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Abstract

Additive Manufacturing (AM) of electrically conductive copper (Cu) parts is of
significant research interestedd / dzQa K AahK eledtric Nahduttivity
combined with its relative abundance and low price makes it an ideal material for
thermal and eletrical devices.Unlike conventional subtractive manufacturing
processesAM is capable of producing highly geometrically complarts which is
beneficial for manyhermal and electrical devicegpplicationsTo datethere areonly
capital and energy intesive AM processesvhich canproduae macroscale Cu parts
exist. There is no lov@nergy process capable of additively manufactgrelectrically
conductive copper (Cu) micropartddditively manufactured Cu microparts have
potential applications such asicrochips,electronic microdevicesnedical devices,
microfluidic devices, and microptical systems.This thesis aims to lay the
groundwork for a novelow-power AM process, capable giroducingelectrically

conductive Cumicroparts from nanoparticle feedsck in an air environment.

Sequential ink depositiothrough bar coating and inkjet printing followed kyw-
power laser sinteng in an air environment was used to manufacture milaljiered

Cu microparts. The microparts were mechanically and eledirichhracterisedThe

use of nanoparticles (NPs) reduced the energy demand for inducing particle sintering.
Because of the low &er power of merely 2.8V and fast heating and cooling rates
characteristic forlaser irradiation the Cu microparts were unoxidise@ihe Cu
micropartswere of low density and highly porou¥hishad a significant negative
effect on the mechanical part prepties which were far off from bulk Cu properties.

An additional heat treatment to desify the manufactured microparts was suggested

in order to improve these mechanical propertid$e electrical resistivities of the Cu

microparts were close to bulk Cusistivity.

Fortwo-dimensional (2D) printed electronics applications, silver (/Ag)lbeen the

most common conductive materiaised Despite itssimilar electrical conductivity

and lower price, copper (Cu) is being used significantly less, mainly bexause/ dzQ a
tendency to rapidly oxidise which is detrimental to its electrical conditgtiVltra-
Flrad LK2G2yAO0 aAyGSNARAy3I Aa OFLIoO6ES 27
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processing cost of Cu remains higher thanAg. In the first comprehenge study

the impact of additions of small amounts of Ag to Cu NPsiltbla-fast and ®w
sintering processes is investigatéllith both ultrafast sintering techniques, namely
IPL and laser sintering, the addition of Ag to Cu NPs does not significandgtimp
electrical conductivitypecausethe Cu NPs do not oxidise during the uiteast
sintering. For slow thermal particle sintering the addition of Ag was found to be
beneficial. In an air environment the Cu oxidised and hence became dielectric but at
a Ag content of 3, 8 and 2wWt%, there was a significant reduction in electrical
resistane, which wadypothesisedo be due to the Ag content migrating forming a
connected grid capable of conducting electricyuring thermal sintering in an inert
environmen, the Ag content accumulates primarily around the necks of adjacent Cu
particles.This was reasoned to be the resultssafrface tensiorifferences between

the Aggas and the Agu interface acting on the mobile Ag. This phenomenon was
further investigaed in a theoretical simulation, calculating the theoretical reduction

in CuCu interparticle resistance due to Ag accumulation in the necking region.

The most widely reported application of AM with metal NPs is printed electronics.
The ability to printand sinter electrically conductive tracks onto heaisitive
flexible materials enables the manufacture of flexible electronics, such as wearable
sensors. To assess whether Cu NPs can be considered a viable replacement for Ag
NPs forflexible electronicsthe impact of cyclic bending on the electrical resistance
and microstructure was investigated. Cu and Ag tracks were inkjet printed and laser
sintered at various layers and widths and exposed to cycling bendmiP tracks
were significantly more resiént to cyclic bending than Cu NP tracks. Crack growth
was the major driver for the observed increase in resistance of the Cu NP tracks which
was not found to be the case with the Ag NP tracks. It was hypothesised that the
greater widh of the Cu particleize distribution compared to Ag likely contributed

to the Cu tracks being less resilient to cyclic bending.
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1 INTRODUTON

1.1 Context

Additive Manufacturing (AM) describes the process of manufacturing a part
additively as opposed to subtractivedy formatively Thestarting point ismormallya
Computeraided Design (CAD) drawing of the part to be manufactured, which is
digitally sliced into parallel layers. Theformation on the layers as well as its
processing parameters are executed by additively stackagerl upon layer to
manufacture thedesired part. Sometimes support structures are introduced to
ensure structural itegrity during the built which are later removed. The American
Society for Testing and Materials International (ASTM) classifies AM into seven

process categorief@SO/ASTM, 2015)

1 Binderjetting:a 'y !'a LINRPOS&E Ay 6KAOK | f Al dzA
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selectively deposited

T Powder bed fusional'y !a LINRPOS&aa LINPGEGE@a AY
selectivey fuses regions of a powder kied

f Sheet lamination & I Yy | ass pddLBS® in which sheets of evil are
bonded to form a part

§ Vat photopolymerisationa 'y ! a LINRPOS&da Ay 66KAOK

vat is selectively cured light-activated polymerization

Historically, the roots of AM can be traced backhe late 19" centurydue tothe

emergence of sculpture and topograpt@ao et al., 2015Hog SASNE Al 6 ay ¢

the 1980s that AM was first commercialisashen 3D Systems released a

stereolithography printer(Gibson et al., 2015)Due to the ability to rapidly



manufacture unique parts at low volume, AM techniques became widely known as
rapid prototyping. In the following decades until nowAM has developed
significantly, particularly in the areas ahaterials, processes, software and
equipment (Pham and Dimov, 2003)Advantages of AM over traditional
manufacturing(Gibsonet al., 2015)include the ability to produce complex and
lightweight geometries including topology optimisati@ompton and Lewis, 2014;
Hague et al., 2004)the ability to produce oneff parts (Conner et al., 2014;
Matilainen et al., 2014as well as functionally graded pafiSao et al., 2015and
lower material vaste. TodayAM is being used a wide range of industries, including
aerospacegThomas et al., 1996putomotive(Song et al., 2002)and biomaterials
(Giannatsis and Dedssis, 2009; Sachlos and @mszka, 2003) However,
challenges with AM remain in areas such as printing speed, printable material

portfolio and part accuracgGibson et al., 2015)

The miniaturisation of products in various industries such as medical, automotive,
optics, electronics, and biotechnology has led to a demBomdimprovementsin
micro-fabricaion technologies(Alting et al., 2003)Microfabrication processes
include laser ablation, plating, photolithography, lithography, electroplating,
molding, chemical etching, microextrusion, laser patterning/cuttingidgll EDM,
microinjection molding, microembossing, microstamping, and micidmaical
cutting (Qin, 2010) However, most of these techniques are restricted whepliaol

to new microproducts which require different materials and have complicated 3D
microstructures with high aspect ratiogvVaezi et al., 2013)Manufacturing
technologies for 3D microcomponents are crucial for the developmentaabus
functional applications such as biochjipstegrated microsensors, medical deviges
microelectromechanical systems (MEMS), miileridic devices, micro-optical
systems, andghotonic crystalgJ. W. Lee et al., 2008; K. Lee et al., 2008gse
technologies will advance substantially if more complexn@Brostructures can be

manufactured.



1.2 Aim and Objectives
The aim of thi¥hD has been to additively manufacture electrically conductive 3D Cu
micropartsandfurther, to better understandf the addition of silver (Ag) to copper

(Cu) nanoparticles (NPsan facilitate the copper (Cu) nanoparticle (NP) sintering.

The objectives can be summarised as:

- Develop alow power (<10W) laser process capable ofadditively
manufacturingCopper (Cujnicroparts from Nanoparticle (NP) feedstock in
an air environment

- Investigate2D printing and sintering of Cu and Ag NPs

o Establish an understanding of the effect of additions of Ag to Cu NPs
on both ultra-fastandslow sintering techniques

0 Investigate Ag and Cumass transportmechanismsin CuAg NP
systems and analysts impacton inter-particle resistance

o Compare the impact of cyclic bending on electrical resistance of inkjet

printed Cu and Ag tracks

1.3 Novelty
This PhD has created novel understandingf AM with metal NPs.Novelty was

demonstratedin two specific and amplementaryareas.

Prior to this PhDno processxisted that wasapable of additively manufacturing Cu
microparts from witha low-power energy source (2\&) in an air environmentn
this PhD the groundwork was lalachieve thidby sequentiatecoaing or the inkjet
printing of Cu NP in&kand lasemprocessingMulti-layeredparts were manufactured
using both deposition techniques. Thaulti-layeredparts were characterised to give
a thorough understanding of their mechanical and electrical propsréiad tleir

microstructure.



Printing and sintering of copper (Cu) and silver (Ag) nanopatrticles (NPs) has been
investigated. Though literature exists, novel aspects were investigated in two

different results chapters as follows.

Specifically, in a congpative study it was shown for the first time that for ultfast
sintering techniques during which Cu does not oxidise, Ag addition does not improve
processing parameters. Moreover, no prior literature exists on-tiea monitoring

at regular temperaturentervals of Cu and Ag NP sinteriimgsitu an SEM and the
quantification of this process. It was shown that during thermal treatment, Ag
migrates predominantly to CGu particle contact points, increasing contact area
between adjacent Cu particles. Faetfirsttime, the resulting theoretical reduction

in inter-particle electrical resistance of this effect was quantified.

The impact of cyclic bending on electrical resistance of inkjet printed Cu and Ag NPs
was investigated. Individual studies on both @énd AgNP materials exist in the
literature, however, they vary significantly in terms of sample manufacturing and
testing methodology¢ making this the first study directly comparing the two

materials using the same methodology.

1.4 Thesis Structure

Chaper 2: dLiterature Reviewprovides ahoroughreview of the relevant literature

of this thesis. It covers the background and a brief history of Additive Manufacturing
(AM). Thereafterprinting of electronicds investigatedn terms of the conductive
metal inks used as well as the different sintering techniques applied. Mixing Cu with
small amounts of Ag and the synergies that can arise are discasse@ll as the
impact ofthe cyclic bending on electricedsistance of inlgt printed Cu and Ag tracks.

It follows a review of the AM techniques capable of manufactunmti-layeredCu
parts.Finally the followinggaps in the literature are idéified. Firstly, no study exists
which comparatively investigates the impact of Addition to Cu NPs on laser
sintering, Intense Pulsed Ligh@iPL) sintering, and thermal sintering in an air

environment as well as in an inert environment; secondly, there is no literature on



the impact of Ag migration during thermal treatment to Cu paéicontact points on
electricd resistance; thirdly, there is no study comparing the impact of cyclic bending
on electrical resistance of identically manufactured inkjet printed Ag NP tracks with
Cu NP tracks; and fourthly, there are no recordsadbwpower AM process to
manufacture electrically conductive multi-layered Cu microparts in an air

environment.

[ K LJO Sitifivevanutadtureof Electrically Conductiwdulti-layeredParts from

NP Feedstock FTANBRG SELX I Aya (GKS YSiKz2R2fz238
characterisation. fie results then describe some basic characterisation of the Cu NP
ink. It then develops an understanding of the impact of laser sintering of a single layer

of Cu NP ink. Itollows the characterisation ofmulti-layered Cu samples as a
comparison between té two different ink deposition methods, namely bar coating

and inkjet printing. A thorough discussion compares the two deposition methods and
compares this AM process to oth@rocesses capable of manufacturimgulti-

layeredCumicroparts.

Chapterd: 2D&DPrintingand Sintering of Copper (Cu) and Silver (Ag) Nanopaéticles
investigates the sintering process of Cu and Ag NPs and the impact of the addition of
smallamounts 5 wt%) of Ag to Cu NPs. The methodology of the NP ink synthesis,
formulation, deposition, sintering and characterisation is explained followed by the
results of the Cu and Ag NPs sintering. Firstly, the sintering process of solely Cu NPs
and sdely Ag NPs separately is analysed. Secondly, the impact of Ag addition to Cu
NPs on oxidation stability and electrical resistance during laser, IPL and thermal
sintering is investigated. During thermal sintering, the observed phenomenon of Ag
accumulatingn the necksof Cu patrticles is computationally modelleddi&cussion
follows on the sintering behaviour of Cu and Ag NPs and whether additions of Ag to

Cu NPs can harness synergistic effects beneficial for the sintering process.

Chapter5:a !/ @r@dihghSidy of Inkjet Printed Copper (Cu) and Silver (Ag) Tracks
2y Cf SEAOGTE S:Theonst Widely defiondd dpdligation of AM with metal

NPs is printed electronics. The ability to pramd sinter onto flexible materials



enables flexible elecbmics forwhich copper (Cu) nanoparticle (NP) ink is considered
a costeffective alternative to silver (Ag) NP ink. This chapter is a comparative study
of the impact of cyclic bending on electrical resistance of Cu and Ag inkjet printed
tracks to assess vether CuNPs could replace Ag NMsexplains the methodology

of the metal nanopatrticle inkprinting and annealing (a.k.a. sinteringdhe cyclic
bendingof the tracksand the characterisation carried out before and after cyclic
bending. The results are y@sentedas the impact of cyclic Ioeling on electrical
resistance as well as characterisationop and post cyclic bendingd discussion
follows investigatinghe hypothesis for the disparity in the resilience towards cyclic

bending of the two materials, Cu and.Ag

Chapter6: aConclusion & Recommendations for Future Wetkmmarises the main

findings of the thesis and describes how the aims were fulfilled.



2 LITRATURE REVIEW

2.1 Introduction

The literature review is organised into sevesattions namely on AMyeneaally and

its history, printed electronics, and additively manufacturing electrically conductive

multi-layeredobjects.

AM is explained, including a d&gption, its historical background and some of its
applicationsare elaborated onAM applied to elettonicsthrough grinted electronics

is covered in more depth, elaboratingn nanoparticle synthesis, the various
conductive inks, and NP sintering techugg. CuAg synergies are discussed followed
by a review of cyclic bending studies of inkjet printeacits. Finally, all relevant AM
processes capable of fabricatinqlti-layeredCu parts are reviewed, including metal
jetting and inkjet printing, as wedls higher energy processes such as SLM, EBM and

binder jetting.

2.2 Additive Manufacturing (AMJ An Oerview and its History

The ISO/ASTM F42 Technical Committee defines additive manufacturing (AM) as the
GLINRPOS&aa 2F 22AYyAy3a YI (i Shidehsiodal (3DEmovdl { S 2 ¢
data, usually layer upon layer, as opposed to subtractive manufacturing

mS i K 2 R 2 (ISORASTMa2015)

The historical roots of AM can be traced back to photo sculpture and topography

which arose in the 1860s and the 1890s respectiyélgo et al., 2015)These two

SFNI & U(SOKy2imBASEaLIKSREO2NRKGI&G&LBEOKY Al dz
transparent phob emulsion areselectively exposed while scanning crgestions of

the object to be replicated; a process that was patented in 1@8ilinz, 1956)
Subsequent advances in computing, lasers and photopolymers led to
stereolithography (SLA) in 198Hlull, 1986; Jacobs, 199KFurther patents, as well

as publications, paved the way for modern day AM from the late 1980s and early

1990s including vat photopolymerisatidideckard et al., 1992Fused Deposition

Modeling (FDM)Crump, 1992; Marcus et al., 199@n example can be seen in



Figure2), material extrusion, Three Dansional Printing (3DRpachs et al., 1993)
Selective Lser Sintering (SLS)Beaman et al., 1997)Laminated Objective
Manufacturing (LOMJFeygin and Hsieh, 199ahd Laser Metal Deposition (LMD)
(Mazumder et al., 1999)To date, a variety of materials can be used in these
processes, including polyamide, pheatarable resin, wax, acrylonitrlleutadiene-
styrene (ABS), polycarbonate, metal/ceramic/polymer powders, adhesive coated

sheets(Guo and Leu, 2013)

Figure2: Model Eiffel Tower being additively manufactured labgiayer.

In the past decadéAM has gained popularity in the media where it is widely referred
to as 3D printing, particularihrough platforms such as Blo-Yourself (DIY) and the
Maker Movement (Anderson, 2012) Significant advancements in the past two
decades in the areas of materials, processes, software and equipment ddve |
improved design flexibility, part accuracy and time and cost efficiency which
consequentialf saw AM being applied in industry beyond solely prototyping in rapid
tooling and manufacturingPham and Dimov, 2003\ few example®f industrial

applications follow.

Many aerospace components such as the engine housiRigure3 requirecomplex
geometries from advanced materials such as superalloys andhigretemperature
materials which are costly and timsonsuming to manufacture with conventional

subtractive techniques. Moreover the small volume nature of production runs in the



aerospace industry adds to the benefits of the application of AMomas et al.,
1996)

Figure3: Aerospace engine housing with internal cooling channels additively metouéd through
Selective Laser Melting (SLM) techni@Gaio and Leu, 2013)

In the automotive industry AM techniques have been utilised for structural and
functional parts such as engine exhausts or drive shafts of passenger carl as we
motorsports vehicles because AM is able to shorten product development cycles and

reducemanufacturing cost§Song et al., 2002)

Figure4: Lightweight cooling water pump for a sports car manufactutteebugh Selective Laser

Melting (SLM) techniquéGuo and Leu, 2013)

Thanls to recent developments in biomaterials, AM techniques have increasingly

been applied in the biomedical realm for applications such as orthopaedic implants



and tissue scaffolding. Printing protein and cells has opened the door to research on
additively manufacturing biologic chips, micneasculature networks and artificial

organs(Giannatsis and Dedoussis, 2009; Sachlos and Czernuszka, 2003)

Figure5: Hip stems with mesh, hole and solid configurations to tailor mechanic properties that mi
the stiffness of bone to reduce stress shielding; manufactured by Electron Beam Melting (EBM) of
Ti6Al4(Guo and Leu, 2013)

Despite recat progress, challenges remain such as the limited variety of materials
available, the lack ofundamental design guidelines or standardisation of best
practices(Gao et al., 201%) NBf I G A FSt & LJ22 NJ EHNILILIA §adzN.
effect (Onuh and Yusuf, 1999ee Figure6 for a visualisationls well as poor

repeatability and consistendguo and Leu, 2013)

rk
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deslgned model fabricated object fabricated object
(fayer thickness 25) (layer thickness h)

Figure6: An example of the stastepping effect on a canand the resulting disparity between a

designed and fabricated object. With decreasliager height h this disparity is reduced.

Lately there has been a greater push beyond solely geometric complexity towards

added functionality. Multimaterial printingfor instance enables the creation of parts
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with functionally graded materials and thegorresponding properties such as
hardness, flexibility, adhesive properties, stiffness and colour on a-bgxebxel
basis(Gao et al., 2015)

Figure 7: Additively manufactured prosthetic arm as an example for a rfuftctional product

consisting of a linkedssembly of multiple material@he University of Nottingham, n.d.)

Printed assembliesre another example of muHiunctionality. It often requires
sacrificial support materials which are removed leaving a captive assembled linkage.
Thereby physical working modglalam et al., 1999; Laliberté et al., 1999; Lipson,
2007; Lipson et al., 2005; Mavroidis et al., 20@@mpliant mechanism@anfield

and Frecker, 1999; Goldfarand Speich, 1999articulated modelgBacher et al.,
2012; Cali et al., 2012pcomotive robotgFelton et al., 2013; Onal et al., 20Ehd
prosthetics(He et al., 2006; MY. Lee et al., 2008; Rengier et al., 2010; Singare et al.,
2007; Wang et al., 2004)ave been manufactured. The ability to embed foreign
O2YLRySyia GKNRdAZAK2dzi o0dzZAf Ra ye&bylayer¥ dzy RI Y
fabrication By embedding functional components, i.e. circuits, motors and sensors,
direct fabrication of functional assemblies and mechanisms is possible, thereby
making a secondary assembly step redundant. This enables the manufacture of
objects such as robotic lios, smart structures with embedded sensors and energy
harvesting devices with embedded piezoelectric mate i@so et al., 2015)Vith its
capabilities of printing circuits, sensors and batteries, printed electronics has been
developng functionality in AM drther, which will be described in the following

section.
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2.3 2D Printed Electronics

Traditionally mostconventionalelectronics can be manufactured subtractively as
opposed to additivelysuch aphotolithography, vacuum deposition, and electroless
plating They are all mukstaged, they require expensive equipment and produce a
lot of hazardous chemical wasfgamyshny and MagdassI) Photolithography
which is the most common manufacturing techniqukas been described as the
cornerstone of modern day computer ghmanufacture It consists of several process
steps as shown iRigure8 whereby patterns of light are used to chemically modify

solubility ofcoatedpolymer films(Parekh et al., 2015)

o LU LT L g

l\;[g(s)kmsg f;\llm (i) Coating Photoresist
0 S0 with Mask
. i .
Si-substrate M, alignmen
(ii) Softbake >

(i) Exposure
(ii) Postbake
(iii) Development

1 Stripping Etching
‘—

4—

Figure8.: Schematic overview of the photolithogitay process. Theosirce is a website i(Parekh et

al., 2015)

Photolithography is a subtractiveulti-stepmanufacturingorocess which uses a host
of haardous chemicals. The great majority of the deposited conductive material is
removed through etching and is not recovered from the etched soluionaking

this a highly resource inefficient process.

In contrast to resoure inefficient conventional subtactive manufactuing
techniquesof electronics, additive manufacture of circuitry is capable of selectively
depositingconductive material digitally controlled precisely where it is required,

making it highly resource effemt. This is particularly impanht with precious

12



conductive metalsThe ability to selectively print and anneal conductive materials

onto a variety of substrates challenges the status quo of electronics manufacture.

Printed electronics enables manufactuof thin, lightweight and exémely cost
efficient electronics systems. Currently the main applications of printed electronics
in industry include organic photovoltai¢Shrotriya, 2009)flexible batteriegHilder

et al., 2009; Ho et al., 2008 lectrooptic deviceJArgun etal., 2004; Chang et al.,
1999; Yoshioka and Jabbour, 2006¢ld effect transistors (FETs) and thin film
transistors (TFT¢amerithet al, 2007; Kinet al., 2007;Koet al,, 2007 Sekitanet

al., 2009; Songt al., 2009) sensorgChang et al., 2006, 2007; Loffredo et al., 2007;
Marinov et al., 2007; Mdller et al.,008)and radio frequency identification (RFID)
tags(Subramanian et al., 2005he printed electronics market is predicted to exceed

$300 billion over the next 20 yeaftsupo et al., 2013)

However, pmting electronics comprises various challenges. The conductive material
must exist in the fornof a well dispersed and stable inkweh can beorinted. Apart

from reactive inksjnorganicinks generallyrequire postdeposition treatment to
anneal or sintetthe ink. Furthermoreprinting of electronics has not been able to
produce the similar minimum feature sizes to conventional maotufring

techniques.

2.3.1 Nanoparticle synthesis
The most significant attributes of NPs are size, morphology and surfaceviatsial
synthesis and handling significantly impacts these attributes. NP synthesis can

generally be categorised intwo categories: topdown and bottomup.

2.3.1.1 Topdown NP syihtesis
Towndown approaches start off with a larger scale of solid materiatwig broken

down to a smaller scale. The most common process is mechanochemical milling

13



(Chen et al., 201(@nd laser ablatiofAmendola et al., 2011 ompared to bottorn

up synthesis approaches, tajpwn approaches have several disadvantages. These
include very limited control of finahveragepartide size andthe particle sze
distribution tends to be verwide. Moreover, topdown approaches are oftevery
energy and time intensive. The literature on bottarp NP synthesis is therefore

much greater.

2.3.1.2 Bottomup NP synthesis

Bottomrup synthesis generally involves starting off with a smaller building block than
the size of the final particle size. FdPs the starting point areommonlyatoms
(Rotello, 2004)For synthesis of metal NRelevant to printed electronics and AM
such as Cu and Ag, ligyithase methods are the most commownshesis routes.
Liquidphase NP synthesis methods includepeecipitation, microemulsion, salel,

and hydothermal/solvothermiasynthesigTang et al., 2014)

Hydrothermal synthesis uses water ld@gh temperature and pressure to crystallise
materials(Ballman and Laudise, 1968emazeau defined high temperature in the
context of hydrothermal processes as above the boiling temperature at which point
elevated pressurés involved too(Demazeau, 2011Hydothermal synthesis can be
classified into whether the water is aboysupercritical)or below (sub-critical) its
critical point (Y ox 3,0 ¢ & p 0 ¢ Above its critical pointthe
hydrogen bondsn water break down, increasmthe H and OH concentrationat
which pointwater is considered supercriticlester et al., 2006 5b-critical water

is polar.Supercritical water, on the other hanid,weaklypolar and can dissolve nen
polar moleculesAt the same time, however, anly has a low solubility fonorganic

ionicsalts causing them to precipt@out and form soliestate particles.
Where hydrothermal synthesis uses water, solvothermal synthesis useaqu@ous

solvents such as alcohols. Depending on the solvent its critical point is different to

water and so dferent temperatures and presses for supercritical solvothermal
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synthesisWith solvents generally being more expensive than water, solvothermal
synthesis entails higher costs than hydrothermal synthdeisome casesuch as
often for metal NPshoweve, using solvents rather than wex is favourableas no

addition of toxic reducing agents is necesséBhoi et al., 2010)

2.3.2 Conductive inks

In 1909 Pawlow predicted a decrease in melting point of metallic nanapest{NPs)
(Pawlow, 1909)Buffat am Borel demonstrated that this is indeed the case with gold
NPs (Buffat and Borel, 1976)Due to the high surfac¢éo-volume ratio and the
consequentially higtsurfaceenergy of NPs, their thermodynamic driving force for
sintering is extremely largé-ang and Wang, 2010)he energy requied to induce
sintering or melting is therefore significantly lower than their respective bulk
materials. The possibility to formulaidPs into stable and inkjet printable inks makes

NPs attractive for digital additive manufacturing of electrically congredtiacks.

Perelaer et al. defined the ideal metal containing ink to have the following properties:
cheap, easy to prepare, store @net, achieving high values of conductivity after
deposition and posprocessingPeelaer et al., 2010)The majority of literature on
printing of metal NP inks is on silver, followed by copper and gotdtara lesser
extent also aluminium and nickel. Of all the conductive materials for printed
electronics available to date, silver hlasen most widely used despite its relatively
expensive nature. This is largely due to the absence of practical issueg disg
including issues with sintering temperatures, oxidation and agglomeration
(Cummins and Desmulliez, 2012; Grouchko et al., 2011; Kamyshny et al., 2011,
Kamyshny and Magdassi, 2014; Perelaer et 2012, 2006; Rae and Hammer
Fritzinger, 2006; Wolf et al., 2013he above mentioned materials vary significantly
in terms of their raw material price, with prices per ounce of silver, copper, gold,
aluminium and nickel respectively at $06, $0.20, $1288,%$0.06 and$0.53(Money
Metals Exchange, 2019rices per ounce do not accurately represent produrcti
prices of respective inks, however, they indicate the relative price range of the bulk

metals which gives an indication of the dasjpy of the value of the metal content of
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inks. For instance, the high price of gold prohibits gold from becoming arstiydu
standard for printed electronicshey vary slightly in terms of their bulk resistivity
(1.59x108mm, 1.72x108mm, 2.44x10%8mm, 2.82x108mm, 6.99x108mm
respectively). Literature on the use of nickel and aluminium in printed electronics is
limited. In 2009 Li et al. ink jetted nickel tracks. However, resistivities of six hundred
times the resistivity of bulk nickel were obtained. Moreover, resistivity ificamtly
increased further over time due to oxidation and the formation of Nickel oxide which
occurred at ambient conditiongLi et al., 2009) The only sccessful results for
conductive nickel tracks were obtained in 2014 by Park & Kim. They conducted
similar experiments, in contrast though, pulsed flash lamps were used for sintering.
Resistivities of approximately eleven times the resistivity of bulkelialere achieved
(Park and Kim, 2014AImost no literature was found on successful applications of
aluminium as a conductive material in pmwk electronics. According to Kamyshny et
al. this is because aluminiumndergoes rapid oxidation in air leading to the
formation of a dense thin amorphous aluminium oxide lag@ampbell et al., 1999;
Foley et al., 2005)hich results in a loss of electrical conductii§amyshny et al.,
2011)

In recent years, copper nanoparticles have attracted attention as a significantly
cheaper dernative due to their potential for replacing silver as a conductiateanal
for printed electronics, as copper has a very similar resistivity but comes at a fraction

of the cost compared to silver.

2.3.3 PostdepositionAnnealingof Nanoparticles

High eletrical conductivity values are a critical factor the successful application

of printed electronics. Poslepositionannealing (also known asntering of ink is

the decisive processpacting final conductivitgnd remains the key challenge and
focusof research over the past deca@duang et al., 2003; Lu et al., 2007; é?aer

et al., 2008; Smith et al., 2006intering describes particles bonding together when
heated through a combination of several atomic mass transport mechanisms,

including diffusion, creepjscous flow, plastic flow and evaporati@@erman, 2010)
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Theresistivty obtained through a sintering process is generallgnaltiple of the
resistivity of the bulk material. This is because processing temperatures during
sintering are significantly below the meltingoipt of the material. Increasing
temperature towards themelting point increases the degree of densification which
in turn reduces resistivity towards the bulk material resistivitiierefore, elevated
temperatures are required to achieve low values of issvity which generally is

desirable with electricallyanductive materials.

A majorobstaclefor Cu to be widely used in printed electronics is its inherent
tendency to oxidisemaking it dielectricin ambient conditions which greatly
accelerates at elated temperatures during sintering. There have been otei
approaches to overcome this challeng®ne of them is coating the copper
nanoparticles with a protective layer consisting of an organic polymer, alkene chains,
amorphous carbon, graphenes, or evimorganic materials such as silica or an inert
metal (Magdassi et al., 2010iowever, introducing a less or noonductive shell on
the copper nanoparticles has a negative effect on ¢fectricalconductivity of the
printed pattern. Silver sHks appear to be the best reported route to avoiding
oxidation, since they do not appear to reduce conductiyiBrouchko et al., 2009)
However, coating copper in silver significantly raises the matandl processing
costs. Lee et al. approached the oxidation challenge by printing roggahics on
substiates(Lee et al., 2009)The metametal-organicghen decomposed into highly
conductive cpper metal when annealed at temperatures above 250°C to form

copper metal and nangized copper hydroxide.

2.3.3.1 Thermal Sintering

Thermal sintering of Cu NPs commonly requires temperatures of 325@nd
exposure times 030 minutes. The elevated temperatuand time requirements

limit the compatibility of heatsensitive substrates such as common polymer foils
such as polyethylene terephthalate (PET) or polycarbonate (PC). In order to avoid the
oxidationof Cu, this sintering process has to be carried ot sealed chamber in an

inert environment.Even though literature on thermal sintering of Cu NPs €Riatk
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et al., 2007; Yabuki and Arriffin, 201Qhese process requirements limit the
applicability of thermal sintering to solelresearch based experiment§he cost
savings of usingopper rather than silver are thereby significantly reducéd.
application to large scale industrial manufacturing process, such a-ralll

manufacturing lines to date seems highly unlikely.

2.3.3.2 PhotonidJltra-fast Sintering

Photonic sintering is capable of inducing sufficiently high heating and cooling rates in
order to induce sintering in a period of time so short that it is not sufficient for the
Cu to oxidiseEnergyis suppliedin the form of spatially (and sometimes timig)
concentrated photons. This allows a spatially confined volume of deposited
particulate material to be heated to the necessary sintering temperatures, which
then subsequently coslthrough energy dissipation, all within iseconds.As a
consequence, e substrate is exposed to significantly less thermal stress, meaning

that less thermally stable polymers such as PET and PC can be used.

2.3.3.2.1 Laser Sintering

In the past fewyearsreports have been increasing on the use of lasadiation for
sintering ofmetal NPs. The first successful report of sintering any metal NPs was
published in 2007 by Ko et al., who reporteaccessfulaser sintering of gold (Au)
NPs(Koet al., 2007) Joo et al. first reported on laser sintering of a Cu paste in a
nitrogen atmosphere using an ultraviolet (UV) laser bean855nm (Joo et al.,
2011) A minimum resistivity of eleven times the resistivity of bulk copper was
achieved. Various other reports of Cu NP ink laser sintering in inert environments
followed Joo et al.. However, as the stated aim of this stutty lie carried out in an

ambiert environment, they are not of interest.

Halonen et al. were the first to publish on successful laser sintering of Cu NP ink under

ambient conditions in 201@alonen et al., 2013Cu NP ink was inkjet printed onto
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a polyimde (PI) substrate and laseintered with a continuousvave 808nm diode

laser. A minimum sheet resistance of @0n K gl & | OKASOSRO®

Zenou et al. a commercial ink (metal load ofvi286) was spin-coated onto glass
substrates and dried in ambient air orhat plate at 70°C(Zenou et al., 2014)'he
sample was then laser sintered using a continuous wave (CW) Nda¥&GZenou

et al. were abled successfully laser sinter copper resulting in resistivities of less than
3 times bulk copper resistivity (sintered layer thickness-42Qnm). By reducing the
laser spot diameter to im Zenou et al. were able to reduce cuetive linewidths

down to 6.7 um.

In 2015 Niittynen et al. publishedcmmparativestudy of laser sintering and intense
pulsed light sintering of inkjet printed Cu NP inks both in ambier{t\aittynen et al.,
2015) Niittynen et al. were not able to successfully laser sinter single laydiRdok

due to the appearance of iahsive cracking during lassintering; they instead laser
sintering 24 layers of inkjeprinted CuNP ink. The result with the highest electrical
conductivity through laser sintering was approximately %460f bulk copper
conductivity. Niittyneret al.are the only publication wherinted, though just up to

4, multiple layers. The maximum thickness of the Cu NP film that was laser sintered

was approximately 1.8 Y

Kwon et al. bar coated a Cu NP paste onto glass and polyethylene (PE) substrates
(Kwon et al., 2016)An air plasma treatment was performed atW0for 1min before

the barcoating process to enhance adhesion strength between Cu NPs and
substiates. A CW diodpumped NDYAG laser at 532mn wavelength was used for

laser sintering under ambient conditions (film thickness of as prepared and laser
sintered were 11 and 3.2m respectively). T®TA measurements showed sintering

occurs at around 15@40 °C. The minimum sheeésstivity produced was less than

imk ® Yg2y SiG fd gSNB 6tS G2 LINRRdIzOS |
pattern on PEN fim with 206 Y 2F Ay S GARGK FyR STFSOI

functionality as a touch panel.
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In 2017 Roy et al. publisheal paper in which computational sutation of laser

sintering of Cu NP ink was compared with experimental ¢gtay et al., 2017)or

the experimental data they spiooated Cu NP ink onto glass and aluminium
substrates to give a layer thickness of 2 ¥ ® | FSYi2aSORYR f I 2
wavelength) and a nanosecond éas(532 nm wavelength) were used for laser
sintering. The computational simulation of the laser sintering process of Cu NP ink by

Roy et al. predicts the energy fluence range at which sintering should occur. The
majority o the experimental laser sinterimgsults appear to confirm this prediction,

however, this does not apply to all of the laser sintering results. Roy et al. did not
quantify sintered Cu by measuring conductivity or resistivity, the sole validation of

successful sintering was SEM imagesstow particleneckgrowth.

2.3.3.2.2 Intense Pulsed Light (IPL) Sintering

Kim et al. usea xenon flash lamp at room temperature in ambient conditionlRit
sintering(Kim etal., 2009) The xenon flash lamp causes flash lamp annealing (FLA),
a millisecond sintering process using irradiation of lights over a broad spectrum in
the visible range. The resistivity was measured after vargwnegjs of light intensity,

with the bestresult at three times as high as bulk copper. Kim et al. concluded that
the short sintering time (approximatelys) avoids copper oxidatioherefore,

this process does not require an inert gas or vacuum charaBerequired with
thermal sintering. Its worth noting, however, that IPL flash lamps are expensive (in
the range of hundreds adhousands ofUS Dollars) and thereby add significantly to

capital cost of a copper annealing process.

2.3.4 CuAg synergies

The nmost common approach of utilising smathaunts of Ag with Cu NPs for AM
processes iascore-shellparticles where the core is made of Cu which has a Ag shell
The Ag shell is meant to create a physical barrier between Cu and surrounding air and

hence preent Cu oxidationThere are three commosynthesis routes for CAg
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core-shell NPs: galvanic displacemédhang et al., 2008%eeded gywth (Grouchko
et al., 2009) and cereduction (Kim et al., 2011)In the past few yea, galvanic
displacement has seen thedgest traction. Itis a rather simple transmetalation
reaction during which surface Cu atoms act as a reducing agent for Ag ions and which

causes elemental Ag formation on the Cu particle surfaceRgpee9).

i 89 -e

Cu?* Cuo CuNP 2Ag* +Cu0 2 2AQ° + Cu?*  Cu,y o AGshes NP

Figure9. Schematic illustration of a single Cu NP synthesis and the formation of a Ag shell by
transmetalation reaction. Thereby the surface Cu atoms serve as reducing agents for the silver ions.
(Grouchko et al., 2009)

The Ag shell is able to protect the Cu core from oxidatipntas a temperature
depending on lie publication betweeri00°C(Chen et al., 2013)nd 400 °C (Njagi

et al., 2017; Tsai et al., 2018jth the great majority between 150 arb0°C(Chee

and Lee, 2014, 2017; Kim et al., 2014; J. Liet al., 2017; W. Li et al., 201}; Bdjos NJ @&
etal., 2017a, 2017b; Park et al., 2015; Y. S. Park et al., 2016; Tian et al., 2016; Yim et
al., 2016; Zhag et al., 201Q)At this point the Ag shell starts to dewet the Cu core

and the Ag accumulates on the surface, thereby leaving the Cu surface exposed to

potential oxidation as shown iRigurel0.

= =

FigurelO. Dewettingand accumulatiorof Ag on the surface &@u particlegGrouchko et al., 2009)

The protective Ag shell therefore only functions effectivély obstructing Cu

oxidation below the temperature at which the Ag shell dewets the Cu surface. This
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limitsits use to applications ohermal sintering in an oxygen environment below the

temperature of Ag devetting, mostlybetween150and 250°C.

There ae differing reports in the literature owhere theAg migrateso. Some report

Ag migration to the Cu particleecks(Kim et al., 2010; J. Li et al., 2017; Park et al.,
2015; Tian et al., 2016; Yu et al., 201Mpwever, no theoretical or experimental
study has beenconduced on tre impact of Ag accumulation in @eckon electric
resistance. Tsai et al. on the other hand reported that Ag does not migrate to Cu

necksand thatCu particles fornrmecksindependent of the A¢Tsai et al., 2013)

Other than the CtAg coreshell synegistic effects of adding Ag to Cu NPs have been
reported by Morisada et al., who showed that the addition of Ag NPs to Cu NPs
increases bonding strengtfMorisada et al., 2010Wang & | f ®Q& O2 Y LJdzi |
simulation of CeAg coreshell NPs showed that the Cu core enhances the mobility of
the Ag shell atoms thus enhancing sinterability and sintering stre(\yding et al.,
2016) Li et al. synthesised €Ag coreshell particles with excessive amounts of Ag
NPs present in the matriki et al., 2016)They showed that the excessamount of

Ag NPs increases packing density and consequentially reduces elaesistivity

and improves resistance to cyclic bendimpis was later confirmed by Lui et al. who
also showed that increasing the concentration of small Ag particles inEgasking
density during sintering and reduces pofesu et al., 2019)However, if the addition

of excessive amaus of Ag NPss required to induce a processing benefit, at the
same time the material cost increase of using Ag instead of Cu bexsigmficant

and may outweigh processitgnefit.

2.3.5 CyclicBending ofinkjet Printed Copper(Cy and Silver(Ag) Tracksand its
Impact on Electrical Resistance

The ability of flexible electronics (as opposed to traditional-flerible electronics)

to retain a high degree of electrical conductivity despite being temporarily physically

deformed enables their application whee flexible circuitry is required, sucls dor

wearable electronicéHuang and Zhu, 201#n understanding of the impé&of cyclic
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bending simulating the use fothe device over its lifetimepn the resistance of
electronic tracks is crucial for the design of the circuitnkjet printing has been
established as a common deposition method for printing of flexible eleaison
(Calvert, 2001; De Gans et al., 2004; Singh et al., 2010; Yin et al., R&yus
studies have been conducted on inkjet printed Cu and Ag NP tracks separately to
evaluate the impacof cyclic bending on resistance. For Ag ptinted tracks Lee et

al. reported no significant increase in resistaijid@ehwan Lee et al., 201d)d Yang

et al. reported a relative increase ofc (Yang et al., 2014)oth over1,000 bending
cycles For Cu NPs tracks also ovefQD bending cycles relative increases in
resistance of v b (Kwon et al., 2016and o 10 (Min et al., 2016have been
reported. All of these studiesise differentinkjet printing and laser sintering
methodologies.There is no study which compares Ag NP tracks and Cu NP tracks
using the same methodology sample manufacturing and cyclic dibgn

methodology.

2.4 Addtively Manufacturing Electrically Conductivslulti-layered Objects:
Competing Technologies

2.4.1 Metal Jetting

Metal jetting also known agiquid metal jet printing (LMJPjs an emerging AM

process which is analogue to inkjet printinghis additive method dpenses

individually controlled micralroplet of molten metals to precise locationssing

digitally stored computerided design (CAD) data in a highly reproducible manner

(Priest et al., 1997)Jpon contact with the substrate microplets solidify and form

a solid object Continuous jetting and Drop On Denaa(DOD) jetting are thewvo

basic jetting methods(Thirumangalath et al., 2017)n the continuous jetting

method, a liquid metalgt is streamed and broken up through a perturbation stimulus

into a continuous stream at a measurable distance from the orffitigest et al.,

1997; Sukhotskiy et al., 201Th the drg-on-demand method, weltefined droplets

are ejected from a nozzle in a discontinued or periodic manner, and are deposited on

to a substrate in a precise locatigBukhotskiy et al., 2017; Thirumangalath et al.,
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2017) The precision of #aDOD jetting process ahles a reduction in material waste

and makes it more advantageous comparing to continuous jetting.

Metal jetting is able to produce 3D metal par&intable material selection halkus

far been restricted to aluminium, low tempeature PbSn alloys Ag and Cu
(Thirumangalath et al., 2017)n a recent publicationSimonelli et al. repaded
successil metal jetting of tin (Sn) anAgstructures(Simonelli et al., 2019)The Sn
structures had excellent macroscopic geometrical fidelity to the digital models and
were printed precisely with no satellites or wrongdgsitioned dropletsMoreover,
the Snstructures had higldensitiesof above 99.% and had electrical resistivities of
one or more orders of magnitude lower than reported for inkjet printing of
nanoparticle inks¢ K S | dzii K 2 NEAGstrichiigsiwere i@ ®mparséh more
fragile with an averagead INB Sy ¢ R S%. &Sknorlli & Bl. pdidication
demonstrates the ability of metal jetting to manufacture high density parts of low

and relative highmelting temperature metals.

Significantly high equipment and processingsts of metal jetting have so far
preventedmetal jettingfrom being commercialised. Whether it is possible to reduce
the cost will likely be the determining factor for its success outside research

institutions.

2.4.2 HighEnergyManufacture ofMulti-layeredCopper 8uctures

2.4.2.1 Very High Power (VHP) Ultrasonic AM (UaiMulti-layeredCopper (Cu)
Parts

Sriraman et al. report the use of VHP ultrasonic vibrations to merge additional layers

of 150um-thick copper sheets into previous layefSriraman et al., 2010)The

vibrations are aamplitudes of up to 52im and are applied under static normal force

of up to 15kN. Sriraman et al. report that final parts reveal instabilities at the inter

sheetareas. Hardness acro$ise part is between 11 to 2% of the single sheet

hardness. Graisize reduces from an average singheeet grain size of 25m to a

final part grain size ranging from 0.3 to [i6n.
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This process can be considering to be additive in nature as multipjgecgheets

are merged into each other to form one continuous partprocess also known as
sheet lamination However, the lack of subsequent publications in on this process
suggests it does not seem likely that this manufacturing process will be able to
produce complexnulti-layeredarchitectures as competing AM processkscussed

here are capable of.

2.4.2.2 Selective Laser Melting (SLdflMulti-layeredCopper (Cu) Parts

Creating anulti-layeredpart by lasefinduced melting and fusing of successive layers
of powder material is known as SLM. It is thereby capable of produo@ar net
shape parts up to 99.% relative densityYapet al., 2016) The most common
powder materials used in SLM indk stee(Tolosa et al., 201@nd irontbased alloys
(Kruth et al, 2004) titanium and its alloy¢Leuders et al., 2013s well as Inconel
(Amato et al., 2012and nickelbased alloy¢Clare et al., 2008)

Laser, /

\

Powder

Substrate plate / /

Moving
platform

i. First layer. ii. n layer.

iii. Loose powder removed,
finished part revealed.

Figurell.: Schematic of an SLM process. (i) Laser irradiance melts selective areas of the powder bed.
(i) The process is repeated for multiple layers. Interlayer meftisgpn occurs between adjacent

layers. (iii) Loose powder is removed and the finished part is revg@lddpted from Yap et al., 2016)

The use ofCuin SLM is more challenging than the materials mentioned abGue.
has a high thermal conductivity (388 m* K! at 20°C). This causes heat to rapidly
dissipate away fromhte melt area into the bulk resulting in low thermal gradients,
leading to layer curling, delamination and ultimately build fail{Bageret al., 2017)

Its high reflectivity prevents an effective energyupling into the materialKaden et

al., 2017) Copper particles have the tendency to agglomerate, impeding powder
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spontaneously oxidise emeat ambient conditions means extra precautioase
required in handling and storage before, during and after part manufadiseger

et al., 2017)

However, literature on successfuSLM of copperexids. Tang et al. used a
combination of pure copgr and copper(l) phosphide in an SLM process with &/200
CQ laser(Tang et al., 2003)They were able to manufacture parts of up to %2
density. Pogsn et al. were the first to report on SLM praseng of pure copper, using

a 90W nanosecongulsed laser(Pogson et al., 2003)Their part resolution and
porosity were insufficient for commercial applications. In 2011 the Fraunhofer
Institute for Laser Technology (ILT) reported on usirgkaV laser with a uniform
laser beam energy profile for processing of Havadur K220 (cappkelsilicium
alloy) in SLM to manufacture parts with 99@®relative densityFraunhofer Institute

for Laser Technolgg(ILT), 2011)To date the most advanced publication in the
academic literature in terms of SLM of pure copper parts is by Kaden(Kaden et

al., 2017) A femtogcondpulsed laser at 1030m was used for SLIigrocessing of
pure (>99%) copper parts. Thiwall structures with thicknesses beld@0um were
produced. Even though the density of the fabricated parts was not quantified, they
were found to have a highlyopous morphology. However, a high density is crucial
for most potential commercial applications, such as thermal management and
electricapplications. The authors explain the high porosity to be a result of the low
laserspot-sizeto-particle-size ratio; m their case it was as low as 1 for the largest
particles in their size distribution. They conclude that in order to achieve a higher
density, one would require a higher lasgpot-sizeto-particle-size ratio. This can be
achieved by either using a lardaser spot size with at least the same energy density
and/or using particle with a smaller particle size distribution. A larger energly sp
size with at least the same energy density would require eithbigaherpowered
laser or a higher pulse repetitiorate; if at all possible both would significantly
increase the cost of the laser equipment. Using a smaller particle size distribution in
an SLM process would introduce significant challenges to the powder handling and

spreading processes due to reducedupability through enhanced agglomeration.
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The company 3T RPEBlaimed in 2014 to have successfully manufacturing the first
pure copper prt using SLM3T RPD®, 2014hey report to have tackled the high
reflectivity of copper by modifying the SLM machine and by accurately calibrating the
parameter set. Moreover, they state that conventional supgtrtictures as they are
used in SLM of harder metals are not feasible for relatively soft copper, so they used
a different approach for their support structures. However, no academic literature

or other proof was found to verify these claims.

Figurel2.: 3T RPBxlaim this to be their concept heat exchanger made of pure copper through SLM
(3T RPD®, 2014)

The aerospace industry has been highly interested and involved in metal AM
developmerts. The manufacture of airplane and rocket engines for instance could
benefit significantly from AM technologies, asethcomposed of various complex

parts and materials making them particularly costly for traditional manufacturing.
Preston Jones, the USafibnal Aeronautics md Space Administration (NASA)

director of the Engineering Directorate at Marshall describes m&lhlas a process
GKAOK O2dz2 R NBRdAzZOS TFdzidzZNBE NRB Ol SG Sy3arays
GAYS 08 pNMASAJSONZDSY G ¢

In 2015 NASA recognised the signifima of the ability to additively manufacture 3D
O2LJJISNI LI NIIla o0& NBLR2NIAY3I 2y (GKS aYAfSa
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manufactured and tested the first fulicale copper alloy rocket pagta combustion
chamberliner (seeFigureld). It is a part of the rocket combustion chamber in which
supercold propellants are mixed and heated to extremely high tempeegur

required to send rockets to space. To prevent melting of the part more than 200
cooling channelgre required to circulate a cooling fluNASA, 2015Hence this

part must withstand extreme temperatures and presssirand it also requires

intricate internal features. Manufacturing this copper lines was the first step of

b! {! Qa [ 2¢ [/ LkdsPrppulktish Rioj Thdy Bofe these technologies

gAtf NBG2tdziA2yAA&S ¥Fdzi dzNB & Wltodars.SY RS @2 dzl

Figurel3®dY b! {! Q&4 I RRAGAGSt & YIydzFlI OGdzNBR NRBO]1SG Sy3a
alloy (GRG®@4). Internal cooling channels are visible at the top and bottom rim (adapted (RABA,
2015)

The Fraunhofer ILT announced in a press release in 2017 their success in SLM
manufacture of pure copper parts. They report tave circumvented the issue of
copper having a gh reflectivity at J064nm wavelength by using a green laser at

515nm (400W) instead (se&igureld) and are thereby able taselaser powers of
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400 W. Fraunhofer presented this technology at the formnext conference in

Frankfurt am Main, Germany in November 2017.

Figurel4.: Two images of SLM process using a green laser to process pure (emperhofer ILT,

2017)

2.4.2.3 Electron Beam Melting (EBBF)3D Copper (Cu) Parts

EBM of Cu was successfully reported by Ramirez et al. who additively manufactured
open-cellular structurefRamiez et al., 2011)They used a 99% pure Cu powder

with an average diameter of approximately @gg. A focused electron beam is used

to first pre-heat and eventually melt the deposited Cu powder. By varyingstae

of the internal scaffolding they werable to vary the part density betweehi1l and
74.4% of bulk Cu densityThe company RadiaBeam Technologies LLC also
successfully reported on the use of EBM for AM of 3D Cu fanitpola et al., 2014)
Although not mag process details are praled, they claim to have produceshrts

with 98.3% bulk Cu densityDespite an applied vacuum it is stated that oxidation of
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Cu was identified to be the main challenge to be overcome and a higher vacuum

mightbe a promising apprach to mitigate this.

Rad et al. used EBM to additively manufacture 998 pure Cu parts with 99.96

of bulk Cu density. Electrical conductivity of the manufacturadsis reported as
up to 96.24% of bulk Cu conductivity. Howeveesistivitywas n fact not directly
measurel but rather back calculated through surface conductivity based on the

assumption of isotropic propertigPyos, 202).

Similar to SLM dEu, EBM of a hightiiermally conductive metal such as Cu requires
high energy densities to induce meltingdditionally, electron beams only travel
significant distances in a vacuum, requiring the entire process to be carried out in a
pressure chamber uret vacuum.The equipment and operating costs of EBM are

therefore significantly high.

2.4.2.4 Binder Jettingf 3D Copper (Cu) Parts

Bai & Williams have pioneered in the field of binder jetted Cu parts. In their first study
publication(Bai and Williams, 201%)ey employed the following process: A layer of
Cu powder of 91.0 to 96 % purity and of median particle size of 1§.35.2umwas
spreaded by a countenotating roller; either gpolymer binder, a Cu NP binder, or a
Cu MetaiOrganieDecomposition (MOD) inkasthen inkjetted into the powder bed
which selectivelybinds the powder particles. To reduce porosity and to increase
densitythe part then undergoes heat treatment up to petdmperatures of 1,040

to 1,080°C in a pure hydrogen atmosphere to induce Cu oxide reduction and prevent
Cu oxidation. The impact of powder sizetering profile and atmospheric control

on final part density and shrinkage was investigated. The presehdgdrogen
during the final heat treatment was found to increase final part purity by up t@a3.9
and density by up to 25.% compared to an air Wi vacuum environment. Final
densities of between 63.2 and 8356 of bulk Cu density and Cu purities of 9%.0
97.3% were reported. Part were found to have 5566of the theoretical ultimate

tensile strength of bulk Cu which was hypothesised to be dystbporosity.

30



In a later publicationBai and Williams, 2018hey used a high pity (> 99%) Cu
powder with a 17um median particle size. A polymeric and a Cu MOD binder were
used. For tk polymeric binder, an intermediate heat treatment to facilitate
depending at 450C for 30 min under pure hydrogen flow was carried out. Heat
treatment at between 1,025 to 1,07% was carried out for both binders also under
pure hydrogen flow. Green part densities of between 42.3 and %9 & bulk Cu
density were reported as well as final part densities of between a880.8% of

bulk Cu densityFinal part prosity was betwen 4.4 and 5.26.The sum of the final
part densities and the porosities not adding up to 20thas not been addressed by
the authors and so the reason for this discrepancy is unknown.

Bai & Williams have made significantvadces towards binder jetting ginly dense

3D Cu parts. However, one high cost factor of the process is that due to the high
temperatures required for the green part heat treatment, an inert environment is

required to prevent Cu oxidation.

2.4.3 Inkjet Rinting and $ntering of Multiple ElectricallyConductive &yers

There are a number of reports in the literatud inkjet printing and sintering of
multiple layers ofAg NP inkSaleh et al., 2017; Vaithilingam et al., 2018, 201i7¢
reason for increasing the number of layers was to reduce the resistahdbe
electrically conductive trackThese studies are aimed at 2rinted electronics
applcatiors. Increasindayerstherefore is a trade-off between reduing resistance

andincreasng process time and material usa@@erelaer et al., 2010)

Vaithilingam et al. were the first to inkjet print multiple layers of Ag Nefor the
purpose of manufacturing 3D structures. In their first publication they regzbinkjet
printing and infrared (IR) sintering up 50 layers oAP NRnk to create a conductive
structure with a thickness of 37.2 + x3Y{Vaithilingam et al., 2017J he final object
hada resistivity of approximately 8.6 times bulk silver and was found to have a some
between 22 and 366 void fraction. Irtheir later publication Vdhilingam et al.
upscaledhe same process and reported on up t0Q0 printed and IR sintered silver

NP ink layers to create 3D structures up tonf tall (Vaithilingam et al., 2018)
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micro-structure, surface, porosity, hardness as well as the impact of two differen
drop spacings during inkjet printingvere investigated + A G KA f Ay 3l Y
publications comprise the only publishadd successfttempt at inkjet printing 3D
objects from NP feedstocRhe company XJetaims to haveleveloped a system to
produce netal parts from nanoparticleé & - W9 ¢ Bowevey, i Rublications are

available.

Contrary to Ag, the only evidence that exists in the literature of printing and sintering
of multiple layers of Cu NP ink is by Niittyynen et al. who merely went up to 4 layers
(Niittynen et al., 2015)Their reasoning for this thavith more than 4 layershey

were not able to successfully laser sinter a single layer Cu NP ink due to the
appearance of intensive cracking during laser sintering and so they used 2 to 4 layers
instead,as opposed to using multiple layers in order to build 3D structures. There is
no evidence in the literature of printing and sintering of more than 4 layers of Cu NP
ink.

2.5 SummaryandGap in the iterature

Following a thorough review of the literatureig clear that there is a gap in the
literature concerning the low tempetare sntering of multtlayered Custructures
beyond 4 layersising a low energy processing nanoparticulate feedstodkat
does not require to be carried out in an ineenvironment. Previous work on
additively manufacturing muHiayered Cu parts has conceated on high energy
manufacturing processes such as SLM, EBM and Binder Jetting. NPs, however,
generally require much lower sintering temperatures than miestwed wder.
Ample literature of NP sintering using uHlfast photonic treatments has
demonstiated that Cu NPs can be simderin an air environment without oxidation.
Inkjet printing and sintering of Ag NP ink of up to 1,000 layers to create-laydéred
parts has been successfully demonstrai&ithilingam et al., 2018 However, Cu
NP ink has taate only been printed and sintered up a maximum layer count of 4

layers(Niittynen et al., 2015)
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In the field of 2D printed electronics, Cu NP inks have emeaged significantly
cheaper alternative to Ag NP inks. However, from a processing perspective Cu has
two main disadvantages: its inherent tendency to oxidise whichgitrimto dielectric
copper oxide as well as Cu requirilggher sintering temperatureshain Ag.
Harnessing synergistic effects of combining small amounts of Ag with Cu NPs has
been exploredin isolated studies on e.dgu-Ag coreshell particle systems dhe
impact of Ag addition on packing density and bonding strength. However, no study
exids which comparatively investigates the impact of Ag addition to Cu NPs on laser
sintering, IPL sintering, and thermal sintering in an air environment as well as in an
inert environment. Moreover, conflicting literature exists on the migration of Ag
duringthermal sintering of G:Ag NP systems. Some suggest that the Ag migrates to
the Cu particlecontact points The impact of this phenomenon on electrical

resistance hasot been investigated.

Flexible electronics have created much interest in the past years. Crucial for
flexible electronics is an understanding of the impact of bending on track resistance.
A review of the literature has shown that to date there saonclusive study which
directly compares inkjet printed Ag NP tracks with Cu NP trasksy the same

sample manufacturing and testing methodology.
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3 ADDITIVEMANUFACTURBF ELECTRICALLY CONDUQMWHILAYERED
COPPER (CMICR®ARTS FROM NANOPARTICREREEDSTOCK

3.1 Introduction

The aim of this chapter is to additively manufactureadectricallyconductivemulti-

layered copper (Cu)microstructure using a lowpower (<10W) processn an air

environment The main research theory is that an electrically conductieti-

layered copper microstructure can be additively manufactured by sequeihial

depositing and selective laser saning of multiple layers of copper (Cu) nanopatrticle

(NP)ink.

The followng specific technical objectives were set:

I.  Printing of liquid Cu NP ink to give dry Cu deposition
ii.  Sintering of printed Cu to conduct eleicity
iii.  Depositing multiple Cu layers on top of one another without significant
damage to previous copper layers
iv. Laser sintering of deposited copper resulting in interlayer sintering and

therefore enabling vertical conductivity

Laser sintering of coppdbr conductive applications in two dimensions has been
reported in the literature multiple times as it is outlidan the Literature Review

section 2.3.3 dPostdeposition Annealing of Nanoparticlest @ | 2 6 SOSNE | RR
manufacturing multi-layered electrically conductive objects necessitates novel

development.

¢2 UKS lFdziK2NRa (y2¢ftSR3IST y2 SOARSYyOS KI
multi-layered Cu microparts which were additively manufactured in an oxygen
environment using a low powex(O0W) sintering process to date. Printing and

sintering of Cu NP ink has so far only been carried out avigledeposited layer

or with a very low amount of layer®ki layers) and thicknesses below 2m

(Niittynen et al., 2015)All AM procsses, which have prodad 3D Cu parts are high
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energy processes, which need to be carried out in an inert environment. Solely binder
jetting stands out as not being a high energy process, which does not need to be
carried out in an inert atmosphere, howavét does require hilg temperature post

printing heat treatment(Bai and Wliams, 2015)

3.2 Materials and Methodology

This section lays out the equipment, materials, and methods used in this study. This
involves NP ink synthesis and formulation, NP ink printing (bar coating and inkjet
printing), laser sintering, as well tee characterisation tthe sinteredmulti-layered
Cumicroparts,e.g. DiffractionScanning Calorimetry (DSC), optical microscoiay
Diffraction (XRD), nanoindentationVhite Light Interferometry (WLI)Scanning

Electron Microscopy (SEM), and electrisiaeet resistance masarements.

3.2.1 Copper Nanoparticle Synthesis and Formulation

The bar coating Cu ink was supplied by Promethean Particles Ltd. It was synthesised
using a continuous supercriticaydrothermalsynthesigseeFigurel5for a process

flow diagram) The upflow into the reactor (FS stream figurel5) consisted of
copper nitrate (Cu(NEP. The dowdlow into the reactor (FW stream iRigurelb)

was made p of sodium hypophosphite (NaR®) a a concentration of 0.02M in
water. The flowrate of the yflow and downflow into the reactor was 20 nmhint

and both were pressurised to 1Har. The upflow enters the reactor at
approximately 18C, whereas the den-flow enters the reactor aR50 °CThe up

flow and the downflow mix in a countexcurrent nozzle floweactor (seg~igurelbs).
During ths mixing the chemical reactidisted inEquation2 take place. By controlling
process prameters such as temperature, pressure and residence time it is possible
to control particle characteristics such as size, composition and sthags¢er et al.,
2006) The use of surfactants (i.e. PVP) in the process can reduce the formation of
aggregategAksomaityte et al., 2013Dnce the particlaispeisions were collected

from the process, they were centrifuged, the supernatant was poured off and the

particle dispersions were redispersed in proganol (purchased from Sigrpaldrich).
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This washing process was repeated three times in order to remokeected copper
andhypophosphite ions particle dispersions. On the final washing cycle, the particle
dispersions were redispersed to give a pigment concentrate with a metal particle

content of approximately 3&1t%.

FW
water PH

E 3 preheater

G

wC
cooler

FS 0 L
g filter
e P

Figure 15. PrddSa4&8 RAF3INIX Y 2F tNRYSGKSIY tI NIAOftSQa Oz
manufacturing proces@_ester et al., 2006} are the pumps, FW is the supercritical water stream, FS

is the cold metal salt stream, R is the reactor, WC is the cooler, and BPR is the backpressure regulator.

Equationl. Half reactions of Cu NP synthesis.
#06 cQ o 6d
Q0 G Q6o Qdl cO cQ

Equation2. Full reaction of Cu NP synthesis.

#0 qQbi, Qbo#® Qb O

Its metal waght loading wastated aso v o ¥ by the manufacturer. The bar

O21F GAYy3 [/ dz Ay Q& -29I(QGHO) witd thedasldition oh G &2-INR LI Y
Hydroxypropanoic acid (also known as lactic acid). The viscosity of the bar coating Cu
was not supplied by the manufacturerwas therefore measured as shownRigure

16 using a Malvern Kinexus rheometer (sEgure 16). Viscosity decreases with
increasing shear rate so theCu NP ink shows stiaming charactesticswhich is

common for particle suspensiorShear thinning ink characteristics are desirable for
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bar coating. While the ink is spregugh shear forces are applied, which lowers the
viscosity of the ink, facilitating an even ink spread. Once the dbeae is no longer

applied, the viscosity of the ink increases, causing the ink the remain in place.
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Figurel6. Viscosity against shear of the bar coating Cu ink measured@t 25

The inkjet printing Cu ink was supplied byiethean Particles Ltd.. It was also
synthesised using the same process of continuous supercribigedbthermal
synthesis. Its metal weight loading was statedoas o ¥ by the manufacturer.

The main solvent i8-(2-ethoxyethoxy) ethanol h40s) (also known as diethylene
glycol monoethyl ether often abbreviated to DGME). Even though the presence of
additional additivess acknowledged, no information on which omend at what
concentrations was provided. Thekihas a viscosity af o 03 ¢ wd and a surface
tension ofc & & U &  according to its technical data sheet (which t&nfound in

Appendixsection8.1).

The particle weight loading of the inks was measured by depositing using a glass
pipette a drop of the ink onto a weighing boat. Its weight was measured immediately
as well as after Bours at which point the ink looked completely dry atslweight
RAR y20 aAA3IYyATFAOLylGte OKIy3aS |yaY2NBo

either its main solvent was added or it was placed in a vacuum oven &t.30
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Afterwards the particle weight loading was repeated until the desired particle weight

loading was achieved.

3.2.2 Deposition of Copper (Cu) Nanoparticle (NP) Ink through Bar Coating

Bar coating was used as one of the two deposition methods for the NP inks in this
chapter. It was chosen because it produces consistent films with relativelyaygh
thicknesses (appramately 1 to 9um) compared to other ink deposition techniques
(Kwon et al., 2016)The Cu NP ink was kept in a sonication bath. Thevaskonly
removed from the bath for the ink deposition which was carried out using a glass
pipette . Bar coatingvas carried out using metal bars (degurel?) purchased from
GKS O2YLI yeée awyY tnpgAsyised td hold thé sidostiafeNd place. Of |
Liquid ink is dispensed onto the substrate. The hand screen printer is then manually
pulled acrosghe substrate, thereby spreading the ink across the substastét ca

been see irFigurel?. After screen printing the deposited ink was left to dry which

generally ook less than 38econds leaving behind a dry film.

Bar coaters

Substrate Bar
clamp coated

Figurel7: Bar coating of an ink onto a piece of pafeK Print, n.d.)
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3.2.3 Deposition of Copper (Cu) Nanoparticle (NP) Ink through Inkjet Printing
Inkjet printing was used as the second of the two deposition methods for the NP inks
in this chapter. It was chosen due to its high degree of automatiod mm?
rectangles were printed using an inkjet printer (Fujiflm Dimatix Materials Printer
DMR2900 ®ries). A standard waveform was used. The drop spacing was set to
40um. The substrate was heated to 8C throughout the printing processfter

each pinted layer the ink was left to dry for d&conds as inspection using an optical
microscope showed thahis duration was sufficient for the ink to dryhe printing

and drying processes were repeated five times before laser processing.

For multilayered Cumicroparts using inkjet printing as a deposition methadter
the inkjet printed layer had driedhe substrate with the printed layer(s) was placed
into the laser enclosure and it was laser sinter8dguential inkjet printing, drying,

and laser sitering was repeated until the desired part thickness was reached.

3.2.4 Identifying the Copper (Cu) Nanapeles (NPs) Sintering Temperature Range
DSC measurements were carried out to measure the temperature range at which the
Cu NPs sinter, identifiablertugh an exothermic sintering peak. This was carried out
on a TA Q600 unit. The sample ink was placédl am alumina pan and dried in a
vacuum oven at 46C prior to the DSC measurement. The temperature profile during
the DSC measurement was cyclic, stayiat room temperature going up to 1,200,

down to 150°C, and back up to 1,20C. This cycle waspeated three times. All
heating and cooling temperature ramps were set todB@reesmint. The entire DSC
experiment was carried out under constant 1@ int nitrogen flow to prevent

oxidation.

3.2.5 Laser Irradiation of Copper (Cu) Nanoparticle (NP) énknduce Particle
Sintering
Low power laser sintering was carried out to sinter deposited NPs. The laser system

used was custom built by the author Wwitechnical support and consists of a fibre
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fFaSN 6. YIGV8 atia wavkléngth ofk1,06dm, a sca head (SCANLAB
hurrySCAN), a 164am Ttheta lens and control software (laserDESK). The laser
power used wag.5W and the laser scan rate used wEB0 mm s (unless otherwise
stated) The laser was always operated in Continuous Wave (CW) modéaidie

distance between the parallel laser scan lines wagrb0

Laser irradiation of the Cu NPs was always carried out in an air environfant.

multiple vetical layer builds, a computer controlled adjustablstage was built

inside a laseenclosurewhich can be seen iRigurel8.

Scanhead

Webcam

T-theta lens

Adjustable ztage

Figurel8. Adjustable wstage setup.

The laser beam profile waseasured using a laser beam profiler which comprises of

a camera (SPIRICON SP620U) with an attached beam splitter (SPIRIGMMNBBRS
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Figurel9. Laser beam power density measurement-igirection on the left and in-glirection on the

right.

The Beam profile measurementskigure20 showed a Gaussian laser beam profile.

The 90/10 knife edge was fod to be 32um in x and ydirection.

The laser power output against voltage input was measured wsisgnsor for low

power lasers (LASERPOINAOAR00-D25USB).
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Figure20. Laser power output against laser voltage input.
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Themeasurements irFigure20 were used to relate input voltage to power output

for the analysis of the data.
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3.2.6 Manufacturing Process to Additively Manufacture Midijered Cu
Microparts Using Sequential Ink Depositi@ar Coatingand Laser Sintering

a) b)

Figure21. Diagram of the Cu NP ink deposition aadel sintering process. a): The Cu NP ink is
deposited through nozzle onto the build platform in the case of the first layer, otherwise onto the
previous layer. b) A metal bar with a wire wrapped around it mowesss the buildplatform and
spreads the dposited ink to create an even layer. ¢) the build platform moves down and the metal
bar moves back to its original position. Between ¢) and d) there is a time intervalsefc8ads to
allow the ink to dry. d) Thiaser beam is focussed onto the surfaceoilgh an ftheta lens moves

across the surface to selective sinter the Cu NP layer into the previous layer.
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A diagram of the process used to manufacture mlalfieredmicroparts can be seen

in Figure21. Cu NP layers are sequetiiadeposited and laser sintered up to the
desired part thicknesg-or this work the ink was deposited manually using a glass
pipette and the bar coatewas moved across the build platform manually. For future
work both are recommended to be automated irder to ensure reproducibility of

the ink spreading.

3.2.7 Determination of the Width of the Sintered Area from a Singledreetional
Laser Pass

Opticd microscopy was carried out to measure the width of sintered lines from a

single laser pass as well as visually inspect the top surface of additively

manufacturedmulti-layered Cumicroparts. For optical microscopy a Nikon Eclipse

LV100ND was usetbgether with the Nikon NHglements microscope imaging

software.

3.2.8 Investigations into Potential Oxidatiaf the Copper (Cu) Nanoparticle (NP)
Ink due to Laser Irradiatiamsing Xray Diffraction (XRD)
XRD analysis was carried out to inspect whethadaiion occurred during the
various sintering technique#t was carried out using a Bruker D8 Advance DaiVin
¢KS aO0lya ¢gSNBE OF NNASR 2dzi F2NJ uw‘° @It dzSa

and a counting time of4.5swere used
Mean crystallite size was quantified before and after sintering using the Scherrer

Equation:

Equation3
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whereoA & (GKS YSIy ONeadGrttAGS aAl SZ6ndp Aa
is the crystallite size broadening, ard is the Bagg anglgSchwartz and Cohen,
1987)

The peak shapes were assumed to be Gausti&ollows

Equationd

where & is the experimentally measured Full Width Half Maximum (FWHM),
o) is the FWHM due to micro strain, ar@  is the FWHM due to the
instrument (Cullity and Stock, 2014All examined samples were nanoparticles and
their only processing history were different heat treatments (laser, intense pulsed
flashlight and thermal); thereforé was assumed to be negligible. In order to
subtract the instrument broadening from the experimentally measured FWHM, the
instrument broadening was measured using a bulk Cu reference sample. For the
referencesample it can be assumed that peak broadening due to crystallite size
(crystallite sizes are sufficiently large) or misteains occurred and therefore only
the instrument broadening is measured. The instrument broadening for the angles
other than theangles of the Cu reference sarapeaks were modelle(Caglioti et

al., 1958) ¢ K S cwritribution to scans was subtracted pritw all peak width

measurements.

3.2.9 Nanchardness and Creep BehaviouMdlti-layeredCopper (Cuylicroparts
Nanoindentation was carried out to test and compare the local mechanical
properties of the addively manufacturedmulti-layered Cumicroparts. Due to the

small size and fragile nature of the samples, the only experimental technique capable
of measuring mehanical properties of the samples was nanoindentation.
Nanoindentation testing was conductedh@ Micro Materials NanoTest P3 (Micro
Materials Limited, Willow House, Yale Business Village, Ellice Way, Wrexham, LL13

7YL, UK). To minimise the impact fronvieonmental pertubation the machineas
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located inside a polymethyl methacrylate (PMMA) enctesA Berkovich indenter

(— o & ) was used. Prior to the experiment, the sharpness/bluntness of the
Berkovich indenter tip was tested using a standardisedemal According to the
measured sharpness/bluntness an indenter tip shape correction functwas
applied. 5 indents on each of 3 barcoated and 3 inkjet printed Cu samples were
performed as well as 15 indents on a piece of bulk Cu (for comparison)oddie |
displacement curve was recorded during loading, dwell, and unloading. The load
applied wasncreased linearly at a rate of@Ns* up to a maximum load of 8&N.

At 10mN the load was maintained forsdwell time to allow the material to creep.
During this dwell time, change in displacement was measured. The load was then
decreased also linerat a rate of ZnNs™.

A

Indentation hardnes§0 )¢ & RSTFAYSR | OO2NRAyYy3 (2 aSesS

O B Equation5

where 0 is load andd is projected aea of contact With a Berkovich indenter the

projected area of the contact is given by

O oMo Qo we- Equation6

whereQ is the contact depth of penetration. M — ¢ & )Mthis equates to

0 ¢8 Wb

Substituting this projected area functiokduationshO A Yy i 2 a Equ&icdkpa [ | &

results in

8 Equation7
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It should be noted that from the unloading curve substantial elastic recovery was
observed. Thendentation hardness measured is not a trueasure of the resistance
of the material to plastic deformation but rather measures the resistance of the

materialto combined elastic and plastic deformations.

The creep value was obtained from a creep test. At maximum loachf)he load
was kept costant and displacement was measured for a time duration of 5 seconds.

The creep value was calculated from:

Equation8

where "Q is the indentation depth once the maximum load was applied at the
beginning of the creep test ant® is the indentation depth at the end of the creep

test after 5 seconsd had passed at the maximum load.

3.2.10 Quantifying Surface Roughnesswiilti-layeredCpper (CuMicroparts

White Light Interferometry (WLI) measurements were carried out to quantify and
compare surface roughness of additively manufacturedti-layeredCumicroparts.
Measurements were conducted using focus variation on an Alicona InfoiiesFG5
microscope with a 5x objective. Coaxial light was used and manually tuned to achieve
the best possible result by visual inspection. For computing theafameter, the
topographies were subjected to levelling by leaguares mean plane subtractipn

with no additional filtering operationArithmetic mean height @b expresses as an
absolute value the mean difference in height of each point compared to the
arithmetic mean of the surface. Mvas obtained from an area of @mx2mm

avoiding the edges.
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3.2.11 Electrical Sheet Resistance and Resistivity Measuremerittulatlayered
Copper (CuYlicroparts

Sheet resistance measurements were carried out to electrically ctearse and

compare themulti-layeredCu samplesSheet resistance measurements usingrt

point probes has been established as the most common electrical characterisation

technique of thinfilms in academia as well as industry, as its measurement unit

(MfiR6 @) éables straightforward comparison of thin film resistivity independent

of the 2D size of the sample (assuming it is a square).

A four-point probe (NAGY Instruments: Sheet Resistivity Measuring Device Type SD
800, Measuring Probe Type: SBKR was used to measure the sheet resistance of
sintered copper. It consists of fourgbes which are lined up in a row each the same
distance apart (sedigure22). The probes are spridgaded to ensure they are
applied with a rpeatable force. All fouprobes are simultaneously brought into
contact with the specimen of interest. A current is supplied on the outer two probes

while at the same time voltage is measure on the inner two probes.

R"\‘i.-'i e
VWA

Ammeter
(A
S/ R.
Voltmeter wire
VA
@ R, . g Rsubjec’[
VWA

R‘wi e
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Voltmeter indication
Ammeter indication

R

subject —

Figure22. Basic 4point probe circuitry and equation that is used to calculate resistance.

Sheet resistance relates to resistivity as follows

Equation9
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where'Y is sheet resistnce (fi 11 6 1 iresistivity iff ) andois thicknessi().
This correlation is valid as long as the thickndsh® material remains below 4%
of the distance between each adjacent two of the four prolfespsge, 1968)The
spacing btween each of the four probes is In3n in the case of the foypoint
probe used for this work. Hendgquation9 is valid for a material thicknesf below

520pum.

Due to the relationship between sheet resistance and resistdétyned in section
Equation9, in order to determme resistivity from sheet resistance measurements,
the sheet resistance measurements were multiplied by the thickness (height in z

direction) of the Cumicropart.

3.2.12 Particle Sizeralysis, Visual Evaluation of Internal Defects and Quantification
of Internd Porosity oMulti-layeredCopper (Cuylicropart Crosssections

SEM imaging was carried out to analyse particle size, to inspelti-layered Cu

micropart crosssections visuallyas well as through image analysis to obtain part

porosity. A Field Emissi@un Scanning Electron Microscopy (FEEB/) (JEOL 7100F

FESEM), which uses an-lens Schottky field emission sourdeis fitted with an

integrated Oxford Instruments-Max silcon drift detector for EDX analysihe FEG

SEM was operated at ¥&Vanda working distance of between 10 and 1205n.

For the imaging of Cmicropart crosssections, the parts were mounted in cold
curing epoxy resin. The epoxy containing then@caroparts were then grinded and
polished to expose the Cmnicropart crosssectian. A 10nm carbon coating was
applied to each sample using a Quorum Q150 R Plus S carbon coater. This was to
ensure conductivity across the entire sample including across the epduxmyinium

tape was used to secure the samples to the mount ensuring griagraf the sample

to prevent charge build up and ensurindigh-qualityimage.

Image analysis of SEM images was carried out to quantify the particle size

distribution. For the an of detecting particles, automated edge detection through
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image analysisaye inaccurate results. The following manual particle highlighting
methodology was chosen because it enabled capture of overlapping particles. SEM
images were printed out on papeAn acetate was placed on top of the printout of

the SEM image. A thin mankpen was used to highlight edges of particles as well as
the scaling bar of the SEM image. The acetates with the highlighted particle edges
were then scanned and analysed usingTAB as follows. The scanned images were
converted to a blacland-white binay image using a global threshold. Continuous
objects of fewer than 100 pixels were considered image noise and were removed.
tF NIAOES &A1 Sa 6SNBE 20660+ AWSEHA 228 BINK LIAIEKS
measures properties of connected objects in a binarygem@ he diameter is thereby
calculated of a sphere with the same area of the connected objects in the image
analysed. The obtained particles diameters were scaled from numbexealo the
equivalent size in nanometres according to the scale bar onntiage. An example

MATLAB script which was written and used can be sedApjendixsection8.2

Multi-layered Cu micropart porosity wa quantified in order to compare the two
different ink deposition methods (bar coating and inkjet printing) in terms of the
resulting internal porosigs. A quantification of internal porosity gives valuable
insight into the degree of densification whicmpacts the mechanicahicropart
properties. Image analysis of SEM images of cross sections was carried out using
MATLABImages were converted to blaakd white images using a global threshold.
Pixel noise smaller than 50 pixels was removed. Black peissenting pores were

counted. The fraction of black pixels to overall pixels was calculated and recorded.

3.2.13 Heat Treatmenof Printed and Sinterelulti-layeredCopper (Culicroparts

to Enhance Densification
In order to increasenicropart density andlecrease porosity, a heat treatment of the
depositedmulti-layered Cumicroparts was attempted based on prior work by Bai
andWilliam (Bai and Williams, 2018postprinting heat treatments ofmulti-layered
Cumicroparts were carried out in a CARBOLITE GERO CTF 12/65/550 tube furnace
with a CARBOLITE GERO 3216 controller. The temperatfile consisted of a
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heating ramp of 3Cmin up to temperatures varying between 1,025 and 1,0Z5
where the temperaturewas held for ours. Cooling through radiation was
continued until 40°C was reached. The entire heat treatment was carried oateu

constant argon flow.

3.3 Preexperimental Work to Define the Process to Additively Manufacture -Multi
layered Copper (Clicroparts from Nanoparticle (NP) Feedstdokan Air
Environment

This section describes a number of experiments carriedaodt ®nclusions drawn

which led to the design of the process used to additively manufacture taykred

Cumicroparts from NP fedstock in an air environment. The experimental work

comprises of characterisation of the Cu NP ink used in terms of its parizele s

distribution through image analysis of FSEM images, sintering temperature range

through DSC measurements, and its ed¢grtal composition through XRD analysis.

3.3.1 The Size of the Metal Particles Used &hd Sintering’rocess

3.3.1.1 Particle Size arfdinteing Temperature

In AM processes, the building block is of a smaller size than the final object. The
additively manufactured muHiayered Cumicroparts reported on in this chapter
were in the submillimetre range. Most AM processes capable of manufacturing
multi-layered @ microparts use microrsized Cu powder as their input material (see
section 2.4.2 dHigh Energy Manufacture of Multi-layered Copper 8ucture<).
However, for the work preented here NPs were usedecause they require
significantly lower sintering temperatures. Sintering describes densification through
mass transpdrphenomena, such as diffusion, creep, viscous flow, plastic flow, and
evaporation, all of which are dependeanh temperature and timgGerman, 2010)

The consumption of surface energy is the predominant driving force for sintering.
Surface energy is a measure of thendigy of broken bonds per unit aré¥itos et al.,
1998) The smaller the particles, the higher is the surface area per voludnteeo

material. As increased surface area of a material means an increase in broken bonds,
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consequentially thesurface area per unit volume increases with decreases particle
size. A graphical representation of the reduction in onset temperature of simgferin

due to particlesizecan be seen ifigure23.
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Figure23. Schematic diagram illustrating different onset temperatures of sintering of nand

micronsized particles(Fang and Wang, 2010)

The temperature required to induce sering is therefore dependant on particle size
which has been widely reported in the literatu(®oon et al., 2005)The average
particle size of both of the Cu NP inks was B880(as shown ifrigure25) and laser
power of between 1 and BV was sufficient to induce sintering. In contraselective
laser melting (SLM) processes commonly use powdr particles sizes in the low
micronrange (30 to 8um) (Y et al., 2016as opposed to NPs which were used in
this gudy. This is partly because powders with a particle size any smaller tham 30
form aggregates which causes poor powder spreading. SLM of rs@ed Cu
powder generally required significapthigher laser powers; for instance, Singer et
al. at reportedusing a laser power of 1,00 (Singer et al., 2017}t goes without
saying that the capital cost of low power fibre laser as it was usekdisnstudy is

significantly lower than a laser capable ofideting powers of 1,000V or more.
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In order to determine the sintering temperature range, DSC measurements were
carried out. Particle sintering is an irreversible exothermic process duringhwhi
particles give up surface energy to build bonds betweenigas (German,2010)
Particle sintering is therefore identifiable by the exothermic (positive direction on the
y-axis) peak irFigure24 between approximately 155 and 59C. This peak only
occurs on the first temperature ramp and does notwcduring the second and third
temperature ramp, as the sintering is an irreversible -@vegy process. The reason for
the particle sintering peak being so broad is that the particle size distribution is also
broad EeeFigure25), ranging from 101 to 1228m. Particle sintering temperature

is dependant on the particle size; the smaller the particle size, the smaller the

sintering temperaturgGerman, 2010)
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Figure24. DSC curve of weight corrected heat flow agatemperature of Cu NP ink.

3.3.1.2 Sintering Time

Even at room temperatures Cu oxidises. An evenjiflagxample of Cu oxidation are

Cu coins or pipes which start off as shiny beconweeasingly dark over time. The
rate of oxidation increases with increagi temperature(Li et al., 1991)Oxidation

can be prevented by reducing the oxygen concentration of the environment in which
the sintering takes place by a constant flow of an inert gas (i.e. argon or nitrogen) or

through a vacuum. However, this significantly increases process conyexitcost.
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The DSC measurementhigure24 show sintering of the Cu NP starts at ’®band

ends at 597C. Consequentially, in a¢dto induce sintering the temperature must

be raised to above approximately 156. Kim et al., who were the first to successfully

publish on oxidatiorfree shntering of Cu NPs in an ambient environment estimated

that a sintering time in the millisecoad Yy 3S A & NXIj dzA NB R(Kiin2 & 2 dzi
et al., 2009)

The stated an in the in theINTRODUTOONSsection1.2 GAim and Objectivesof
developing a system capable of building electrically conductive +haykired cpper
microparts in an ambient environment therefore requires heating of the Cu NPs
above 155°C. Within a time period in the millisecomange the material must hav
cooled down sufficiently to avoid oxidation. The most widely proven energy sources
to be @pable of inducing sufficiently high heating and cooling rates are photonic

sources, in particular lasers and intense pulsed flashlights (IPL).

As previously membned, sintering mass transport phenomena are inherently time
dependant, hence the low sintieg time requirement inherently limits the degree of
densification obtainable. Sintering time can be prolonged by decreasing laser speeds,
however, the sinteringiine must remain within a millisecoritme period to avoid
oxidation. One of the advantage$ using a fast sintering speed is that the heating is
spatially highly confined. This enables sintering to be carried out ondeitive

substrates such as PEJopezEspiricueta et al., 2016; Wei et al., 2015)

All other reports in the literature of additively manufactured electrically conductive
multi-layered metamicroparts report significantly longer sintering times. The reason
for this tha they either use different metalwith which oxidation is not an issuwor

the process is carried out in a leaxygen environment. Vaithilingam et al. for
instance in arguably the most comparable study inkjet printed up to 1,000 layers of
Ag NP ink and usean IR lamp for sinteringvaithilingam et al., 2018, 2017)
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stated the exposure timean be assumed to be in excess & 1n the case of this

study, the photonic sintering source is a laser which has doncus spot size of
32x32um. At a scan rate of 25@ms? the average exposure time is therefore
approximately 4 orders of magnitedlower. Vaithilingam et al. are able to use
significantly longer sintering times, because rather than Cu NP ink they used Ag for

which oxidation is not an issue.

3.3.2 Quantification of tle Particle Size Distribution

The manufacturer did not supply information on the particle size distribution apart
from the claim that the particle size distribution for the two inks was identical as they
stem from the same synthesis batch. They were wasked their respective
formulations after the synthesis process and the manufacturer does not expect there
to be changes of the particle distribution as a consequence of the-poghesis
formulation. The patrticle size distribution at room temperature vepmntified as
explained inMaterials and Methodologgection3.2.12(seeFigure25). An example

of an analysed SEM image can be sedfignre27 on the left).
The result was an average particle size of 830with a standard deviation of

186nm. The difference in the particle size distributions of the two inks were

indeed insignitant, as claimed by the manufacturer.
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Figure25. Number of particles as a fraction of the overall particle distribution against particle size to

show the Cu particle size distribution.

3.3.3 Depositiornof the Nanopatrticle (NP) Ink

Literature has shown that NPs are more toxic to humiduas microparticle{Chen

et al., 2006) Inhaled airborne nanoparticles are significantly more hazardous to
humans than NP# a liquid suspensioifQuadros and Marr, 2010)n order to
minimise the potential health risk of working with NPs, the experimental strategy
was designed to accommodate for all NPs being always handddajind suspension
until they were depositedSpreadig NPs in a liquid suspension has the additional

advantage over spreading dry NPs in that dry NPs easily agglomerategatively
affect spreadibility.

In literature the most common ink deposition methods of Cu NP ink are spin coating
(Jeonghyeon Lee et al., 2014; J. H. Park et al., 2043t printing(Soltani et al.,
2015; Wang et al., 201,7and bar coatingkwon et al., 2016)Jsing spin coating as a
deposition method as part of an additive manufacturing process would require
sequentially spin coating layers onto previous layers wihblactive sintering step in
between. This would require a complex stage design. The stage would have to be

able to spin at sufficient rounds per minute (rpm) with the ability to abort its spinning
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motion always in the same orientation. Additionally, it wid have to have the
capability to be adjustable indirection in order to maintain a constant distance of
the top layer to the sintering source (in the case of a laser sintering system the
distance of the top layer to the scan head lens would have toképt at
approximately the focal distance of the laser optics). Moreover, an ink deposition
system which deposits ink in a very central spot of the stage would have to be
retractable to not block sintering photonics during sintering. Due to these highly
complex design requirement it does not come as a surprise, that no literature was
found which uses spin coating for more than one layer ot in&t even for Ag NP ink

for which literature exists on printing mulyered objects using a nanoparticle ink

(Saleh et al., 2017; Vaithilingam et al., 2017)

Inkjet printing is the most common ink deposition method for 2D printed electronics.
Up to 4 consecutive layers of Cu NP ink have been successfully inkjet printed and
laser sintered by Niittynen et alNiittynen et al., 2015)The only exampkthat exist

in the literature of additively manufactured metal parts using a NP feedstock are of
Ag and solely use inkjet printiriyaithilingam et al., 2018, 2017)herefore, inkjet

printing was generally deemed to be a promising ink deposition method.

Even though there is no literature on bar coating of multiple layers of any metal NP
ink, it is oftenused for single layer deposition of metal NP ink. A single layer of bar
coated ink tends to be between 1 and fith thick (Kwon et al., 2016yvhereas a

single inkjet printed layer usually significantly less thapnl For the purpose of
building up an additively manufactured object of a significadireension, a thicker

layer thickness is of an obvious advantage as to reach a set height less layers are
required. Therefore, bar coating was also chosen as a deposition method to

additively manufacture muliayered Cumicroparts from NP feedstock.

3.3.4 The Drying Process of the Deposited Copper (Cu) Nanoparticle (NP) Film
Early experiments of laser exposurevaryingly dry Cu NP films showed that laser

exposure of a wet film causes an emergence of flashes and smoke, resulting in a
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highly inhomogeneous sintering result. It is believed that the high heating rates and
thermal gradients cause instantaneous violsotvent evaporation. It was concluded
that in order to obtain a homogeneous and repeatable sintering result, the deposited

Cu NP film would need to be dried prior to laser exposure.

A more volatile solvent reduces the time a deposited ink layer takefytand is
therefore from a timeefficiency pointof-view favourable. Bar coated layers
generally dried within 15econds and the drying process was clearly visible by eye as
a distinctive separation between the wet and the dry part of the Cu film emerged
The difference can be described as a darker and more reflective (wet) surface and a
lighter and more matt (dry) surface. The line separating the two would usually
migrate from one side of the film across to the other side at the expense of the wet
surfae. The moment at which the Cu film was considered dry was thereby easily
identified by eye. In contrast, the drying of inkjet printed layers was not easily
identifiable by eye. No distinct differentiating line between wet and dry film
emerged. Over a long@eriod of time, compared to the drying of the bar coated Cu

film, a much subtler gradual change in reflectivity was noticeable.

In order to accelerate the drying of the inkjet printed Cu film, the ability of the inkjet
printer to heat its printing pldbrm was utilised. It was set to 6C which accelerated

the described change in reflectivity, however, it still took approximately 90 seconds,
significantly longer than the drying process of the bar coated layer which took less

than 15seconds.

Inorderto accelerate the drying times of the inkjet printed layers, experiments were
conducted to evaluate whether it is possible to use the laser scan at a low energy
density (low laser power and/or high scanning speed) laser scan to induce and
acceleratedrying prior to another higher energy density laser scan to induce NP
sintering. In practice it was found that the laser exposure of wet ink either caused no
drying at all or the previously described violent solvent evaporation and it was

impossible to okain an in-between result where the Cu film dries in a Ron
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destructive way. Using a UV and IR lamp for drying of the inkjet printed film was also

trialled, however, as expected, the Cu NPs oxidised rapidly upon heating.

The layer thickness of the inkjetipted layers was approximately 0.1 to Quin and
hence much lower than the layer thickness which varied between 1 jamiOThe
inkjet printer and the laser scanning system were not integrated into one system,
they were two separate systems. It was fouthat the vertical spatial extent of the
particle sintering went beyond the vertical depth of a single inkjet printed layer. It
was therefore concluded that it would be more tiredficient to inkjet print multiple
layers prior to each laser sintering scas previously discussed the drying of the
inkjet printed layers took a significant amount of time. In order to accelerate the
entire process, it was attempted to print up to 30 layers at once without intermediate
delays to dry the previous layer before dgipgthe following one. Then the entire
stack of 30 still wet layers was dried in a vacuum oven at the same temperature as
the heated platform of the inkjet printer (6%C). As expected, the additional vacuum
accelerated the drying process. However, a raacopc deformation of the entire
micropart was observed in SEM cross sections (Begire36). The deformations
were concluded to be caused by the cofieeg effect(Deegan et al., 199,/A)vhereby
particles migrate outwards and accumulate towards the edges of wet areas as a
consequence of capillary pressure. Vaithilingam et al. reported a similar macroscopic
deformation due to the coffeging effect of multiple layers of inkjetted Ag
(Vaithilingam et al., 2018)This deformation w&s considered undesirable for
manufacturing constent multi-layered structures. Therefore, it was concluded that
each layer must be dried prior to the addition of the following layer to prevent

macroscopic deformation.

3.3.5 The Impact of the Deposited Layirickness on the Additive Manufacturing
(AM) Proess of Multilayered Copper (CWicroparts from Nanopatrticle (NP)
Feedstock

With inkjet printing, dried layer thickness depends on the metal weight loading of

the ink as well as the drop spacing. The weigading of the ink is not something
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that can befreely adjusted as it impacts other ink parameters such as viscosity and
surface tension which are required to be within certain previously mentioned narrow

ranges.

With bar coating the layer thicknesspemarily dependent on the height difference
between the vertical plane where the bar coater is dragged across and the top
surface of the sample and the metal weight loading of the ink. This height difference
is set byacomputercontrolled zstage whichaccording to its manufacturer claims to
have a stp size of 20im with no mention of accuracy or precisifiHOR LABS,
1999) It was found that the lower limit of the metal weight loading of the ink was
approximately 5 weigt %; any lower resulted in an inconsistent filimacacterised

by patches of no visible Cu film at all. The upper limit was found to be at around 50
weight % metal loading; any higher resulted in the ink not spreading evenly anymore
and consequentially theesulting film was found to be inconsistent wiffatches

where there is no Cu.

In terms of buildtime minimisation a higher layer thickness is favourable as it
reduces the number of layers required in order to reach a certain verigabpart
height.However, for any given particle suspension acaaltcracking thickness exists
above which cracks form during drying. A Cu layer which contains cracks is
catastrophic for multlayer builds because following layers will be highly uneven due
to the cracksAn optical microscope image of an example of acked bar coated

film can be seen in thAppendixn Figure98.

Cracking in drying colloidal films is a consequence of the balance between capillary
pressure and plli A Of S ySi62N] aidNBy3IdKPGriffitha SR 2y
1921)for crack propagation Singh et al. have derivelationshipto describe the

critical film thicknes®¥) as

Q T T Equation10
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where"Ois the shear modulus of the particlas,is the coordination numbefo is
the particle volume fraction at random close packivgs the particle radiug, is the
solventair interfacial tensionp is the maximum capillary pressu(&ingh and

Tirumkudulu, 2007)The maximum capillary pressure was described bjté\as

Equation11

where0 s the specific surface area per unit volumesofid, and%.is the particle
volume fraction(White, 1982) Considering the bar coating ink printing in this study,
the particle size distribution was given, however, variablesctviwere adjustable

and which impact the critical film thickness are the choice of the ink solvent as well
as the ink metal weight loading. The choice of the ink solvent is a balance; increased
volatility results in faster drying times but at the same tiaezording toEquation10
increased evaporation rate increases drying stress and hantens reduces the

critical film thickness.

In the case of the solvent of choice for the bar coating ink, prepah experiments

of increasing film thickness until cracks appear duringndrghowed that the critical
cracking height was at approxinedy 9um. Propanr2-ol is a relatively volatile solvent
(boiling point of 82.5C) and so it has the advantage of speeding up the drying
process of the wet Cu filg the drying of the bar coatedayers only took less than
15seconds. A maximum layer thiclsgeof up to the critical cracking height ofi®

was deemed sufficient as it is already significantly greater than the layer thickness of

inkjet printed layers@.1 to 0.5um).

Consistently horageneous ink spreading was identified as the main challerrgjesir
coating of multiple layers of Cu NP ink. Uneven layers were characterised by either
millimetre-scale holes within the layer or by chunky grains rising well beyond the
average height of théayer (an example can be seen in thppendix Figure99). It

was impossible to remove inconsistent layers once deposited without significant

damage to pevious layers. If the deposited layer had holes it was also impossible to
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fill the holes with a new additional applied Eyon top. Therefore, once one bar
coated layer turned out significantly inconsistent it practically meant the individual
build couldnot be continued. In order to minimise the chances of poor ink spreading,
several factors were identified which impact themogeneity of the ink spreading.
Firstly, it was found that the ink spreading was most consistent at an ink metal weight
loading of approximately 4%6. Any higher metal weight loading increased the
appearance of chunky grains. Secondly, u#taicationof the ink right until the
moment it was applied was found to improve homogeneity of the ink. Literature
shows that ultrasonication @ colloidal solutions breaks up aggregatesgashitani

et al., 1993)so one can conclude that in this case the ukomication impoved
spreading of the ink by breaking up Cu aggregates. Thirdly, it was found the ink
spreading with a bar coater (made IRK Print) with a wire wrapped around the bar
gave a more consistently even result as opposed to ink spreading using a doctor
blade.The wire wrapped about the bar coater effectively creates small volumes of
gaps along the bar in between consecutive wiveappings which can be seen in
Figure 26. It is believed these volumes act as effective ink reservoirs which by
emptying provide ink throughout the bar coating spread. In contrast, a doctor blade

is just a straight blade without gnvolumes which can act as ink reservoirs.

Effective
ink
reservoir

Figure26. lllustration of wire wrapping around the bar coater used for ink spreading with an indication

of the location of an effective ink reservoir. (adapted from RK Print welRKePrint, n.d))

Fourthly, it wvas found that the speed of the bar coated moving across the substrate
and spreading the ink impacted the homogeneity of the surface coating; the faster
the bar coater moved @oss the substrate the more even the ink spreading turned

out. It was shown inFigure 16 that the Cu NP ink showed shedinning
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characteristics. It is believed that the increased speed of the bar coater increases the
shear forcescting on the ink with in turn reduces its viscosity amdl dza Sa (K S
spreadability to be enhancedror the experiments conducted for this study the bar
coater was moved across the substrate manually. Despite efforts of maintaining high
repeatability in terms of speed ah pressure applied, the repeatability of the ink
spreading could be improved by integrating a motorised and automated bar coater

movement into the experimental setup.

3.3.6 Image Analysis of the Impact of Laser Sintering of Copper (Gopéalécles
(NPs) though Fieleemission Gun (FEG) Scanning Electron Microscopy (SEM)
Imaging
FEGSEM images were taken of unsintered and laser sintering Cu NPs and visually
inspected to qualitatively assess the impact of laser sintering on particle miagpho
and size distribtion. Figure27 shows FEGSEM secondary images of unsinte(kdt)
and laser sinteredright) NPs. Both images were taken at the same magnification of

7,000x. The lagesintering increases particle size aretteases spatial homogeneity.

lpm  NMRC 17/12/2018

—
x7,000 15.0kV LED SEM WD 10.1mm 11:04:30

Figure27. FEGSEM secondary electron imageuwrfsintered Cu particles on the left ansintered Cu

particles on the right. Note, both images were acquired at the same magnification of 7,000x.
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3.3.7 Elenental Analysis of Laser Sintering of Copper (Cu) Nanoparticles (NPSs)
through XRD

No copper oxide peak is evident in the laser sintered XRD spectriigure28. It

was therefore concluded that no copper oxidation occurred durisgraintering.
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1 Cu laser sintered
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Figure28. XRD spectrum of Cu NPs before (botgnaph) and after (top graph) laser sintering.
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3.4 Sintering induced by Laser Irradiation of a Single Layer of Copper (Cu)
Nanoparticle (NP) Ink

A study was conductkto investigate what kind of substrates would be most suited

for multi-layered laser sintering of dry copper inkie material heating induced by

the laser is highly specially localised. So much so that laser sintering of the Cu NPs on

heat sensitive suligates, i.e. poly(ethylene terephthalate) (PET), acrylonitrile

butadiene styrene (ABS), cardboard and paper. PET and glass are most common

substrate materials used in literature for sinddéger metal NP deposition and

sintering. They wre therefore chosenas the two substrate materials to be

investigated under singiayer Cu NP deposition and laser sinteringniake an

informed decision onwhich one of the two materials will be used for mulayer

builds.An example of sintering Cu NPs on PET and gladsecsee ifrigure29in a)

and b),respectively.

8 | The university of

&' | Nottingham

Figure29. Example images of laser sintered Cu NP ialf on PEBnd inb) on glass

Single laser line scans were carried out. The two independedbles investigated
were laser power and laser speed. Both were incretakiy varied within their
operating range from minimum to maximunThe optical microscopy images in
Figure30 are exemplary optical microscope images otleaf the four identified
outcomes which were clearly differentiable by eye. In each case the laser was

scanned vertically across the area captuiedhe image.
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Figure30. Optical microscope image of the result of a singldtical laser line pas€u which was not
exposed to laser irradiation is unsintered and appears brolne laser speed and power is indicted

Top left: The vertical line affected by the laser exposure in the centre of the image (orange coloured)
appearsto be evenly sinteredTop right: Most of the vertical line affected by the laser exposure in
the centre of the image (orange and yellow coloured) appears to be evenly sintered (orange coloured).
The very central line (brightellow coloured) appears to b&rongly sintered or métd. Among this

area small holes (dark dots) are present which likely indicate the absence of copper in these areas.
Bottom left: The very centre of the line (appears dark) has been entirely ablated due to the laser
exposure. Nexto the ablated area is aaccumulation of copper which appears to be melted (bright
yellow coloured). Beyond the melted copper there is sintered copper (orange coloured) which is
surrounded by unsintered copper (brown coloureBpttom right: The verticaline affected by the

lase exposure in the centre of the image (lighter in colour than the surrounded brown caloure

copper) is partially ablated.

Process window mapping of those four laser processing outcomes was carried out on
two different substrates,PET (polyethylene terephalate) and glass. The film
thickness of the bar coated copper ink was varied by using different bar coaters. It

was measured through WLI.
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With increasing laser irradiance and decreasing laser speed, energy exposure
increases. Térefore, the energy expase is the highest in the bottom right corner

and lowest in the top left corner of all the contour mapsgure31 and Figure32).

With increasing film thickness the energy deliwtrigy the laser affects a greater
volume of copper. So at constant energy delivered from the laser and increasing film
thickness a greater volume of coppearficles is exposed to the same amount of
energyc or in other words the energy per volume of coppeatio decreases. This
explains why with increasing film thickness the process window of an evenly sintered

result becomes larger towards the bottom rigttdroer of the process window map.
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Figure31. Process window coaur maps of different identified sintering phenomena at varying laser
irradiance and laser speed on four different Cu filitknesse®n aPET substrateThe images (see
Figure30) and &bels indicatalark blue: no effect, lightloe: evenly sintered, green: strongly sintered,

yellow: contnuously ablated and melted
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On glass substrat€bigure32) the same effect as on PET can be seen; with increasing
film thickness the process window ah evenly sintered result increases. For all of
the four different film thicknesses, the processwdow for an evenly sintered result

is larger on glass than the equivalent process window on Egiitrary to PET
substrates, however, on glass substratesatibh occurred at all film thicknesses at

high laser irradiance and speed (top right corners ottpes window maps).
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Figure32. Process window contour maps of different identified sintering phenomena at varying lase
irradiance and laser speed on four different Cu film thicknessesglass substrateThe images (see
Figure30) and labels indicate dark blue: no effect, light blue: evenly sintered, green: strongly sintered,

yellow: continuouly ablated and melted, red: ablated.

The relationship between the laser energy input and the width of the area sintered

as a consequence of a single line laser was investigated. For all the laser sintering
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carried out for the process window mapshigure31 andFigure32, the energy input

was plotted against the sintered line width. Tlasér fluence was calculated by

Equation12

where Qis the laser fluence ¢ht?), 0 is the laser power (W} is the laser velocity
(mms?), and$ is the laser spot diameter (on average |82 as measured iRkigure

19). To measure the sintered line width, an optical microscdplkon Eclipse
LV100ND) was used to take images of each sintered line. The width of the sintered
lines was then averaged on a pixel basis using image analysis using MATLAB. The
thinnest sintered (ad conductive) line measured was approximatelyubdwide;an

optical microscope image of it can be seen in AppendixFigure97).

1000
r
~—~~ {'
! $
ey
3 2
S (
2 100 'L‘ ¢
- -4 }. o o
o s %0 o
g g ©
.(% ] & ® evenly sintered
' o [ ]
[ J ;
% 8 strongly sintered 1
o 8 N .
el |
s centre ablated -
® t
i
10

0.1 1 10 100 1000
Laser Fluence (J ¢in

Figure33. Sintered line width against laser fluence on a singlerlaf Cu NPs oRETsubstrates The

descriptions of the sintering state relate Fagure31 as indicated.
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Figure34. Sintered line width against laser fluence on a single layer of Cu NPglassaubstrate.

The descriptions of the sintering state relateRigure32 as indicated.
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Figure35. Plot of energy input against sintered line width oglasssubstrate(green data pointsand

on a PETsubstrate (blue data points). To highlight the overall trend of each of thessualtes,

trendlines are shown, which are in the form of power function
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FromFigure35, it can be seen that there is a clear positive correlation betweemn lase
fluence and sintered line width for both, a PET as well as a glass substrate. However,
the increase is greater on theEF substrate than on the glass substrate. The great
majority of the sintered line widths measured are larger than the laser spot32ze (

x 32 um as measured iRigurel9). The sintering beyond the width of the area, which
was directly exposed to laser radiation is therefore induced by the heat flow. The fact
that the correlation between laser fluence and sintellete with follows a different

trend for the two substratestrongly suggests that the kind of substrate influences

this heat flow away from the area directly exposed by the laser scan.

C2dzNASNRAE [l 2F KSIFIG O2yRdzOGA2Yy adGl GdSa

Equation13

where0 is the heat flow rate by conduction (WQis the thermal conductivity of the
material (Wmt K1), 0 is the crosssectional area normal to the directiorf beat flow

(m?), A 4is the temperature difference (K), andl @s the spatial distance in the
direction of heat flow (mjArpaci, 1966)Considering ondimensional heat flow as

a conseqguence of laser exposure through the substrate away from the Cu NP bed we
can assumghe crosssectional area nanal to the direction of heat flowd)) and the
temperature difference A 4 to be equal for the two different substrates. However,

the thermal conductivity'Q) andthe spatial distance in the direction of heat floiv

are not the same. Inthe case of PR 1 av & 0 (Speight, 2005and'Q &
ptmp 1 & (the thickness of the PET used was i@ therefore theterm —

becomes o ooty . Inthe case ofglas®) p& w & U (Powell et al.1966)

andQw p p 1 & (the thickness of the glass used was 1 mm) thereforetérm
— becomes T Twatd . Assuming andA 4are the same in both cases, it follows

that 0 0 , meaning the PET substrate used has less fiew associated
with it and hence insulates more than the glass substrate. As all other processing

variables (i.e. ink deposition) were the same this likely explains the fact that with
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increasing laser fluence the sintered line width increases at aghigdte on the PET

substrate than on the glass substrate.

For the PET substrate figure33 at a laser fluence of aroundJtnt?, one can say

that below this laser fluence the great majority of data points intlican evenly
sintered result and above this laser fluence the great majority of data points indicate
a result where the centre ahe laser scan was ablated. For the glass substrate in
Figure34, however, a similarlgegregating laser fluence value cannot be identified
as there is mee of an overlap in terms of laser fluence of data points indicating an
evenly sintered result and a result where the centre of the laser scan was ablated. A
laser fluence of dcm?is dso indicated by a vertical red line fiigure34. In Figure

34 compared withFigure 33, there were significantly more evenly sinteredtd
points above a laser fluence ofJénT2. Moreover, the ratioof strongly sintered to
centre ablated lines is higher HRigure34 than in Figure33. The reason for this
disparity is hypothesised to be the differences in associated heat flow of the two
substrates which was shown previously. The glass substrate has a higher heat flow
associated with it and hence act$ more of a thermal sink compared to the PET
substrates. Aaser scan which results in the centre of the scan line being ablated is
likely due to a localised temperature buigh, which results in overly high

temperature gradients causing damage to the eral.

It seems reasonable to conclude that the glassssuabe, considering it is a more
efficient heatsink than the PET substrate, would be able to prevent this harmful
thermal damage at higher laser fluences. To prevent harmful thermal heat-iypild
as a consequence of this finding, glass substrate was nhasehe substrate of

choice for multlayered builds.

71



3.5 Additive Manufacture (AM) oMulti-layered Copper (CuMicroparts from
Nanoparticle (NP) feedstockA Comparison Between Bar Coating amkjdt
Printing

Sequential ink deposition and laser sintgriwas used to manufacturaulti-layered

Cumicroparts of approximately 30QAm height (unless stated otherwise). For the ink

deposition, bar coating and inkjet printing were used. This section reports the results

of the characterisations of theulti-layered Cumicropartsin terms of theirinternal
porosity, surface roughnessnechanical propertiesdensity,and sheet resistance.

The following results are reported as comparisons between bar coated and inkjet

printed samples.

3.5.1 Scanning Electron Microscop$EM) Imaging of Cresections of Mult
layered Copper (Cicroparts
SEMmages were carried out to visually inspecti@igropartcrosssections as well

as to quantify porosity through image analysis.

Ghlass substrate

A D44 x180 500 pum

Figure36. SEM imag of the cross section of 100 layersikjet printed copper. Labels indicate the

location of the epoxy resin, the copper and the substrate.
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Figure37. Backscatter electron SEM images wédical crosssection of the sequatially inkjet printed

and laser processed Cu sample.

The backscatter electron SEM images of the inkjet printed Cu sarfrigler€ 37)
reveal an inhomogeneous internal microstructure. Particle sizes appear to be
predominantly in tle nancrange with some particles being orders of magnitude
larger (up to approximately 1j3m) randomly scattered across the cresesction. In a
similar fashionsome pores of up to approximately pon mostly horizontal in

orientation are located randomly amss the crossection.

Figure38. Backscatter electron SEM images of a vertical eseston of the sequentialligar coated

and laser processed Cu sample.

The backscatter electron SEM images of the bar coated Cu sarmpee38) reveal
a porous yet relatively homogeneous internal microstructure characterised by

particles and pores on a scale ranging from the nanometres to a few micrometres.

The internal microstruaire of the inkjet printed samles was significantly less

homogeneous than the bar coated samplBespite the heating of the inkjet printing
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platform to facilitate the drying, it is believed that the inkjet printed film just prior to
laser sintering was nias dry as the bar coatedrfi. As a consequence, the flashing

of organic residue caused irregular sintering characterised by irregular particle and

pore sizes (seEigure38).

3.5.2 Quantification of the Internal Porosity through Image Analysis of Scanning
Eled¢ron Microscopy (SEM) images of Crssstions of Multiayered Printed
Copper (CuYlicroparts

The Internal porosity was quantified from image analysis of SEMesnafjcross

sections of multlayered Cu samples.
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Figure39. Poosity of bar coated and inkjet printed samples obtained through image analysis of

backscatter SEM images of cross sectiigufe38). Error bars indicate standard deviation.

The comparison in porosity obtained though image gsialinFigure39 shows a very
similar average porosity of the bar coated and the inkjet printed samples, however,
the standard deviation associated with the porosity measurements of the inkjet

printed sampless significantly grear than for the bar coated samples.
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3.5.3 An Investigation into Surface Roughness of the Majtred Printed Copper
(Cu)Microparts through White Light Interferometry (WLI)

The samples analysed Kigure40 were all gproximately 10Qum high. The bar

coated and inkjet printed samples took on average 15 and 300 layers, respectively,

to reach the desired height of 1@n. The arithmeticamean roughness (commonly

referred to as § is a common surface roughness indicatndrich quantifies as an

absolute value the average difference in height at each recorded point to the

arithmetical mean height of a surfacEigure40 shows the top surface of 1Qfm

high inkjet printed samples weren average 53.% rougher than the bar coated

samples in terms of their arithmetical mean height.

40 T

= [ [l [ (9]
4] (=] w o 4]

Arithmetical mean roughness (um)
]

Bar coated Inkjet printed

Figure40. Arithmetical mean height (surface roughness) of the top surface ofi®figh bar coated

and the inkjet printed sampke Error bars indicate standard deviations.

Vaithilingam et al. measured surface roughness of Ag structuréshvdonsisted of

50 and 100 inkjet printed and IR sintered layévaithilingam et al.2017) They
report an approximately twofold increase in surface roughness with the twofold
increase in layer hight. They reasoned this to be due to surface roughness being an
accumulation of the roughness of printed layers, suggesting an approximaiedy li
relationship between surface roughness and layers print€de inkjet printed

sample in this work (seEigure40) was made of three times the amount of inkjet
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printed layers and was found to haapproximately hree timesthe arithmetic mean
height.Therefore, it can be said that the inkjet printed sample from wWosk concurs
with+ I A G KAt Ay 3 Yand3ofiows thedanie lin€ak glRidbngHH between

surface roughness and number of layers printed, disvis

Y & Y Equation14
where Y is the top surface roughness of the stack of layers, is the
numberof layers, andY is the average surface roughness per layer.

It was previously discussed section 3.3.5 dThe Impact of the Deposited Layer
Thickness on the Additive Manufacturing (AM) Bsscof Multilayered Copper (Cu)
Microparts from Nanoparticle (NP) Feedstéthkat bar coated layers (1 B um) are
significantly thicker than inkjet printed layef8.1 to 0.5um). As for the bar coated

and inkjet printed samples ogpared inFigure40, with bar coating the amount of
layers required to reach a part height of 1 was 15 whereas inkjet printing
required 300 layers, hence inkjptinting required 20 times the amount of layers to
reach the same height. It follows that with bar coating and inkjet printing, the
average layer height was 6.7 and Qu8. Assuming the linear relationship between
surface roughness and number of layersfgd proposedn Equationl4 applies not

just exclusively to inkjet printing but also to bar coatingpstituting the respective

top surface roughness and the numbmrlayers of the bar coated and inkjet printed
samples fromFigure40 into Equation14, it follows that the bar coated and inkjet
printed samples have an average surface roughness per layeBand. 0.1um
respectively. Therefore, each bar coated layer is on average 12.7 times more rough
than the averge inkjet printed layerThe average layer thickness of bar coated layers
is 20 times greater than the average inkjet printed layer thicknéssan thus be
concluded that bar coated structures will have less top surface roughness compared
with inkjet printed structures of the same height. This is independent of the absolute

height, as long as the printed structures have the same height.
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3.5.4 An Investigation ito Mechanical Properties of thMulti-layered Printed
Copper (CuYlicroparts using Nanoindentation

Indentation hardness and creep were investigatétie predominant deformation

mechanisms of the bar coated samples as well as the inkjet printed samples

appeared to be viscous, elastic, and plastic deformation. As showsigare4l,

the indentation hardness of the bar coated samples was on average%5.8

higher than the identation hardness of the inkjet printed samples.

-
I~

Indentation Hardness
as a fraction of bulk Cu indentation hardness (%)

Bar coated Inkjet printed

Figure4l. Indentation hardness as a fraction of bulk Cu indentation hardness. Barsrindicate

standard deviations.

The creep distance overdgeconds divided by themaximum plastic deformation

of the inkjet printed samples was approximately the same as bulk Cu. The
measurement of the inkjet printed samples was on average &8tdghe the bar
coated samples. The standard deviation of the inkjet printed sample wa®404.

higher than the standard deviation of the bar coated sample.

The creep measurements are the result of viscous flow of the material under
constant load.Viscous floncommonlycontinuesbeyond the hold time into the
unloading. Elastic deformation as Was viscous flow therefore both impact the

AVRSYGlFGA2Y Y2RdzZ dzd 2F (KS dzyf2F RAy3Io !
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stiffness (relationship between stress and stiaas a result of solely its elastic

properties, indentation modulus cannot accuratdyS a ONRA 6 S |, 2dzy 3 Qa

this case and was not presentédthis work
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Figure42. Creep distance over 5 seconds as a fraction of maximdorrdation. The result is shown

here as a fraction of the bulk Cu measurement. Erros liddicate standard deviations.

Jiang et al. studied the impact of surface roughness on indentation hardness of Cu
(Jiang et al., 2008)rhey showed through simulations and experimental data that
increasing surface roughness signifidgnteduces indentation hardnessThis
relationship is particularly clear if the indentation depth is not significantly greater
than the characteristic size of the surface roughness. In this study, the maximum
indentation depth for the bar coated and inkjptinted samples were on average
16.4 and 13.6um respectively, and the arithmetical mean height (common surface
roughness quantification) for the bar coated and inkjet printed samples were 19.0
and 29.2um respectively Kigure 40). Hence the avera surface roughness
measurements were even greater than the average maximum indentation depths. It
can therefore be concluded that the proximity of the surfaceighness and the

indentation depths contributed to the low indentation hardness measurements.
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The indentation hardness of the bar coated samples were found be on average
55.8% higher than the inkjet printed samples (s€gure4l). Both were on
average below % of the measured indentation hardness of bulk Cu sample.dBase
on similar findings of highly nanoporous materials in the literat(veyers and
Chawla, 1964; Tabor, 1951he main reason for this low hardness is likelypéothe

high porosity of the samples which was found to be greater thafo6fdr both
printing methods (sed~igure39).

Srivatsan et al. used two different Cu powders with an average patrticle size nfr.00

and 13um and consolidted the mixture through Plasnfressure Compaction4®)
(Srivatsan et al., 2001The powder was poured into a graphite die and compressed

with 40 MPagpressure using graphite plungeiBuring the compression a DC voltage

was applied for 3nin to accelerate densification of the material by inducing
resistance heating which raises local temperature and thus facilitates mass diffusion.
Srivatsan et al. repb their process is capable ofgsing heating rates of up to
500°Cmint. Thel00 nm and 13im particle size samples were found to have a
density of 996 and 9%%, respectively and an indentation hardness of 2.42 and
1.26GPa, respectively. These indetmda hardness results are in tteame range as

the measured indenation hardness of the bulk Cu sample in this study GR4h
{NAGIFGaly Si If®Qa adidzRe -siZzed guparticiékdsa S @Sy
starting point, a final material hardness sianito bulk Cu can be achievedwkver,
O2YLI NBR (2 (KS YSGK2R2t23& SYLX 2SR AY
several drawbacks. Firstly, the equipment cost and the energy requirement are both
assumed to much greater. Cu heated above ADGor nore than a few seconds
undergoesrapid oxidation. The smaller the particle size and hence the bigger the
surface areao-volume ratio, the faster this chemical reaction takes place. With
nanosized particles the oxidation occurs almost instantaneouslgiSrii & 'y S | f
process involveslevated temperatures above 10C for time durations in excess of
seconds. In order to achieve naxidised electrically conductive final @ucroparts,

despite not being explicitly mentioning it, Srivatsan et al. musehanducted the
pressure and elgrical treatment of in a lowxygen environment. For this the

process must be carried out in to dight sealed container under a constant gas flow
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(commonly argon or nitrogen are used). This requirement adds cost asawell

process design complexity.8@ y Rf 8 2 { NA @Gl Galy Sd& Ffo®Qa LI
selective in nature. The pressure and electric current cannot be applied selectively as

it is the case with laser irradiation in this study. This makes Srivatsanlef ®Qa LINE C

impossible to beapplied to an additive manufacturing process.

Vaithilingam et al. inkjet printed and sintered using an infrared (IR) source up to
1,000layers of Ag NP inR/aithilingam et al., 2018)Jnlike in this study in which
nanoindentation was used, Vaithilingam et al. used Vickers hardness (HV) to quantify
hardness. The reported hardness was high#nan cast commercially pure Ag and

lower than sterling Ag and coldorked Ag. Vaithilingam et al. hypothesised that the
existence of carbon, oxygen and possibly a fraction of other metals in the sample
matrix and exposure dhe printed layers to IR powesource for prolonged time may

have altered the microstructure and thus increased the hardness of the printed
sample compared to the conventional-east samples. This hypothesis is neither
backed up with evidence nor explaith. The comparable hardness teetbulk metal

hardness of Vaithilingam et al. is a stark contrast to the hardness below 1 % of the
bulk metal hardness in this report. There are three significant differences between

+ | AGKATAY ALY S I cessnithislsiNgy. FFisilya trengu®ived K S LI
YSGIFf LINAYGSR glta '3 Ay I AGKATAY3IlLY Si
Secondly, the particle size distributions differ. Vaithilingam et al. state that the size

of the Ag NPs used in the study wasd than 10Gim. In this study lie average

particle size of the Cu NPs used was found to berB3@seeFigure25). It has been

widely reported and well understood in literature that the temperatuegjuired to

induce particle sirgring is proportional to the bulk material melting temperature as

well as inversely proportional to the particle s{gang and Wang, 201 orsidering

Ag has a lower bulk nerial melting point than Cu (962 and 1,085 respectively) it

follows that just by the nature of the material Vaithilingam et al. required a lower
temperature. Thirdly, the sintering process differed. Even though both rénge

sources are photonic IRENDS &4 aAIYATFTAOLIYld RAFFSNBYyOS:
source is norselective, additionally even though it is not stated the exposure time

can be assumed to be in excess af In the case of this study, the IR smiis a laser
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which due to theoptics in the scan head is selective as a spot size of 37un3At

a scan rate of 25mm s the average exposure time is therefoapproximately 4
orders of magnitude lower. It was previously mentionedéation3.3.1dThe Size of

the Metal Particles Used andihe SinteringProcess Sintering describes mass
transport phenomena which are inherently time dependent. It is therefore logical
that Vaithilingam et al., who employed sinterinignes approximately 4 orders of
magnitude higher than in this study, achieved a higher degree of densification and
consequentially a greater hardness. As explained in se8t®d.26Sintering Timé

in order to achieve the stated aim of additively manufacturing electrically conductive
multi-layered Cu structures in an ambient environment, comparabiéering times

would have cause detrimental oxidation of the Cu.

Vaithilingam et al. tate that drop spacing negatively correlates withicropart

porosity and hence positively correlates witticropart hardness. They reported a

decrease of the drop spang from 50.8 to 42.3im resulted in an increase of 28 in

hardness. The impact of drggpacing of the inkjet printing omicropart properties

gla y20 Ay@SadAadardiSR Ay (GKAAa &addddzRezr K2gS
that regarding the inkjet pnted samples, adjusting drop spacing will likely have an

impact on materials propertiessuch as hardness and should therefore be

investigated.

3.5.5 An Investigation into the Densiand a Heat Treatment to Increase Density

the Multi-layeredPrinted Copper (Ciyicroparts
In order to quantify density, the mass of the samples was measuiiad asscientific
scale and divided by the volume of the samples which was measured usitegy whi
light interferometry. For this, the samples were placed on an even surface, a scan of
the sample including the surrounding surface was carried out. From this gsta

volume of the sample was calculated.
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Figure43. Density a a fraction of bulk Cu density. The error bars indicate standard deviation.

The average density of the bar coated samples was found to be?d®bbulk Cu
density (8,960kgm®). It was not possible to obtain the density of the inkjet printed
samples ashey were too fragile to be removed from the glass substrate they were

printed on without significant damage.

LYaLANBR o6& . I printing leat teatfhdntitd r¥daic@ pokdgits énd
increase densityBai and Williams, 2018)eat treament at the same temperatures
was carried out but under argon flow whereas Bai and Williasesl hydrogen flow

(for complete methodology see sectio®i2.13 dHeat Treatmenh of Printed and
SinteredMulti-layeredCopper (CuYlicroparts to Enhance Densificatién Theheat-
treated samples came ouwjreyin colour (sed-igure44). Resistance was found to be
above the measureable range of the multimeter dsat was therefore not
considered to be electrically conductive. It was hypothesised that the Cu samples
oxidised In order to validate this hypothesis, an XRD spectrum was taken which
confirmed complete oxidation of the QXXRD spectrum iAppendixsecton 8.3.1

Figure90).
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Figure44. Photo of oxidised Cu samples after heat treatment indicated by red arrows.

The low density of the bar coated and lasetesiad microparts of on average 15%

as a faction of bulk Cu density (deigure43) is significantly lower than mullayered
Cumicroparts manufactured through different AM processes. SLM, for instance, has
been able to producenulti-layered Cyparts with densities of up to 96.%(Zhang et

al., 2013) Bai and Williams used binders to consolidate Cu po\{Biairand Williams,
2018) Their binder jetted greempart densities were between 42.3 and 50&
Though mt quite as low as in this study their densities were also insufficiently low.
In order to increase part density, Bai and Williams employed-posting heat
treatment to densify their green parts. The heat treatment was carried out at
temperatures of 1,85 to 1,075°C in a pure hydrogen atmosphere to prevent
oxidation and to reduce any existing Cu oxide back to elemental Cu. The heat
treatment ledto a volumetric shrinkage of between 23.7 and 3% %nd significantly
increased the Cu part densities toiadl part density of between 70.3 and 80&

This remarkable increase in part density was taken as an inspiration to attempt to
increase part desity of the multilayered Cumicroparts additively manufactured in

this study. A tube furnace and the same teenatures and temperature profiles as

Bai and Williams were used. It was not possible to use hydrogen gas for this
experiment so argon gas was dsestead. As demonstrated by the XRD scan in
Figure90, the Cumicroparts came out completely oxidised. No practical reason for

this such as a gas leak lmose furnace sealings could be found. It has thus been
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hypothesised that the oxygen concentration in the tube furnace was not sufficiently
low to prevent oxidation of ta Cumicropart The Cu NPs which were used in this
study with an average particle sinf 330nm (seeFigure25) have a significantly
higher surfaceareato-volume ratio than the Cu powder with particle sizes in the
micronrange ugd by Bai & Williamshe NPs were therefore more reactive towards
any oxygen that may be present despite being in a sealed environment under gas
flow. Additionally, the gases that were used act as suppressants for Cu oxidation in a
different way. Argon isn inert gas towards (Cand prevents oxidation solely by
passively shielding the Cu from oxygen. Hydrogen, on the other hand, reacts with Cu

oxide as follows:

660 O um ¢606 00 Equaton 15

6606 O m 60 00 Equation16

Hence as well as also passively shielding the Cu from oxygen, hydrogen additionally
actively reerses Cu oxidation. It is believed that a combination those two factors
explains the oxidation of the mullayered Cumicroparts during the heat treatment

in this study, namely the small particle size making the material more reactive
towards oxygen as Weas the use of which is less effective at preventing Cu oxidation

argon rather than hydrogen.

3.5.6 An Investigation of Electrical Properties of Malti-layered Printed Copper
(Cu)Microparts through Sheet Resistance Measurements

The fourpoint probe wasused to carry out sheet resistance measurements of the

multi-layered Cumicroparts throughout the build height. Taking into account the

spatial dimensions of gamicroparts, the sheet resistance measurements were also

converted to resistivity.
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Figure45. Sheet resistance against build height for the two different ink deposition methods. Error

bars indicate standardeviations. Note, the4axis is logarithmic to better visualise the two data sets.

The sheet resistance decreaseghwncreasing build height for both, the bar coated
and the inkjet printed sampleseeFigured5). The sheet resistance of the bar coated
sample is approximately one order of magnitude lower across the entire heidght

than the inkjet printed sample. Sheet resistance describes the resistaf a thin

film to the flow of electric curren{Topsge, 1968)The volume of the electrically
conductive material increases with increasing build height. Sheettaeses is a
measurement of the absolute resistance of a thin film to the fldwlectricity which

is dependent on the volume of the object. The greater the volume (at constant
resistivity) the lower the sheet resistance, therefore it is logical that shessstance

decreases with increasing build height.

85



-
=
(7]

=

=
=
W
W
o
o LE
=
g Bar coated
& 0000w o Inkjet printed
5 10°[ ' '
5
E
it
o
bt _ — T
s S S SR Sk
s Food
m N A
& X
_1D1. i 1 L 1 1 1 1 L )
0 10 20 30 40 50 60 Fild] 80 a0

Build height {um)

Figured6. The resistivity as a multiple of bulk Cu resistivity against build height for the two different
ink deposition methods. Error bars indicate standard deviations. Nbte y-axis is logarithmic to

better visualise the two dataess.

Equation9 was used to obtain resistivity. The resistivity was plotted as a multiple of
bulk Cu resistivity (1.68 x #mm). In general, resistivity describes material
property which (whilst being dependant on the nature of the material and its
temperature) ismdependent of itsspecial expansion,e. shape or size. It describes
the resistance of a material of a unit length and unit cresstional areaA mae
increase in volume (at constant resistivity) which comes with the increase in build
height does therafre not impact resistivitylt can be seen fronfrigure46 that the
resistivity (here expressed as a multiple of bulk Cu resistivity) increases with
increasing build height for both the bar coated as well as theangrjnted sample.

The range of the resistivities across the entire build height of tikget printed
sample are on average 11.7 times higher than the bar coated sample. The relative
increase in resistivity across the build height of the inkjet printeddas is greater

than the equivalent of the bar coated samples.
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For both bar coated as well as the inkjet printed samples, with increasing build height,

sheet resistance decreases and resistivity increasedRggee46).

Comparing one printed and sintered layer with two printed and sintered layers it is
clear that the prior does not contain an interlayer whereas the latter does indeed
contain an interlayeig between the first and the second layer. It is belidvhat
interlayer sintering occurs, otherwise the entire structure would be made of loose
layers without any structural integrity. However, this interlayer sintering is likely not
as strong as the sintering that occurs within each layer. In some of teessctional

SEM images the interlayer was clearly visible (an example can be deigurie4?).

It is hypothesised that the interlayer does not conduct eliedly as well as the layer
itself; this would explain wprthe material resistivity increases with increasing build
height, because with increasing build more layers and hence more interlayers are

added to the material.

Interlayer

HY Mag Spot WD |——————————————100.0um
20.0 KV 1600x 4.5 13.0 mm

Figure47. Backscatter electron SEM image of a verticabgsection of a muldayered Cu sample.

The five interlayers of the six layers present are indicated by red arrows.
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Neither Vaithilingam et al. nor Saleh et al. measured resistikiyughout the build
(Saleh et al., 2017; Vaithilingam et al., 2018, 20t@)h were therefore not able to
provide dataon the resistivity with increasing build height comparabld-tgure45

or Figure46. The only comparable data set in the literature is by Xu et al., however,
it is for Ag NP ink rather than Cu NP {Xki et al., 2017)The authors do not state

how their stated resistivity valuesere obtained. Xu et al. report no conductivity
below 6 printedand sintered layers and a decreasing resistivity between 6 and 15
layers approaching a resistivity of 3 times bulk Ag. This finding is somewhat contrary
to this study in which an increase iasistivity with increasenicropartheight was
reported inFigure46® ¢ KS NBIF a2y FT2NJ 0KA& RAALI NRGe@
were highly inconsistent and unconnected which was not the case in this dtudy.
therefore took Xu et al. 6 layers to achieea particle network which is connected at

all to enable any conductivity at all. Xu et al. does not provide any quantification of
the thickness per layer or the thickness of the accumulated structure, only the
number of layers is reported. Inkjet pringrparameters are also not stated and there

is no mention of &imensionality. Assuming a common inkjet printed layer height it
can be concluded that Xu et al. maximum thickness is well below 10 pm, which
profoundly changes the nature of the analysed chasgeresistivity compared to the
significantly taller structures analysed in this study. Moreover, the description of a
de facto resistivity value as conductivity raises doubts regarding the quality of Xu et

alQa aiddzRe o

In this study the resistivity dhe bar coated samples was between 17 and 39 times
bulk Cu resistivity and the inkjet printed samples was between 167 and 569 times
bulk Cu resistivity (seeigure45). Canparing this to the only comparable studies in
the literature, Vaithilingam et al. inkjet printed and IR sintered up to 1,000 layers of
Ag NP ink and reported a fimaicropartresistivity of between 8 and 14 times of bulk

Ag resistivity(Vaithilingam et al., 2017paleh et al., who also inkjet printed up 1,000
layers of Ag NP ink but used UV sintering rather than IR sintering, recorded resistivity
with increasing sintering time andhe resistivity eaches a minimum after
approximately 1Geconds at approximately 3nes bulk Ag resistivit{fSaleh et al.,

2017) As it was previously discussed in sect®B.1.2 éSintering Tim& both
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Vaithilingam et al. as well as Saleh et al. employed significantly longer sintering times
than in this study, as both autih® used Ag rather than Cu NPs and so rapid and
detrimental oxidation is not an issue. Despite sintering times being approximately 4
orders ofmagnitude lower in this study, the bar coating and laser sintering process
was able to produce muHayered eleatically conductive metal structures with
resistivities in the same range as the ones reported by Vaithilingam et al. and Saleh

et al. (all resstivities with respect to their bulk metal resistivity).

3.6 Discussion of th€omparison between Inkjérinting and Bar Coating as a
Deposition Methods for Additive Manufacture of Miiétyered Printed Copper
(Cu) Parts from Nanoparticle (NP) Feedstock

For the purpose of additively manufacturing raulti-layered Cu micropart with

properties close to a bulkuCmicropart, it is clear from the Results chapt8r5

Additive Manufacture (AM) ofMulti-layered Copper (Cu)Microparts from

Nanoparticle (NP) feedstockA Comparison Between Bar Coating amddt Printing

that in terms of the material aspects tested the inkjet printed samples did not come

out as obsely to bulk Cu ake bar coated samples.

It is believed that the following aspects led to this discrepancy. The Cu inks used was
for the inkjet printing and bar coating were not exactly the same. While in both cases
the metal NPs were made of Cu, timk formulations difered. For an ink to be inkjet
printable, it needs to be capable of repeated droplet formation through piezo
St SOUGNROIFIffe 2LISNIGSR y2i1tSad ¢KS Ayl Q
surface tension and volatility therefore arequired to fall wihin specific narrow
ranges to enable droplet formation of the inkjet printand-cartridgecombination

used. In the case of the inkjet printer and cartridges used according to the
manufacturer of both they are defined as viscosity: 10.¢; 0.012Pas, suface
tension: 0.028¢ 0.033Nm?, particle size: ideally no more than 2ath, fluid
evaporation: the ink must not dry at the nozae-interface so a low evaporation

rate high boiling point is requirg@FUJIFILM Dimatix, 201@&dditionally, high particle
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suspension stability as well as the inhibition of particle agglomeration is required to

prevent inkjetnozzle clogging anm provide an acceptable shelf life for the ink.

However, during bar coating the ink does not flow through the confined space of a
nozzle and no droplet formation is required. The only requirement is that the ink is
spreadable with a hand coater or a doc blade. From the experimental work
conducted it was concluded the only requirement is a metal weight loading of
between 15 and 5Wt%, hence almost no ink formulation was required. Significantly,
unlike inkjet printng which requires a high boiling pajnt was found that with bar
coating it was possible to use a significantly more volatile solvent such as g2epan
ol, which has a boiling point of 88. In contrast, the boiling point of the main solvent

in the inket ink (2(2-ethoxyethoxy)ethanol)) i210°C.

3.7 Summary of Additive Manufacturing (AM)Mtilti-layeredPrinted Copper (Cu)
Microparts from Nanoparticle (NP) Feedstock
Hectrically conductivemulti-layered Cu microparts were successfully additively
manufacturedfrom Cu nanoparticle feedstoaksing low power laser sintering in an
ambient environmentThe Cumicropartswere found tobe of lowdensity and highly
porous This had a significant negative effect on their mecbahproperties which
were far off from bulk Cu properties. However, thlectrical properties were not as
significantly affectedinceresistivities close to bulk Cu were still achieved, similar to
comparable literature which produced much higher micropaensities. This
suggests that even with a highly porous sintered phetieetwork, resistivities close
to bulk metal are achievable. Similar material characteristics of laser sintered metal

NP structures are reported in literatufdliittynen et al., 2014)

The sintering phenomenon and its associated degree of densification is the
predominant parameter affecting final micropart charactéos such as mechanical
and electrical properties. The stated aim of stedy to sinter Cu NPs in an ambient
environment necessitates very short sintering times to avoid oxidation. This limits

the degree of maximal possible densification possible. Inrai@ecrease micropart
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density an additional heat treatment was attengat. However, the Cu microparts
oxidised, it is believed, due to in part a lack in availability of the right gas during the
heat treatment. Based on the literature this pgstinting heat treatment should be
able to significantly densify the microparts arnchoped this will be proven in the

future.

The comparison of two different deposition methods has shown that compared to
inkjet printing, bar coating is more tirefficient as withbar coating more volatile
solvents can be used and its deposited laygessignificantly thicker. Moreover, the
structures manufactured through bar coating were found to hageificantly better

electricalproperties and more robust mechanical properties

The ability to additively manufacture electrically conductiweulti-layered Cu
structures from a nanoparticle feedstock in an ambient environment meaiunksi-
layered Cu microparts can be additively manufactured with significantly lower
equipment and raning cost than all comparable processes. This is largely because a
seakd lowoxygen environment is not necessary as well as the laser being a low
power fibre laser compared to thieigh-power lasers which are commonly used in
SLM for instance. The sigodintly reduced cost of the process has the potential to
make AM ofmulti-layered Cumicroparts more affordable and hence more widely

commercialisable.
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4 2D PRINTING AND SINTERING OEOPPER (Cu) AND SILVER (AQ)
NANOPARTICLES

4.1 Introduction

This chapter investigatesthe sintering process of Cu and Ag NPsanting and

sintering ofCu NPs is generally considered to be more challenging than Ag NPs. As

explained in the Literature Review subchap8.3 dPostdepositionAnnealingof

Nanoparticles this is because Gintering requires higher temperatures than awgd

also becausat elevated temperatures (80°C)in anair environment Cu has the

tendency to rapidly oxidise which is detrimental to its electrical conducfflitgt al.,

1991) However, Cu is a much cheaper material than Ag. The aim of this chapter is to

investigatethe impact ofthe addition of small amountet5wt%) of Ag toCu NPs

on the sintering procesdgirstly, the sintering process of solely Cu NPs and solely Ag

NPs are investigated separatelging FEGEM imagingf in-situ thermal sintering

inside the microscopeSecondlyCu NPs inks with additions of up to @80 Ay are

deposited and sintered through laser irradiation, Intense Pulsed Light (IPL) exposure,

and through thermal heafThe impact of the Ag additions on oxidation stability and

electrical resistance is investigatedidiscussion follows which based on tresults

discusses the sintering behaviour of Cu and Ag NPs and whether additions of Ag to

Cu NPs caharness synergistic effects beneficial for the sintering process.

4.2 Materials andviethodology

This sectiordescribeghe equipment, methods and materialsed.This involves NP

ink synthesis and formulation, NP ink deposition and laser, IPL, and thermal sintering,
as well as the charactisation of the sintered tracks, i.&EM and EDX, LDA, DSC,

XRDandelectricalsheet resistance measurements.

4.2.1 CopperNanopaticle and Silver Nanopartic®ynthesis andhk Formulation
and Ink Deposition
The NP inks used in this chapter were synthesised by Bernard Christaud, an intern of

Prof. Ed Lester, who was-sapervised by the authofhe samesynthesigprocessas
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descrited in 3.2.1 6Copper Nanoparticle Synthesis and Formuldtiaas used to
produce NP dispersiorgsthe only difference being that the ufpow into the reactor
(FS stream irfrigure15) consisted of other than copper nitrate (Cu(NE) also of
silver nitrate (AgNg) solutions at the following\g/Cu weight (wtjatios in deionised
water.: 0/100, 1/99, 3/97, 8/92, and 25/79he silver ions react in the reactor as
describedin Equation17 and Equationl8.

Equationl17. Half reactions of Ag NP synthesis.
5Q Q08D
Qb MQio Qdl O 0

Equationl18. Full reaction of Ag NP synthesis.
dQ 006 060o¢Q 000 O

Energydispersive Xay (EDX) spectroscopy analysis of the final inks showedreat t
final Ag weightioadings with respect tdhe total metal content(Ag content +Cu
content)in the inks wereon averageO, 1, 3, 8 and 2&t% (note, from here onwards
they will be referred to as 0, 1, 3, 8, and\@8%6 Ag) TheEDX scascan be found in
the Appendixsecton 8.6.

Bar coating was used to deposit Cu and Ag ifke.same methodology was used as
explained in the previous subchapt@r2.2dDeposition of Copper (Cu) Nanoparticle

(NP) Ink through Bar Coatifig

4.2.2 Particle Sintering of Copper (GUilver (Ag) Hybrid Inks
Three different sintering techniques were used to anneal deposited inks to
investigate the impact of the additionf &g to Cu NPs on electrical resistance: laser

sintering, intense pulselight (IPL) sintering, and thermal sintering.
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The laser sintering methodology described in sect®®.5 daser Irradiation of

Copper (Cu) Nanoparticle (NP) loKriduce Particle Sinteribgvasused.

A Heraeus Noblelight flash lamp system was used for IPL sintering. The sample was
placed under the flashlight at a distance ofrhfn between the bottom of the lamp
and the surface of the sample. The sample was exposed to a single flash with a flas

duration of 6ms at a voltage of 400.

Thermal sintering in air of Cu and-8g NP was carried out to investigate oxidation
and its impact on electrical sheet resistanéegeneric chemistry lab hotplate was
used for thermal sintering in air. A therroouple was placed onto the sample surface
and glued down using heaésistant Kaptof® tape (consists of polyimide with
silicone adhesive) to ensure physical contact betwdsn grobe and material. The
temperature was increased in 16teps from room tempeature to 265°C At each
temperature step the temperature was held forn@inutes. At the end of the

2 minutes holdtime a sheet resistance reading was taken with the fpaint probe

as explained in sectior3.2.11 ¢Electrical Sheet Resistance and Resistivity
Measurements oMulti-layeredCopper (CuMicropartsé. The same experiment was

repeated three times; @erages and standard deviations were determined.

4.2.3 Thermally Induced Nanopatrticle (NP) Sinteringjtinthe Electron Microscope
In order to obtain FESEM images of particle sintering in real time, NPs were
thermally sinteredn-situthe microscope. Thigrovided unique visual information on

mass transport phenomena occurring at a sulerometer scale.

A Field Emission Gungming Electron MicroscogfEGSEM) (JEOL 7100F$HEM)
which uses an #ens Schottky field emission sounss usedvhich is fited with an
integrated Oxford Instruments-Max silicon drift detector for EDX analydiswas
fitted with a Gatan Murano 52 situheating stage (seFigure48). The transferable
carriage assembly is coupled with mating el@ekicontact pins for a heater and a

temperature sensor. The sample is mounted on a consuena@miconductor
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hotplate made of silicon, located on a ceramic block support. A power booster
provides power up to 20V, while the temperature of the hotplate is stolled by a
USB temperature controller, which displays the temperature of a thermocobale t

is in contact with the underside of the hotplate. The cooling of the system is enabled
by a water recirculating system. Once installed into the carriage asgethiel hot
plate is covered by a metallic shield with enth sized circular aperture: this done

in order to protect the components inside the SEM from the light emission and
radiative heating effects, while enabling the imaging of the specimen sutfacegh

the aperture, located above the centre of the hotplate.

detachable

heater and electrical contacts

thermocouple pins

semiconducto

ceramic block support hotplate

Figure48. Murano 525 Gatain situheating stage with label$i ¢ a dzZN> y2 pHup DI GKFy KS|

' A8NJ al ydd f 3¢ yORDO

The heating stage was programmed through its software to incrementaligase

its temperature by 3@egrees at a time. At eadd0-degreetemperature increnent

the temperature was kept constantor 10minutes. Right aftewards, for the
following 5minutes images were captured using the secondary ef@ttdetector.
The FEE&SEMwas operated at 1&eV and the sample was kept at a working distance
of 12.5mm.

4.2.4 Image Analysis of FEREM Images of Nanoparticles (NPs)
In orderto quantify attributes of the images obtained during the thermal sintering

in-situ the microscope, imaganalysis was carried out. As the particle morphology
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and the particle size distriltion were significantlydifferent for the Cu and Ag NPs,
different image analysis techniques were employed to extract information as

described below.

Image analysis SEM ages of Cu NPs was carried out as follows. For the aim of
detecting particles, autmated edge detection through image analysis gave
inaccurate results. The following manual particle highlighting methodology was

chosen because it enabled capture of overleygpparticles.

SEM images were printed out on paper. An acetate was placed af tbp printout.

A thin marker pen was used to highlight edges of particle as well as the scaling bar of
the SEM image. The acetates with the highlighted particle edges then scanned
(example in the centre oFigure 49) and aralysed using MATLAB as follows. The
scanned images were converted to a blacid-white binary image using a dial
threshold. Continuous objects of fewer than 100 pixels were considered image noise
and were removedexample on the right oFigure 49). Particle sizes were obtained
dzaAy3d GKS a!¢[!. O2YYlIYR GNBIA2YLINRLI¢
objects in a binary image. The diameter is thereby calculated of a sphere with the
same area of the connected objects in the graanalysed. The obtained particles
diameters were scaled from number of pixels to the equivalent size in nanometres.

An example MATLAB script thatas written and used can be seen Hppendix

section8.2.

Figure 49. Example of steps involved in particle size distribution quantification from left to; figfitt
Secondary electroSEM image of Cu particlesntre: scan of the acetate with manually highlighted

particles; right: converte to binary for image analysis.
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For the image analysis of the Cu patrticles involved in particle fusion, SEM images of
consecutive temperature stepgere visually compared to identify the fusing and the
fused patrticle. The edges of those particles werentimanually highlighted using the
software Image J version 1.52a. Statistical analysis wasesylentially performed

of the particle dimensions.

Image analysis SEM images of Ag NPs was carried out as féllpws? FESEM

images were analysed using MAAB. All images that were used during the analysis
were taken at the same magnification of 35,000x. Images were binarised using a
global threshold. @ntinuous objects of fewer than 75 pixels were considered image
noise and were removed. To obtain the numlazé particles in a frame the MATLAB
O2YYlIYR GNBIA2YLINRLIAE HKAOK O2dzyda GKS
number of particles in the frame prido any heating (at room temperature) was
averaged. Subsequent numbers of particles at increased tempematuvere
averaged and taken as a fraction of the average number of particles at room

temperature.

4.2.5 Laser Diffraction Analysis (LDA)Copper (Cuw) Silver (AgHybrid Inks

LDA was carried out to quantify the particle size distribution of the NP TitledSO
13320:2009 (Particle size analyslsaser diffraction methodstandardwas followed
using a Milvern Mastersizer 3000 and its wet cell to carry out laser diffraction particle

size analysi@British Standarsl Institute, 2009)

Pigment concentrate was diluted in prop&rol (purchased from Sigm@aldrich) to

an obscuration level of approximately ¥ It was then passed through a beam
which alternates between a monochromatic red laser and blue light. THe lig
scattered by particles was measured by malgment detectors at various angles for

a total of 3.5min for each sample. Using optical models and mathematical
procedures, the Mastersizer software then transformed the numerical scattering

data to yield he volumetric particle size distribution.
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Volumetric particle size distribution determinah is based on the Fraunhofer
diffraction theory which states that particles scatter light in all directions with an
intensity pattern which is dependent on pattcsize, particle shape and optical

properties of the particléBorn and Wolf, 2002)

4.2.6 Differential Scanning Calorimetry (D88Jopper (CwSilver (AgHybrid Inks

DSC analysis was carried out to identify the meltingtgemperature of theCu and
CuAg materialsDSC measurements were carried out BA Instumentsunit (TA
Q600). The sample ink was placed into an alumina pan and heated up at a
temperature ramp ofl0degee min't under constant 10@nl min? nitrogen flow to

prevent oxidation

4.2.7 Xray Diffraction KRD Analysisof Copper (Cw) Silver (AgHybrid Inks

XRD analysigvas carried out to inspect whether oxidation occurred during the
various sintering techniques as well as to quantify the increases in mesialtitg

size as a consequence of sinterigamples analgsl werec v o W & (nominal
values) squares. The same methodology as explained in s@&c#@dinvestigations

into Potential Oxidationof the Copper (Cu) Nanoparticle (NP) Ink due to Laser

Irradiatioré was used.

4.2.8 Sheet Resistanceddsurementf Sintered Copper (Cq)Silver (AgHybrid

Inks
Sheetresistance measurements were carried out to quantify electrical resistance to
analyse the impact of additions of Ag to Cu NPs for the various sinteghgitpies
employed. The same methodology described in secti®r2.11 dElectrical Sheet
Resistance and Resistivity MeasurementMatfti-layeredCopper (CuMicropartse

was used
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4.3 (haracteiisationof Copper (Cw) Silver (AgHybrid Inks

The Cu and GAg NP inks were characterised using XRD to confirm the elemental
composition of the materials and using laser diffraction analysis to understand the
impact of Ag additioron the particle sizeidtribution. With increasing Ag content,

the characteristic Ag peak increass the expense of the characteristic Cu peak

(seeFigure50).
25 wt% Ag
4000 T T T T T T
2000 1
0 I i _I|- it | 1 h L
20 30 40 50 60 o 80 20
B8 wit% Ag
4000 T T T T T T
2000 ' 1
|
fi] 1 L ]L Jl. L L J" L
20 30 40 50 60 o 80 20
3wt Ag
4000 T T T T T T
2000 ’ 1
.
fi] 1 L JI_ Jl. L L Jl|. L
20 30 40 50 60 o 80 20
1 wt% Ag
4000 T T T T T T
2000 1
a 1 L .J'-. JI L L ;h 1
20 30 40 50 60 o 80 20
0wt Ag
4000 T T T T T T
2000 1
a 1 L .J'-. JI L L ;h 1
. 20 30 40 50 60 o 80 20
@ "
Ag&C fil
% 4000 T T |g L e Iles T T
c
2
uwl
=z
= 20001 -
c
m
E ‘ | |
TE a 1 1 1 1 1 Ll
R 30 40 50 60 70 80 20
w

2" 8 Angle (degrees)

Figure50. XRD spectra of NP of varying Ag/Cssmatios. In the bottom plot characteristic Ag and Cu

peaks are indicated in green and red respectively.
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The four different pigment concentrates were analysed using LDA. For each graph in
Figure51, the section with the largestbsolute gradient which also appears linear,
represents the majority of the volumetric particle distribution. With increasing Ag
content, the above described section of the graph moves horizontally to the left.

Therefore, with increasing Ag content partidemeter decreases.
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Figure51. LDA analysis of Cu inks with varying Ag content.

4.4 Laser Biteringof Copper (Cw) Silver(Ag) Hybridriks

Laser sintering of the Cu and-8g NPs was carried olitwas previously established

in section 3.2.8 dnvestigations into Potential Oxidationf the Copper (Cu)
Nanoparticle (NP) Ink due to Laser Irradiatizing Xray Diffraction (XRBYhat no

Cu oxidation occurred durg laser sinteringThe laser sintered samples were
electrically characterised to understand the impact of Ag addition on sheet

resistance.

Increasing Ag o loading between 0 and% does not significantly impact sheet

resistance. At 2wt% Ag concengtion the sheet resistance slightly increases.
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Figure52. Sheet resistance of laser sintered Cu NPs containing varying Ag caticaest Error bars

indicate standard deviation.

4.5 Intense Pulsed Light (IFntering of Coppe(Cu) Silver(Ag) Hybridriks

IPL sintering of the Cu and-Bg NPs was carried out. XRD analysis before and after
IPL sinteringvas carried out to identifywhether Cu oxidation occurred. THEL
sintered samples were electrically characterised to undardtthe impact of Ag

addition on sheet resistance.

As previously with laser sintering (sEgure28), with IPL sintering no copper oxide
peak is evident in the laser sintered XRD spect(Bigure91 in Appendx section
8.3.1). It was therefore concluded that no copper oxidation occurred during IPL
sintering. With IPL sintering there was no clear trend between Ag wagtirlg and
sheet resistance, similar to laser sinterifgigure52). Compared to laser sintering,

the IPL sintered materials all achieved lower sheet resistance values.
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Figure53. Sheet resistance of IPL sintered Cu NPs containing varying Ag concentrationbaisrror

indicate standard deviations

4.6 ThermalSntering of Copper (Cw) Silver (Ag) hybrid inks
Thermal sinteringf the Cu and GAg NP$n an oxygercontaining environment and

in an oxygerfree environment were carried out.

4.6.1 Air (Oxygencontaining)Environment

In order to investigate thermal sintering in an air environment, XRD scans were taken
before and after he sintering of the materialsElectrical characterisation was
obtainedat regular temperature intervals during theg¢hmal sintering throughtseet
resistance measurementXRD scan@n Appendixsection8.3.3 showed that the
initial Cu content of the materials with Ag content of 0, 1, 3, andt® were
completely oxidised after the thermal treatment in an air envimeant. Solely the
material with 25wt% Ag shows agnificant characteristic Cu pk after the thermal
treatment (seeFigure96 in Appendi). Through the Scherrer equation (sEquation

3) it was calculatedhat thermal sintering oflie 25wt% Ag in Cu material resulted in

on average a 11% increae in mean Ag crystallite size (da@gureb4).
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Figure54. Mean Ag crystate size before and after thermalrdering. The data can be found in

Appendixsection8.3 Tablel0.

Across all of the materials thermally sintered in air, the meagOCarystallite size
after thermal sintering was found to ben averag€el5nm which is around 4.% of
the mean Cu crystallite size before thermal sinterisgeFigure55). The mean CuO
crystallte size after thermal sintering was found to berdfd which is around 6.%

of the mean Cu crystallite gbefore thermal sintering.
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Figure55. Mean crystallite size before thermal sintering of Cu NP and mean crystalliteafiees

thermal sintering of Cu20 and Culhe data can be found ilsppendixsection8.3 Teble 11.

During the temperature increase, there are three events that can theoretically occur.

In theprevious DSC measurement of the Cu patrticles fsgare24 in section3.3.1.1
dParticle Size an&inteing Temperaturé @t was found that Cu particle sintering
starts at 155°C. Visual observation of the material containingt® Ag and 1006

(of the metal content) Cu showeithat a distinctive colour changiom dark red
(usual Cu colour) to dark bltgray (common colour of copper oxidejcurred during
the thermal treatment(in an air environmentat around approximately 98C¢ at a
significantly lower temperature than 15&. Thermal sintering in air of CNPs
containing 0 and Wt% Ag did not show any measurable electrical conductivity,
therefore those materials are not represented by graph&igure56. This appears

to belogical because Cu NPsasgation occurs at a lower temperature than the Cu

NP sintering as explained previously.
However, the Cu NPs containing 3, 8, andv#® Ag showed measurable electrical

conductivity (seeFigure 56). Two hypothesis or a combinatiorof both are

conceivable an explanation for what causad measuredelectrical conductivity.
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Firstly, he Cu catent entirely oxidised and the Ag migrated to form a connected grid
to conduct electricitySecondly,n some areas the Ag content acted agratective
barrier between the Cu and the air and thereby prevented Cu oxidation in some
areas enabling the sinteng of Cu particles which in turn enabled electrical

conductivity.

The crucial aspect here is at which temperature does thédggpmemobile. In the
results the later sectio.6.2.2 6ElectronMicroscopyAnalysis ofCopper (Cu) and
Silver (AgNanoparticle Sntering insitu the Microscopé it is shown that Ag NPs
showed thehighest change in NPs neck formation between 170 and®@0Chis neck
formation is the consequence of enabled mass transport of thdrAthe Literature
Reviewsection2.3.40CuAg synergiesit was stated that in the literature on Gig
core-shell particles theAg shell is ablé protect the Cu core from oxidation up to a
temperature depending on the publication between 1@WXChen et al., 2013nd
400°C(Njagi et al., 2017; Tsai et al., 20%8)h the great majoity between 150 and
250°C(Chee and Lee, 2014, 20Kim et al., 2014; J. Li et al., 2017; W. Li et al., 2017,
Pajor] 6 A SNJ & S2017b; Pabet ak, B045; Y. 5. Park et al., 2016; Tian et al.,
2016; Yim et al., 2016; Zhang et al., 20&0}his point the Ag shell starts to dewet
the Cu core ad the Ag accumulates on the surface, thereby leaving the Cu surface
exposed to potental oxidation.The results from the later sectioh6.2.2therefore

fall within the same temperature range of the great majority of the of literature
findings. The electrical resistance of the Cu NP materials with 3, 8 andt2b Ag
content below 185C was too high to be measured. At 18 and at higher
temperatures the materials showed measurable electrical conductivity. The fact that
the temperature at which tle materials became electrically conductive falls within
the temperature range at which the Ag was found to be most mobile (170 td@pPO

is an indication that the Ag mobility was responsible for enabling electrical

conductivityandthat thus the first hypthesis is true.

Forthe second hypothesi® be true, Ag must have protected Cu from oxidising from
the onset of Cu oxidation at 8€ up to the sintering temperature of the Cu NRs.

mentioned, the great majority of the literate on thermalsintering of CeAg core
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shell particles agrees that the Ag shell is able to protect the Cu from oxidation only
up to a temperature at which the Ag becomes mobile and dewets the Cu suyface
leaving it exposed for Cu oxidation to occCline results from the later section.6.2.2
show a maximum mobility of the Ag between 170 and 200It is unlikely that from

Ag protected Cu NPs sintered prior teetAg becoming highly mobile (170 to 2@)

because no electrical cductivity was measurable below 186.

All'in all it can be said that the first hypothesis is more likely to have cause electrical
conductivity than the second hypothesBased on thse findings it can be concluded
that from a threshold level ofs lowas3wt% Ag there is sufficient Ag present to

form a connected network of Ag which conducts electricity.
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Figureb6. Sheet resistancagainst temperatur@uring thermal sintering of Cu NPs containing varying

Ag concentrations.or bars indicate standard deviations.

4.6.2 Oxygenfree Eavironment

Cu and/or Ag oxidation impacts the mass transport phenomena involved in particle
sintering as it chemically change the composition of the material. The absence of
oxygen allows analysis tife elemental metal NP sintering process without Cu or Ag

oxidationoccurring.Thermal sintering of th€u and CiAg materials in an oxygen
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free environmentwas analysed using DSC scans to ddietit melting points,the
thermal sintering was monitoredn-situ an SEMand the acquiredmages were
quantified using image ahgsis. SEM and EDX of thermally sintereadv®b Ag in Cu
in an oxygerree environment were carried out and theoretical simulasmf the

implications of theresultswere carried out.

4.6.2.1 Bulk Melting Point Analysis Gbpper (Cug Silver (Ag) Hybrid Inks an
OxygeHrree Environment

DSC measurements were carried out on each of thR€ AQIP inks. All DSC curves can

be found in the Appendixsection 8.6. For each curve, théulk melting point

temperature was obtained from the peak of the endothermic peak associated with

melting. FromFigure57 it can beseen that with increasing Agt% the melting point

decraases.
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Figure57. Bulk nelting point temperature of Cu NPs containing varying Ag concentrations.
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4.6.2.2 ElectronMicroscopyAnalysis ofCopper (Cu) and Silver (Agnoparticle
Sntering insitu theMicroscope

Cu NPs were heated umder vacuumin-situ a FEEGSEMusing a host stage (as

explained inMaterials andMethodologysection4.2.3. Secondary electron images

were takenof the samesample locatiorat regulartemperature intervals to monitor

NP sinteringExamples of a Cu NP cluster as well as a NP bed can be $egare

58 and Figure59, respectively.
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Figure58. Secondary etdron SEM images of Cu NPs acquired at the same locatisargtus

temperatures indicated by the red labels
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Figure59. Secondary electron SEM imag# a CuNPbedacquiredat the same location avarious

temperatures mdicated by the red labels.

The average patrticle diameters were obtainat regular temperature intervals

through image analysigsee Materials and Methodologysection 4.2.4 dmage
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Analysis of FESGEM Images of Nanoparticles (NPsFigure 60 shows with
increasing temperature between 400 and 4%D two parameters increasgue to
particle sinering, firstly the average particle diameter and secondly the standard

deviationof the particlesize distribution.
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Figure60. Average Cu particle diameter with increasing temperat Error bars indicate standard

deviation of he particle size distribution.

Inter-particle diffusion leads to coarsening of particles when NPs are in contact
during sintering(Fang and Wang, 201@)arge particles wifirow at the expense of
small particles. The particles involved in this particle fusion were distinguished; a
smaller particle fusing into a larger particle is described asiagparticle and the
larger paticle counterpart which receives the smaller pele is described asfused
particle. Above 350 °C particle sizesfused particles were unobtainable because
from the 2D SEM images it was impossible to reliably determine whethese
particle was a wtinct and separate particle or whether it haintered with its

neighbouringmatter.
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Figure61. Average Cu particle size involved in the particle fusion with increasing tempergtuoe.

bars indicate standard deviation of the particle size distributions.

With increasingemperature, the average patrticle size folsing particles does not
change signif@ntly. The averagiisingparticle sizeas well as the standard deviation

of the size distribution ofusingparticlesboth increase with increasing temperature.
The latterfinding is coherent with thehermodynamics of particle sintering. The
driving force for mass transport during sinteriimgreases with decreasing particle
size(Fang and Wan@010) This is because the driving force of sintering is affected
by specific surface energy which increases with decreasing particlé&Csizebell et

al, 2002; Nanda et al., 2003Fonsequentiallyto induce particle fusion of larger
particlesa higher temperature is requiretd supply sufficient driving force fonass
0N yaLl2 NI ¢ KA OKrusing Jr M {0 Gig&édINA YIKI RY  «

In 1950 Herring first introduced the scaling law, which relates the sintering
phenomenon to the size of the particles involved i(Herring, 195Q)The scaling law

was denoted by Herring as:

Yo = Yo Equation19
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where_ —, Y and’Y are particle radii anct depends on the specific mass

transport mechanism of the sintering phenomenon as follows: p for viscous
flow, & ¢ for evaporation and condensation, o for volume diffusim, and¢
T for grain boundary diffusion or surface diffusion. The scaling savwbe rearranged

as follows:

‘<:| K

— Equation20

In Figure62 the exponentt from Equation19 was calculatedising Equation20 for

each temperature interval anitis corresponding SEM imad@em Figure59.
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Figure62. The sintering phenomenon characterising exponent n with increasing temperature.

The calculated exponenésfrom Equation19 across the temperature range Figure
62 are on average 0.and do not rise above 4o it can be concluded that the mass
transport mechanism of the sintering of the Cu particles is viscousdtmarding to

Herring
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Just as for Cu NPs, secondary electron images were also taken of aigtiNPsme
sample locatiorat regulartemperature intervals duringn-situ heat treament under
vacuum inside a FE&EM Compared to the Cu NPBigure59) the particle sintering

of the Ag NP (se&igure63) is notceably differentg it takes places at lower
temperatures and the dominant sintering mass transport phenomenon appears to

be different. Rather particle fusion during which entire smaller particles fuse into

g

adjacent larger particles (Cu NPs), Ag NPs apgpgaredominantly form necks.

- . . S 9 )
;. ;

Figure63. Secondary electron SEM image of Ag NPs takewmarious temperatures indicated by the

red labels.

Images such athe ones inFigure 63 were analysedusing im@e analysigsee
Materials andMethodologysection 4.2.4 dmage Analysis of FE®EM Images of
Nanopatrticles (NEg)¢The fraction of sintered Ag SPRf the total number of initially
unsintered Ag NPs was quantified and plottedrigure64. There is a rapid increase
in the amount of parti@s sintered between 100 and 20CQ with the highest rate of
change between 170 and 20C (sed-igure65).
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Figure 64. Plot of the fraction of Ag NPsn the sample surfacevhich have sintered against
temperature. Exemplary images are included with arrow indications to the corresgatzdpoints.

Error bars indicate standard deviation.

%]
=

45
40 F
3T

30

25
20+ {

167

I

. ?-'E. R L S

100 150 200 250 300 350 400 450
Temperature (°C)

Change in fraction of Ag NPs which have sintered (%)

Figure65. Change in fraction of Ag NPs which have sinterell initreasing temperature. Error bars

indicate standard deviation.
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4.6.2.3 Electron MicroscopyeM) and Energydispersie Xray (EDX Spectroscopy
Analysis of Thermallyngred CuAg NPs

Backscatter electron images of the NPs with the highest Ag contenttf@bafter

they were thermally sinteredn-situ the EM were obtained using aFEGSEM.

Additionally EDX spectra werequired and overlaid with the backscatter electron

images.

SEM images obtained using the backscatter detector are informed byehigiyy
electrons which are reflected or baskattered out of the specimen interaction
volume by elastic scattering intertaans with specimen atomHeavy elements
backscatter electronsstronger than light elements. Therefore, heavy elements
appear lighter and light elements darker in backscatter electron imaggsis a
heavier element thanCu (atomic numbers of 47 and 29, ggectively) In the
following examples (sekigure66 and Figure67) regions of the particles are lighter
and darker in brightnesddenceit canbe assumel lighter and darker regions are
predominantly Ag andCu, respectively. To investigate this hypothesis EDX map
spectra were obtained and overlaid withe backscatter electron images (SEgure
66andFigure67). EDX point spearwere also obtained (location of the point spectra
are hidhlighted inFigure66 and Figure67) and the Cu/Ag wt rati@f those point
spectrawas quantified (seelablel and Table2). The EDX scarconfirm that the
lighter regions of the particles are indeed regions of high Ag concentration and the
darker regions are regions of high Cu concentratienom the backscatter electron
images and the corresponding EDX scans, particulafjgure67, it is possible to
see thata great fraction of Ag is located in tineckingregions of Cu particles. This
observation was the basis for the calculations in tf@lowing subchapter
Theorgical Smulation of the Neck Formation of Silver (Ag) and Copper (CU
Nanoparticle (NP3ntering.
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Figure66. Backscatter electron SEM imagen the leficontaining Cu and Ag with indications of where

EDX point spectra were taken and on the ritife SEM image isverlaid with an EDX scavhere red

represents Cu and green represents Ag.

Spectrum 15

Spectrum 6

Cu/Ag wt ratio

10.5

0.8

Tablel. Cu/Ag wt ratio of point spectra indicated Figure66.

Figure67. Backscatter electron SEM images: on the left containing Cu and Ag with indications of where

EDX point spectra were taken and on tight the SEM images overlaid with an EDX scan where red

represents Cu and green represents Ag.

Spectrum 1 | Spectrum 2

Spectrum 3 | Spectrum 4

Cu/Ag wit

ratio

0.3 6.6

0.1 6.4

Table2. Cu/Ag wt ratio of point spectra indicated kigure67.
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