where /is the flux (mol/mZ2.s), D is the diffusivity or diffusion coefficient (m?/s), Cis the
concentration of the particles (mol/m3), and x is the position parameter (m). The negative sign

indicates that the diffusion occurs in the direction opposite to the increasing concentration gradient.

The diffusivity is highly temperature dependent and has important consequences with
regard to material behavior at elevated temperatures. Diffusivity in solids increases exponentially

with the temperature and is given by

_ )
D = Dyexp R Eqg. 4.2

Where D, is the maximal diffusivity or maximal diffusion coefficient (m?/s), Q is the
activation energy (J/mol), Risthe universal gas constant (R = 8.31 J/ (mol-K)) and T'is the absolute
temperature (K). For the copper nickel alloy system, the maximal diffusion coefficient of Cu in Ni

= D= 2.7%10"°> m?/sec, and the activation energy for diffusion of Cu in Ni = @ = 256 kJ/mol [2].

Fick’s first law applies only in a steady state condition where the concentration does not
change with time. However, under most experimental conditions, the concentration at a particular
position changes with time. For such conditions, Fick’s first law cannot be used to determine the
diffusion coefficient because it does not have a time parameter. Fick’s second law of diffusion is
derived using the first law and mass conservation. It considers the change in concentration at a

particular position with increasing time and is written as

ac d2c
< =D= Eq. 4.3

The solution of the above differential equation is the concentration at any point x in time t
and it depends upon the initial and boundary conditions. One of the solutions for the above

differential equation is the error function solution given by [3]
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Cx,t) = A—B <erf (N%)) Eq. 4.4

Where constants A and B can be found out by based on the initial and boundary conditions.

For maximum diffusion, the error function is equal to 1.

erf (N’;_t) =1 Eq. 4.5

The values of erf (z) as a function of z is available in the literature [3]. For erf(z)=1, z

~ 3.
X
(zm) ~3 Eq. 4.6
xZ
t = %D Eq. 4.7

The diffusivity depends upon the chemistry of the sample as well as the microstructure [4].
The position parameter x can be considered as the thickness of the film assuming the film is dense
enough to diffuse the atoms into each other. Factors such as dislocations and grain boundaries are
not considered to calculate the time required for diffusion. Based on Eq. 4.2 and Eq. 4.7, the
approximate time required to diffuse copper and nickel into each other at a specific temperature

for a given thickness of the film can be calculated.

Table 4.1 shows the time require to diffuse the copper into nickel for diffusion distances
of 0.1 um, 1 um and 10 pum at different temperatures. The diffusion time decreases as sintering
temperature increases. Diffusion time obviously decreases as the diffusion distance decreases. It
is important to emphasize that diffusion distance is not necessarily the same as the overall thickness

of material. If each printing pass lays down 0.5 um thickness, and many print passes are used to
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build up thickness of perhaps 10 mm of material, then each printed layer has both Cu and Ni in the
correct proportions. In the worst case, the diffusion distance needed to homogenously distribute
the Cu and Ni atoms is equal to the layer thickness in the vertical direction and the drop spacing
in the lateral (X-Y) direction. Assuming some mixing and drop overlap of Cu and Ni during
printing, the diffusion distance will be less than the vertical layer thickness and the horizontal drop

spacing.

Table 4-1: Time require to diffuse copper from the core into nickel at the surface

Thickness of the film (um)
Temperature to diffuse
Cu into Ni (°C) 0.1 pm 1 pm 10 um
700 °C ~ 9.6 min ~ 964 min ~ 96477 min
750 °C ~ 2.1 min ~ 205 min ~ 20529 min
800 °C ~ 0.5 min ~ 50 min ~ 5046 min
850 °C ~0.1 min ~ 14 min ~ 1405 min

To form a homogeneous alloy of copper and nickel, high temperature diffusion was carried
out on printed and reduced samples. The samples were printed on a silicon wafer (crystal
orientation: 100) to withstand the high temperature sintering. A similar printing scheme was
carried out as described in Figure 4-1. A layer of copper was printed followed by a layer of nickel.
The samples were reduced first at 230 °C for 30 minutes in a vacuum furnace. Good film formation
was observed on a silicon wafer. The samples were later placed in a vacuum furnace at 800 °C for
8 hours at 50 °C/min. The sintered samples show copper separating out to form nanowires on the
substrate as seen in Figure 4-3. No such separations were observed at lower temperatures (230 °C)

where the copper and nickel precursor inks reduce. It is hypothesized that the reduced copper

80



diffuses along crystal lattice lines at high temperatures (800 °C). To avoid such segregations of

copper at high temperatures, a single crystal quartz substrate (X-cut - 110) was used.

Figure 4-3: Diffusion of copper in silicon at high temperatures

The samples sintered on single crystal quartz didn’t exhibit separation of the copper as
observed on the Siwafer. The copper and nickel showed uniform distribution in the EDS elemental
mapping. However, the sintered sample had a high degree of porosity as seen in Figure 4-4. Small
cubic structures were formed on the substrate which suggests the formation of microstructures due
to solid state dewetting at elevated temperature. Also, the pores generated during the reduction

process are more apparent at high temperatures.
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Figure 4-4: High temperate sintering on single crystal quartz substrate

To minimize the porosity in the film, the ink was reduced after printing each layer. The
next layer was printed on top of the previously cured layer. This process helped in filling the pores
generated during the reduction process at lower temperatures. The nickel layers were reduced at
230 °C while the copper layers were reduced at 170 °C. The schematic of the process is shown in
Figure 4-5. Five layers (Ni — Cu — Ni — Cu — Ni) were printed and sintered at the appropriate
reducing temperatures. This case generated a sandwich like pattern with alternate copper and
nickel layers. The final film thickness of the pattern was around 3 pm. The alternate printing and

reducing helped in generating a dense film of metallic copper and nickel as seen in Figure 4-6.

Cu

Reduced at 230°C —L Reduced at 170 °C —[. Reduced at 230°C | N Reduced at 170 °C
a “@2Cmin " 5 @2°Cimin H ‘@2°Cimin @ 2°C/min i
===

Figure 4-5: Schematic illustration of alternate printing and reducing of the metallic layers

The sample was placed in a vacuum furnace for 8 hours at 800 °C. Figure 4-6 shows the

film before and after sintering at high temperature. Large numbers of small islands of copper nickel

82



alloy were formed on the substrate. The EDS elemental mapping confirms that the islands consist
of both copper and nickel (Figure 4-7). Dewetting of the alloy film was observed where the film
agglomerated to form microstructures. This phenomenon is called solid state dewetting where thin
solid films on a substrate tend to agglomerate to form island when heated to high temperatures [5].
This process is driven by surface energy minimization and occurs while the film remains in a solid
state. Although solid state dewetting is undesirable, there has been research to use such structures

to make sensors [6] and to grow carbon nanotubes [7].
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Figure 4-6: Sintered copper nickel alloy film at 230 °C and at 800 °C

Figure 4-7: EDS elemental mapping of copper nickel film on quartz substrate sintered at high temperature
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The solid state dewetting can be controlled by different techniques such as by increasing
the film thickness, using a capping layer to suppress the effect, and depositing foreign materials
on the substrate [8]. Since the solid state dewetting phenomenon cannot be avoided at high
temperatures, the film before the diffusion should be sufficiently dense and thick. To verify this
concept, an experiment was carried where copper nickel alloy inks were formulated with different
ratios (CusoNizo, CusoNiso, and Cu7oNiz) and were drop cast onto glass substrates. The samples
were heated at 230 °C with a ramp up rate of 10 °C/min in a vacuum furnace for 30 min to create
a reduced nanoalloy film of copper-nickel. The film was scrapped off the substrates and collected
in a crucible. The powder was pressed onto a quartz substrate to create a one-millimeter thick
dense film. The samples were further sintered at 800 °C for 8 hours in a vacuum furnace to achieve

high temperature diffusion. Figure 4-8 shows the schematic illustration of the process.

Scraper
Reduced at Film scraped off ’
Cu,Ni0.5) 230 °C the substrate
Powder pressed
on quartz
Diffusion at
800 °C

 —

Figure 4-8: Process description to form copper nickel alloy powder and achieve diffusion between copper and

nickel at high temperature

The final sintered film shows the particles are well connected to each other with less
porosity compared to samples reduced at 230 °C. XRD diffraction patterns of the sintered sample
show the crystalline phase of copper nickel alloy. Small peaks of CuO and NiO were observed in

the diffraction pattern for samples with ratio CuzoNizo and CuzoNizo. A small amount of pure copper
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contaminant was present in the sample with ratio CusoNizo as indicated by a single peak of Cu
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Figure 4-9: XRD diffraction patterns of the sintered sample with different compositions

The lattice parameter of the alloy phase for the inks with ratio CusoNiz was 3.5533A,
CusoNiso was 3.5658 A, and CuzoNiso was 3.5921 A. Using Vegard’s law, the composition of the
alloy phases for the three samples were estimated to be Cusz2Niss, CussNiss, and CuzsNizs. The
calculations to determine the lattice parameter and compositions of alloy phase are presented in
APPENDIX — A. These values were deemed to be reasonably close to the theoretical elemental
composition of the MOD precursor inks used. There were different factors which may have
affected the change in the alloy composition. The precursor ink ratio was determined using the
weight percentage obtained using the TGA analysis. Small contaminate in the ink ingredients (salt,
ethylenediamine, and ethylene glycol) may have affected the final weight percentage of elemental
copper or nickel. The reduced film was scrapped from the substrate to obtain it in a powder form.
Some of the metal particles may have not been completely transferred onto the final dense thick
film. Also, the alloy ratio was determined using Vegard’s law which is dependent on the peak
position of the diffraction pattern in the XRD. The peaks could have shifted by a small degree due

to strain in the sample which may have changed the calculation of alloy composition.
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4.4. 3D printing workflow

The high temperature diffusion on the reduced film shows the potential of controlling alloy
composition by dispensing known proportions of elemental inks. To print a part with desired alloy
composition, each layer can be printed and reduced over and over to build up a 3D structure. The
final printed 3D part can be placed in a high temperature furnace to achieve diffusion and form a
homogenous alloy structure. As the weight percentage of copper and nickel in the precursor inks
presented were 6.5% and 4.5 % respectively, the number of printing and reducing steps increases
to print a 3D part. The printing time can be reduced by increasing the drop volume of the ink or

by increasing the solid content of the ink.

4.5. Summary

The copper and nickel MOD precursor inks were inkjet printed onto a substrate to study
the degree of mixing after jetting. The EDS analysis confirmed a uniform distribution of copper
and nickel in the reduced film. To avoid a two phase structure in final sintered film, high
temperature diffusion was carried out to create a homogenous alloy film. Challenges such as high
porosity in the sintered film and solid state dewetting at high temperatures were encountered
during the diffusion process. To resolve some of the challenges experienced from high temperature
diffusion process, the thickness and density of the reduced film was increased. Copper nickel alloy
inks with ratios CuzoNizo, CusoNiso, and CuzoNizo were formulated and reduced at 230 °C and later
high temperature diffusion was achieved at 800 °C. The XRD pattern confirmed the presence of a
crystalline phase of copper nickel alloy in the sintered film. The lattice parameter of the alloy phase
for the inks with ratio CuzoNiz was 3.5533A, CusoNiso was 3.5658 A, and CuzoNiz was 3.5921
A. Using Vegard’s law, the composition of the alloy phases for the three samples were estimated

to be CuszNigg, CusgNiss, and CuzsNios.
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Chapter 5 Nanowire Formation with Ni MOD Ink

5.1. Introduction

In functional printing, metallic inks are most commonly used to produce features intended
to conduct electricity (e.g. printed electronics [1]) or heat (e.g. printed heaters [2]). For magnetic
devices, transition metals such as Fe, Co and Ni are widely used due to their ferromagnetic
properties. Despite the intense interest in printing metal containing inks, there have been very few
examples of printing ferromagnetic metals. Among these, Ni is mainly used due to its corrosion
resistance, good electrical conductivity, high magnetic permeability, high thermal coefficient of
resistance, and relatively high saturation magnetization [3, 4]. As seen in Chapter 3, in the process
of reduction, nickel particles were attracted to each other in the presence of a magnetic field. In
this chapter, the ferromagnetism of nickel was used to align nickel nanoparticles in the direction
of the magnetic field to create patterned nanowires on a substrate.

Ni nanoparticles and nanowires have been formulated with different techniques such as
hydrothermal processing [3, 5, 6], chemical reduction [7-9] and electrochemical deposition [10].
However, the methods to fabricate, deposit, and/or align the nanowires onto desired substrates
typically requires multiple steps, large quantities of electrically or functionally inactive materials
(templates) and extreme conditions. For example, the reduction of Ni to its elemental state can be
achieved in a stainless-steel autoclave and must be followed by washing and drying of the
nanowires in an inert atmosphere to avoid oxidation [3, 5, 7, 9].

Deposited nanowires containing Ni have many applications including Surface Enhanced
Raman Spectroscopy (SERS) [11, 12], magnetic data storage [13, 14] and giant magnetoresistive
sensors [15-18]. These magnetic applications exploit the fact that the large shape anisotropy
generated from the high aspect ratio of nanowires provides high intrinsic coercivity. Aligned
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nanowires on surfaces can also be useful for optical applications such as nanowire polarizers [19,
20], and for many biological purposes, for example “lab on a chip” devices, as well as for the
construction of tubular sensors which exploit geometrically induced circumferential magnetization
[21], or for cell guidance using tissue or organ like structures in vitro [22]. Therefore, it is of great
significance to develop a practical approach to fabricating nanowires having the desired orientation
directly onto the preferred substrate.

In this chapter, a Ni precursor ink was synthesized in ambient conditions such that the ink
can be thermally reduced to elemental nickel after printing. This homogeneous ink can be
formulated for many different printing and deposition processes. The ink was printed on different
substrates using an aerosol printing technique. The reduction of Ni was observed in the presence
and absence of a magnetic field. Interestingly, reduction in the presence of a magnetic field
produced pure, template free, aligned Ni nanowires. In this way, large areas of aligned Ni
nanowires were produced, using only weak magnetic fields. It is believed that this novel method
is the first example of aligned nanowire formation on a surface by a thermal reduction
(curing/sintering) process. Moreover the reaction is simple and the byproducts are volatile, leaving
quantitatively pure Ni nanowires, without the need for further purification. The electrical and
magnetic properties are enhanced in the direction of the aligned Ni nanowires. The film
morphology can be easily manipulated during the reduction process to produce a number of
different novel structures having unique electronic and magnetic properties. Figure 5-1 shows a
schematic illustration of printing a Ni precursor ink and reducing it in the presence of

homogeneous magnetic field to produce aligned nanowires.
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Figure 5-1: Schematic illustration of printing a Ni precursor ink and sintering it in presence of homogeneous
magnetic field to reduce the nickel complex to aligned nanowires. Reproduced from [23] licensed under CC

by 4.0

5.2. Ink formulation

To realize the formation of nanostructures during reduction of the Ni MOD ink, the ink
formulation was modified from the one presented in Chapter 3. The same metal salt (nickel
formate) and ligand (ethylenediamine) were used. The solvent was changed from ethylene glycol
to water to reduce the viscosity of the ink. Ethylenediamine (0.72 ml, 10.77 mmol) was dissolved
in 4 ml of distilled water. Nickel formate (0.8 g, 5.38 mmol) was added to this solvent mixture and
stirred at room temperature for 15 minutes. The ink was filtered through a 0.2 um syringe filter.
Other additives such as 1% w/w of Polyvinylpyrrolidone (MW: 3500, K 12) and 20 ul of BYK
333 surfactant (10% v/v solution in distilled water) were added to the filtered mixture. Surface
tension of the Ni ink was measured using a contact angle goniometer and tensiometer (Model 250,
Ramé-Hart, USA) using the pendant drop method. The viscosity of the ink was measured using a
microVISC viscometer (RheoSense, USA). The surface tension and viscosity of the ink were 44.01

mN/m and 3.2 cP, respectively.
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5.3. Ink characterization

The Ni ink contains nickel formate complexed with ethylenediamine, which undergoes a
thermal reduction process to generate metallic Ni on the desired substrate following printing and
curing. The use of formate counter ions decreases the mass of the organic content of the complex,
provides a relatively low decomposition temperature, and subsequently decreases the residue
following decomposition [24]. Furthermore, as described in Chapter 3, the decomposition of nickel
formate is accompanied by the release of carbon oxides and molecular hydrogen [25], which
contribute to the reducing atmosphere thus preventing the oxidation of Ni. The bidentate
ethylenediamine has been used in the formation of the metal complex to enhance the reduction
efficiency, achieve complex stability and increase complex solubility in water [26].

Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) (Shimadzu
DTG -60, Japan) were performed by heating the ink sample in an aluminum pan from room
temperature to 400 °C at 10 °C/ minute. The TGA of the Ni ink shows that the thermal
decomposition occurs in two stages (Figure 5-2, dashed black line). The first stage includes the
solvent evaporation up to 100 °C, and the second stage involves the reduction of Ni to its elemental
state at 235 °C. The final amount of Ni in the ink was 5.7 % w/w. According to DTA data (Figure
5-2, solid red line), the first endothermic peak was observed around 80 °C with corresponding
mass loss indicating the solvent evaporation while the last endothermic peak was observed around
235 °C, indicating the reduction of Ni to its elemental state. This temperature is the minimum
necessary to reduce the ink to metallic Ni. For this reason, 240 °C was chosen as the curing
temperature for subsequent processing. It is important to clarify that the metal formation process
of these inks is mechanistically very different from that of conventional nanoparticle conductive

inks. The initial step of the curing of these inks is a chemical (reduction) process, rather than a
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physical process (as is observed in particle based inks). As such, the curing temperature is chosen

based upon careful analysis and characterization of the chemical reduction process of Ni upon

heating.

0 50 100 150 200 250 300 350
Temperature /°C

Figure 5-2: Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) of the Ni MOD ink.

Reproduced from [23] licensed under CC by 4.0

Surface morphology and elemental analysis of the sintered films were studied using a
scanning electron microscope with energy-dispersive x-ray spectroscopy (EDS) (Jeol, JSM-
ITI00LA, USA). The EDS spectrum of reduced Ni ink (Figure 5-3) shows peaks for Ni at 0.851
keV and 7.471 keV. A small amount of carbon and oxygen was also detected in the EDS spectrum,

which was either the byproduct of organic decomposition or contamination in the sintered sample.
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Figure 5-3: EDS spectrum of printed and sintered Ni MOD ink. Reproduced from [23] licensed under CC by

4.0

5.4. Aerosol printing

A Nanojet aerosol printer (Integrated Dispensing Solutions, Inc.) was used to dispense the
Ni ink onto the substrate. Other printing processes like inkjet printing can also be used to deposit
this ink [26]. The Nanojet printer uses ultrasonic energy to atomize the functional ink. A carrier
gas delivers the aerosol to a series of aerodynamic focusing lenses that concentrate the aerosol as
it exits the nozzle. The ultrasonic atomizer consists of a planar piezoelectric transducer having
frequencies in the range of 1 to 2 MHz which is acoustically coupled with the ink. The atomizer
produces a polydisperse distribution of droplets with a size distribution in the range of ~0.5t0 5
um in diameter [27]. Air was used as a carrier gas to transport the aerosol to the focusing lenses.
Ink passes through the focusing lens and into a tapered Luer lock dispensing tip. A sheath gas flow
was used to avoid clogging of the nozzle and to focus the distribution of aerosol droplets onto the
substrate. The sheath gas and aerosol flow rate were kept constant throughout the experiments to
maintain consistency in the printed samples. The printer uses Aerotech PRO 165 mechanical-

bearing linear stages to move the work table in the X and Y directions and an Aerotech PRO 115
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mechanical-bearing linear stage to move the deposition head in the Z- axis direction. A solid 1 cm
x 1 cm square pattern was printed using a 25-gauge dispensing tip. The distance between the
substrate and nozzle tip was kept constant at 5 mm, and a translational speed of 2 mm/sec was
used to print the samples. The thickness of the sintered films was measured using an optical
profilometer (Nanovea ST400, USA) and a stylus profilometer (Tencor P2, USA). The printed
pattern had a wet film thickness of ~ 4 um and dried film thickness of ~ 1 um for a single printed
layer.

Glass slides were used as substrates and were cleaned with isopropyl alcohol before
printing. To improve the wettability of the ink, the substrates were treated with atmospheric plasma
(Surfx Atomflo, USA). Based on the results from the DTA discussed above, the final printed
samples were cured at 240 °C for 15 minutes. Two different cases were explored to study the
sintering behavior. In Case 1, the samples were sintered at 240 °C for 15 minutes in the absence
of any magnetic field. In Case 2, the samples were sintered at 240 °C for 15 minutes in a

homogeneous magnetic field of 250 Oe.

5.5. Results and discussion

After aerosol printing, each substrate with printed solid square pattern was heated on a
benchtop hot plate. A location on a magnetic hotplate which had a homogenous magnetic field
lines was chosen to reduce the sample. The cured Ni films were characterized by SEM imaging
(Figure 5-4) to study morphology and the structure of the reduced Ni. The samples that were
processed in the presence of a homogeneous magnetic field showed nanowires where the nanowire
axis was aligned in the direction of the magnetic field. The SEM shows that each nanowire was
composed of individual 100-250 nm nanoparticles that are fused together, resembling a “string of

pearls”. This suggests that the reduction forms nanoparticles, which are aligned in the presence of

94



the magnetic field, then sintered together at the processing temperature. The Ni particles follow

the pattern of the magnetic field lines.

Figure 5-4: SEM image of aligned Ni nanowires (50 % dilution). Reproduced from [23] licensed under CC by

4.0

In the absence of a magnetic field, the particles are not aligned to form nanowires. Rather,
the samples that were thermally processed in the absence of a magnetic field show the presence of
a porous Ni film with particles ranging from 100 to 250 nm (Figure 5-5a). Significant necking
between Ni particles was observed. The samples were cured after each printed layer. For printing
of the second and third layers, the Ni ink was printed on top of the previously cured layer. In order
to study the isotropy of the printed Ni, an extra case was investigated where a nanowire grid was
printed by reducing the Ni in the presence of a magnetic field perpendicular to the previous layer

(Figure 5-5c¢).
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5.5.1. Alignment characterization

In order to quantitatively evaluate the orientation of reduced Ni nanowires, a method used
by Ayres et al. [28] to measure the wire alignment in electrospun materials was adopted. A two
dimensional (2D) Fast Fourier Transform (FFT) was used to measure the degree of alignment.
Each image was cropped to 512x512 pixels and was saved as a grayscale image. ImageJ software
supported by an oval profile plug-in was used to conduct the 2D-FFT analysis. The 2D-FFT
function converts the spatial information in the image into a defined frequency domain. This
frequency domain plots the rate at which pixel intensities change in the image and produces a
frequency plot of grayscale pixels distributed in a pattern. The oval profile plug-in was then used
to get the total pixel intensities for each radius. The total pixel intensities for each radius were used
to generate the 2D FFT nanowire alignment plot. The peak shape and height determine the degree

of alignment, while the peak position indicates the axis of orientation of the nanowires.
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Figure 5-5: SEM images with corresponding 2D FFT alignment plots of two-nickel layers sintered in (a) no

magnetic field, (b) homogeneous magnetic field of 250 Oe in the same direction for all layers, and (c)
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multilayer printing and heating in presence of homogeneous magnetic field with alternating 0° and 90°

orientations between layers. Reproduced from [23] licensed under CC by 4.0

The FFT alignment plot for Ni cured in the presence of magnetic field shows a fibrous
structure with peaks at 90 and 270 degrees, while the Ni reduced in absence of magnetic field
shows random particulate structure. The nanowire grid sample produced using alternating
magnetic field orientations shows peaks at 0, 90, 180, 270 and 360 degrees. The intensities of the
peaks at 0, 180 and 360 degrees were higher than that of 90 and 270 degrees because of the

alignment of the top layer was more prominent in the SEM image than that of the bottom layer.

5.5.2. Electrical characterization

The electrical resistivity for the printed Ni ink was measured using a four-point probe
(Jandel RM3000, UK). A significant difference in the electrical properties was observed for Ni
cured in the presence of a magnetic field compared with that of Ni cured in the absence of a
magnetic field. Figure 5-6 shows the resistivity values for the different cases. As expected, the
resistivity decreased as the number of layers increased. The reason for the decrease was that the
voids generated during the sintering of the previous layer were filled with additional Ni during the
printing of subsequent layers. The electrical resistivity of the Ni cured in the presence of the
magnetic field was lower (higher conductivity) than the Ni cured in the absence of a magnetic
field. The resistivity was lower in the direction of the aligned Ni nanowires than perpendicular to
the aligned Ni nanowires. For the nanowire grid samples produced using alternating magnetic field
orientations, the resistivity was almost equal in both directions. The lowest resistivity of 560
puQ-cm (80X bulk Ni) was observed in the nanowire grid samples, which is better than previously
published studies [29, 30]. It should be noted that these nanowire arrays are not completely dense

as there are spaces between nanowires. These resistivities are calculated assuming uniform
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coverage of Ni with no pores, so they overestimate the actual resistivity based upon the amount of

Ni actually present in the nanowires.
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Figure 5-6: Electrical characterization of Ni for particles (a) not aligned, (b) & (c) aligned (nanowires) and (d)

& (e) in grid orientation. Reproduced from [23] licensed under CC by 4.0

5.5.3. Magnetic characterization

Magnetic properties were studied by obtaining the hysteresis loops using a Princeton
Applied Research (PAR 155) vibrating sample magnetometer (VSM) modified with Lakeshore
Cryotronics 7300 electronics. The magnetic properties of two-layer Ni films reduced in the
absence of a magnetic field (Figure 5-7a) and films reduced in the presence of a directional
magnetic field (Figure 5-7b) were studied by measuring the hysteresis loops. The saturation
magnetization for all samples was found to be 30 emu/g, which is comparable to the bulk Ni
saturation magnetization [31]. Figure 5-7a shows hysteresis loops obtained in planar perpendicular

directions where soft magnetic properties were observed with remanent magnetization (y intercept
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of the loop) of 10 emu/g and coercive field (x intercept of the loop) of 120 Oe. By exposing the
film to a directional magnetic field during the reduction process, a significant difference was
obtained. The induced anisotropy parallel to the alignment direction showed a remanent
magnetization of 20 emu/g, while the perpendicular direction shows a remanent magnetization of
7 emu/g. This is due to the obtained nanowire structure that has a shape anisotropy along the axis
of the nanowire. By aligning the film layers in perpendicular directions to form a nanowire grid
structure (Figure 5-7c), higher remanent magnetization than the unaligned film was obtained in
the parallel and perpendicular directions due to the connected nanowire grid structure. These
results show the possibility of tailoring the magnetic properties of the printed Ni films, which can
be exploited for applications such as magnetic data storage or magnetoresistive sensors. The
nanogrid structure on a wide range of substrates can also be explored for making skin attachable

loudspeakers and microphones [32].

99



(a) 0 Not Aligned

20— Pparallel
-=-=-- Perpendicular

10}

M /emu g™

20— parallel

Aligned

--=-=- Perpendicular

-2000 -1000 0 1000 2000 -2000
Magnetic Field /Oe

-1000 0 1000 2000
Magnetic Field /Oe

() s Nanofiber Grid
20— Parallel
-=== Perpendicular ,

n

Figure 5-7: Magnetic characterization of Ni film with nanoparticles (

-2000 -1000 0 1000 2000
Magnetic Field /Oe

a) not aligned, (b) aligned nanowires)

and in (c) grid orientation. Reproduced from [23] licensed under CC by 4.0

To demonstrate the feasibility of printing on a flexib

MOD ink with fine traces were printed on Kapton® film using

le substrate, three layers of nickel

the Nanojet aerosol printer (Figure

5-8). The pattern was sintered on a hot plate at 240 °C for 15 minutes. A thickness of ~ 4 um was

obtained after thermal processing. This Ni MOD ink shows

potential for applications such as

antenna [33] and magnetic sensors [18] where the substrate flexibility is important.
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Figure 5-8: (a) Aerosol print of nickel with a square coil pattern on Kapton thin film. (b) Optical profile of

printed structure (c) Cross sectional profile of printed structure

5.6. Summary

A novel template free method of producing aligned Ni nanowires in ambient conditions
from a homogeneous solution was presented in this chapter. This was one of the few examples of
printing ferromagnetic precursor inks. The ink can be printed using a variety of processes on
different substrates, including flexible and thermally sensitive materials for applications such as
antennas, magnetic sensors and optical polarizers. Aerosol printing of the ink on glass and
Kapton® substrates were demonstrated in this study. Inks with different rheological properties can
also be easily developed for other functional printing techniques such as flexography, screen-
printing, and inkjet printing. Thermal reduction of the precursor ink in the presence of a weak
magnetic field produced large areas of pure aligned Ni nanowires, requiring no further processing,

which have enhanced anisotropic electrical and magnetic properties. This was the first example of
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thermally induced nanowire formation on a substrate. The film structure and morphology can be

easily manipulated, enabling the production of a variety of novel patterned structures having

unique electronic and magnetic properties, as well as commercial applications. The lowest

electrical resistivity (highest conductivity) was observed for nanowire grids.
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Chapter 6 Summary and Recommendations for Future Work

6.1. Summary

In this chapter, an overall summary of the research work is presented with key contributions
of the research. The main objective of this research was to present a new approach to form an alloy
film by ex-situ mixing individual metal inks in desired proportions. Since the properties of alloys
change with the elemental composition, a printing process which could digitally dispense alloy ink
having specific desired compositions would enable different functionalities and be highly
desirable. A wide range of digital printing techniques and different types of metal inks used with
those techniques were presented in Chapter 2. Most of the printing processes use premixed alloy
ink or nanoalloy particles of known composition. The current printing processes are not capable
of printing different alloy composition within the printed part. Inkjet printing process shows
potential of dispensing more than one ink at a time with huge arrays of nozzles to reduce the

printing time.

Copper and nickel MOD precursor inks were formulated having rheological properties
suitable for inkjet printing technique. The inks were characterized using thermal analysis, mass
spectrometry and infrared spectroscopy. Sintering of metal and alloy inks were studied under
various conditions. Nickel, a ferromagnetic metal, shows novel microstructures when sintered in
the presence of a magnetic field. A template free method of producing aligned Ni nanowires with

enhanced electrical and magnetic properties along the alignment was presented.

The reduced metal and alloy structures were characterized using energy-dispersive x-ray
spectroscopy (EDS), transmission electron microscopy (TEM), and x-ray diffraction (XRD). The

reduction of combined ink solutions (copper and nickel) at low temperature show formation of a
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two phased structure having copper as one phase and a nickel rich alloy as other phase. Such
nanoalloy structure showed strong resistance to oxidative environment demonstrating numerous

potential applications in printed electronics.

To achieve homogeneous alloy formation, the diffusion of the copper into nickel rich alloy
at high temperature was presented. The solid printed alloy film was unstable and agglomerated at
high temperature to form small islands onto the substrate. To minimize the agglomeration at high
temperatures, the reduced alloy ink was compressed onto a quartz plate to form a dense thick film.
After sintering at high temperature, a solid alloy film with minimal agglomeration was obtained.
The XRD on the final film confirmed one single phase of copper nickel alloy with elemental ratio

of CusgNisa.

6.2. Key contributions

The following presents a summary of the contributions identified from this research:

e The reduction process of copper and nickel MOD precursor inks was studied in detail. The
inks were characterized using thermal analysis, mass spectrometry, and infrared
spectroscopy. The thermal events analyzed during the reduction of inks helped understand
the decomposition of metal complex along with the nucleation and growth process of the
reduced nanoparticles.

e A new method to easily form copper-nickel nanoalloy directly onto a substrate was
presented. The nanoalloy film had copper on the substrate encapsulated with nickel rich
nanoalloy. The film demonstrated no change in resistivity values on exposure to oxygen

plasma treatment making it suitable for conductive applications in oxidizing environments.
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e The findings from this research confirmed the formation of desired alloy composition for
a model CuNi system by printing individual elemental inks in known proportions. High
temperature diffusion process was presented to achieve homogeneous CuNi alloy
formation within a printed part. A printing workflow was proposed to fabricate a 3D part
with desired alloy composition.

¢ A novel method to produce template free aligned nickel nanowires in ambient conditions
directly onto a substrate was presented. This is one of the few examples of printing a
ferromagnetic MOD precursor ink. The film structure and morphology can be easily
manipulated to produce structures having unique electrical, magnetic, and optical

properties.

6.3. Recommendations for future research

The work presented in this dissertation focused on forming an alloy film with a known
elemental ratio by using individual copper and nickel MOD precursor inks. Some possible

directions for future research are presented below.

This research confirms the formation of desired alloy composition for a model Cu-Ni
system within a layer by printing individual elemental inks in desired proportions. The next step
would be to print multiple layers in order to get a macroscopic part. A Xerox® M4 Industrial inkjet
print head could be used to dispense individual elemental inks. The print head can dispense up to
four materials with a drop volume of 15-30 pl onto the substrate. Different print conditions such
as drop spacing, time delayed depositions and waveform optimization could be studied and
optimized for each elemental ink. Since solid state dewetting is an issue to achieve diffusion at

high temperatures, each printed layer could be reduced to its elemental state at lower temperatures.
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Once the part is printed to a desired thickness, high temperature diffusion can be achieved with

minimal dewetting.

The ink formulation could be improved to increase the solid content in the final reduced
film. Increasing the solid content would increase the final film thickness of each printed layers.
This will also help in reducing the print time as well as minimize the solid state dewetting
phenomenon. A mixture of nano/micro metal particles with MOD precursor ink could be used to
increase the metal loading. During the reduction process, the particles provide nucleation sites for
the metal complex. The surface morphology obtained with such inks after sintering has minimal

cracks and pores [1].

MOD precursor inks of Au and Ag have been formulated in the literature. The formation
of nanoalloy by mixing these inks with Cu or Ni can be studied. As mentioned in Chapter 1, wide
range of nanoalloys such as FePt, CoPt, and CuAg have been synthesized using the bottom up
approach. The metal precursors used in literature could be to create a MOD precursor ink with
rheological properties to suit inkjet printing technique. Other elemental inks such as Co, Fe, Pt,
and Ti could be formulated which are often used to create a wide range of alloy families. Different
properties of these inks can be explored which can serve as a great tool to print and sinter individual

metal ink for other functional applications.

Formation of an alloy film using photonic sintering systems (Novacentrix Pulseforge) will
be useful in fabricating functional devices on temperature sensitive substrates. The main advantage
of using photonic sintering method is that the sintering process can be carried out at room
temperature at very high speed. A two-step photonic sintering process has been reported in the

literature to improve quality of the printed pattern and minimize damages to the substrate [2, 3].
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The two steps consist of a preheating step of low energy pulses to dry and preheat the sample
followed by the main sintering step of high energy to achieve reduction and complete necking
between the particles. Since the Pulseforge uses a flash lamp to achieve high temperatures in a
short amount of time, the process of dewetting could be studied with this tool. The pulse shaping
feature in the photonic sintering tool can also be explored to combine the reduction and diffusion
processes. In pulse shaping, a custom sintering profile can be designed with pulses having different
durations and amplitudes. Farraj et al. [4] analyzed the drying process on a copper precursor ink
before the main sintering process. It was observed that the excessive drying of the ink causes
crystallization of the copper complex which led to the formation of many islands upon sintering.
Therefore, optimization of overall sintering energy is important to reduce the formation of
crystallization during the drying stage and induce decomposition of the metal complexes in the
main sintering stage. SimPulse® software can be used to simulate these pulses to achieve the
desired temperatures to achieve decomposition of the metal complex and diffusion to minimize

the island formation in the sintered sample.

The MOD precursor inks can be used as a binder to 3D print metal or alloy parts using
binder jetting additive manufacturing technique. In a metal binder jet printing technique, a liquid
polymer binding agent is selectively inkjet printed into a layer of metal powder bed. Once a layer
is printed, it is dried and a new layer of powder is spread on top of the previous layer. The layer
by layer process is repeated to create a 3D part. The printed part is removed from the unbound
loose powder in the bed. To achieve necking between the particles, the printed 3D part is placed
in a furnace at high temperatures. Copper MOD precursor ink has been used as a binder on a copper
powder bed to print a 3D part [5]. By dispensing a known volume of metal ink into the powder

bed and reducing it to its elemental state at low temperatures, the alloy composition can be
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controlled in each layer. The final printed part can later be placed in a vacuum furnace to achieve

diffusion and necking between the particles.
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Appendix - A

Lattice parameter calculations

To calculate the experimental lattice parameter values, the wavelength for Cu (Kal) radiation was
taken as A= 1.540562 A. The Cu (Ka) radiation used to record the diffraction peaks has two
wavelength components Kal and Ka2 which overlap heavily at low angles [1]. The intensity of
Kal is approximately twice that of Ka2. Therefore, spearing out the Ko component from the
diffraction peaks using peak decomposition Pearson type VI [2] function gives a more accurate
20 value of the peak. The calculated lattice parameter was then extrapolated against cos?0/sin 0 to

get the precise lattice parameter for the sample [3].

Copper MOD ink

Table A- 1: X-ray diffraction peak values and corresponding lattice parameter values for reduced copper
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Figure A- 1: Precise lattice parameter determination for reduced copper
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The equation y = 0.0014x + 3.6144 at x = 0 gives the lattice parameter value for reduced

copper as 3.6144 A.

Nickel MOD ink

Table A- 2: X-ray diffraction peak values and corresponding lattice parameter values for reduced nickel

The equation y = 0.0006x + 3.5242 at x = 0 gives the lattice parameter value for reduced

nickel as 3.5242 A.

c0s20/sin@

CuNi MOD ink sintered at 230 °C

Figure A- 2: Precise lattice parameter determination for reduced nickel

20peak (deg) |  Opeax (rad) d (A) hkl cos? 0/sin 0 a(A)
44 .475 0.38812 2.03536 111 2.26 3.52536
51.820 0.45221 1.76283 200 1.85 3.52565
92.913 0.81082 1.06268 311 0.65 3.52450
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Table A- 3: X-ray diffraction peak values and corresponding lattice parameter values for CuNi MOD ink
reduced at 230 °C

20pcak (deg) | Opeax (rad) d (A) hkl cos? 0/sin 0 a(A)
44.401 0.38747 2.03859 111 2.27 3.53095
51.642 0.45066 1.76849 200 1.86 3.53698
92.676 0.80875 1.06477 311 0.66 3.53144
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Figure A- 3: Precise lattice parameter determination for CuNi MOD ink reduced at 230 °C

The equation y = 0.0008x + 3.5318 at x = 0 gives the lattice parameter value for reduced
copper nickel alloy as 3.5318 A. Vegard’s law was used to determine the alloy composition using
the values obtained from the lattice parameter. The lattice parameter of a binary alloy is a linear

function of lattice parameters of the two elements present and is given by [4]

5 = Jalloy=aNi Eq. AL

acu—ani
Where ‘x’ is the mole fraction of the Cu phase in the alloy. The lattice parameters for

copper and nickel was 3.6144 A and 3.5242 A. Substituting these value in Eq. Al

_ 3.5318-3.5242
T 3.6144—3.5242

=0.08

Therefore, the elemental composition of the alloy phase was CugNig».

CuzoNizo MOD ink sintered at 800 °C

Table A- 4: X-ray diffraction peak values and corresponding lattice parameter values for CuzoNizo MOD ink
sintered at 800 °C

20peak (deg) | Opeak (rad) d (A) hkl cos? 0/sin 0 a(A)
44.158 0.38535 2.04924 111 2.28 3.54939
51.403 0.44857 1.77613 200 1.87 3.55226
75.586 0.65961 1.25695 220 1.01 3.55521
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Figure A- 4: Precise lattice parameter determination for CusoNizo MOD ink sintered at 800 °C

The equation y = -0.0011x + 3.5533 at x = 0 gives the lattice parameter value for reduced

copper nickel alloy as 3.5533 A. Substituting the lattice parameter value in Eq. Al,

_ 3.5533-3.5242 _
T 3.6144-3.5242

0.32

The elemental composition of the alloy phase was CuszNies.

CusoNiso MOD ink sintered at 800 °C

Table A-5: X-ray diffraction peak values and corresponding lattice parameter values for CusoNiso MOD ink
sintered at 800 °C

20peak (deg) |  Opeak (rad) d (A) hkl cos? 0/sin 0 a(A)
43.984 0.38383 2.05696 111 2.30 3.56275
51.239 0.44714 1.78145 200 1.88 3.56290
75.364 0.65768 1.26011 220 1.02 3.56413
91.570 0.79910 1.07472 311 0.68 3.56443
96.898 0.84559 1.02929 222 0.59 3.56556
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Figure A-5: Precise lattice parameter determination for CusoNiso MOD ink sintered at 800 °C

The equation y = -0.0014x + 3.5658 at x = 0 gives the lattice parameter value for reduced

copper nickel alloy as 3.5658 A. Substituting the lattice parameter value in Eq. Al,

_ 3.5658-3.5242 _
T 3.6144-3.5242

0.46

The elemental composition of the alloy phase was CuzsNisa.

Cu7oNi3 MOD ink sintered at 800 °C

Table A- 6: X-ray diffraction peak values and corresponding lattice parameter values for CuzoNiso MOD ink
sintered at 800 °C

20peak (deg) |  Opeax (rad) d (A) hkl cos? 0/sin 0 a(A)
43.421 0.37892 2.08229 111 2.33 3.60663
50.713 0.44255 1.79866 200 1.90 3.59733
74.520 0.65031 1.27226 220 1.04 3.59852
90.548 0.79018 1.08416 311 0.69 3.59576
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Figure A- 6: Precise lattice parameter determination for CuzNisc MOD ink sintered at 800 °C

The equation y = 0.005x + 3.5921 at x = 0 gives the lattice parameter value for reduced

copper nickel alloy as 3.5921 A. Substituting the lattice parameter value in Eq. Al,

_ 3.5921-3.5242
T 3.6144-3.5242

=0.75

The elemental composition of the alloy phase was CuzsNigs.
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Appendix — B

Transmission electron microscopy (TEM) (Jeol 2010, USA) was used at 200 kV to obtain the
selected area electron diffraction (SAED) pattern for the sintered alloy film. Figure B- 1 (a) shows
the TEM image of drop casted CuNi film sintered at 2 °C /min in a vacuum furnace. The film was
removed from the substrate and placed on the TEM grid for analysis. The nanoparticles and grain
boundaries are easily seen. Figure B- 1 (b) shows the electron diffraction pattern obtained from
the same area shown in Figure B- 1 (a). The d spacing from electron diffraction data was used to
calculate the lattice parameter and then was averaged over all four lattice constants. The lattice
parameter obtained from the TEM analysis were not consistent with either a pure copper or pure
nickel phase, indicating an alloy formation. Other unresolved ring patterns may be due to
impurities, amorphous materials, or formation of small amounts of metal oxides (NiO, CuO or

NiCuO).

Figure B- 1: (a) TEM micrograph and (b) electron diffraction pattern of the alloy film
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