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Figure 1. Optical microscopy image of an additively manufactured and laser processed copper surface 

by the author. This image won several awards.  
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Abstract 

Additive Manufacturing (AM) of electrically conductive copper (Cu) parts is of 

significant research interestedΦ /ǳΩǎ ƘƛƎƘ ǘƘŜǊƳŀƭ and electrical conductivity 

combined with its relative abundance and low price makes it an ideal material for 

thermal and electrical devices. Unlike conventional subtractive manufacturing 

processes, AM is capable of producing highly geometrically complex parts which is 

beneficial for many thermal and electrical devices applications. To date there are only 

capital and energy intensive AM processes which can  produce macro-scale Cu parts 

exist. There is no low-energy process capable of additively manufacturing electrically 

conductive copper (Cu) microparts. Additively manufactured Cu microparts have 

potential applications such as microchips, electronic microdevices, medical devices, 

microfluidic devices, and micro-optical systems. This thesis aims to lay the 

groundwork for a novel low-power AM process, capable of producing electrically 

conductive Cu microparts from nanoparticle feedstock in an air environment.  

 

Sequential ink deposition through bar coating and inkjet printing followed by low-

power laser sintering in an air environment was used to manufacture multi-layered 

Cu microparts. The microparts were mechanically and electrically characterised. The 

use of nanoparticles (NPs) reduced the energy demand for inducing particle sintering. 

Because of the low laser power of merely 2.5 W and fast heating and cooling rates 

characteristic for laser irradiation the Cu microparts were unoxidised. The Cu 

microparts were of low density and highly porous. This had a significant negative 

effect on the mechanical part properties which were far off from bulk Cu properties. 

An additional heat treatment to densify the manufactured microparts was suggested 

in order to improve these mechanical properties. The electrical resistivities of the Cu 

microparts were close to bulk Cu resistivity.  

 

For two-dimensional (2D) printed electronics applications, silver (Ag) has been the 

most common conductive material used. Despite its similar electrical conductivity 

and lower price, copper (Cu) is being used significantly less, mainly because ƻŦ /ǳΩǎ 

tendency to rapidly oxidise which is detrimental to its electrical conductivity. Ultra-

Ŧŀǎǘ ǇƘƻǘƻƴƛŎ ǎƛƴǘŜǊƛƴƎ ƛǎ ŎŀǇŀōƭŜ ƻŦ άƻǳǘǊǳƴƴƛƴƎέ ǘƘŜ /ǳ ƻȄƛŘŀǘƛƻƴΣ ȅŜǘΣ ǘƘŜ ƻǾŜǊŀƭƭ 
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processing cost of Cu remains higher than for Ag. In the first comprehensive study 

the impact of additions of small amounts of Ag to Cu NPs on ultra-fast and slow 

sintering processes is investigated. With both ultra-fast sintering techniques, namely 

IPL and laser sintering, the addition of Ag to Cu NPs does not significantly impact 

electrical conductivity because the Cu NPs do not oxidise during the ultra-fast 

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 25 wt%, there was a significant reduction in electrical 

resistance, which was hypothesised to be due to the Ag content migrating forming a 

connected grid capable of conducting electricity. During thermal sintering in an inert 

environment, the Ag content accumulates primarily around the necks of adjacent Cu 

particles. This was reasoned to be the results of surface tension differences between 

the Ag-gas and the Ag-Cu interface acting on the mobile Ag. This phenomenon was 

further investigated in a theoretical simulation, calculating the theoretical reduction 

in Cu-Cu inter-particle 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 print and sinter electrically conductive tracks onto heat-sensitive 

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 for flexible electronics, the 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 bending. Ag NP tracks 

were significantly more resilient 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 width of the Cu particle size distribution compared to Ag likely contributed 

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

1.1 Context  

Additive Manufacturing (AM) describes the process of manufacturing a part 

additively as opposed to subtractively or formatively. The starting point is normally a 

Computer-aided Design (CAD) drawing of the part to be manufactured, which is 

digitally sliced into parallel layers. The information on the layers as well as its 

processing parameters are executed by additively stacking layer upon layer to 

manufacture the desired part. Sometimes support structures are introduced to 

ensure structural integrity during the built which are later removed. The American 

Society for Testing and Materials International (ASTM) classifies AM into seven 

process categories (ISO/ASTM, 2015): 

 

¶ Binder jetting: άŀƴ !a ǇǊƻŎŜǎǎ ƛƴ ǿƘƛŎƘ ŀ ƭƛǉǳƛŘ ōƻƴŘƛƴƎ ŀƎŜƴǘ ƛǎ ǎŜƭŜŎǘƛǾŜƭȅ 

deposited tƻ Ƨƻƛƴ ǇƻǿŘŜǊ ƳŀǘŜǊƛŀƭǎά. 

¶ Directed energy deposition: άŀƴ !a ǇǊƻŎŜǎǎ ƛƴ ǿƘƛŎƘ ŦƻŎǳǎŜŘ ǘƘŜǊƳŀƭ ŜƴŜǊƎȅ 

ƛǎ ǳǎŜŘ ǘƻ ŦǳǎŜ ƳŀǘŜǊƛŀƭǎ ōȅ ƳŜƭǘƛƴƎ ŀǎ ǘƘŜȅ ŀǊŜ ōŜƛƴƎ ŘŜǇƻǎƛǘŜŘά. 

¶ Material extrusion: άŀƴ !a ǇǊƻŎŜǎǎ ƛƴ ǿƘƛŎƘ ƳŀǘŜǊƛŀƭ ƛǎ ǎŜƭŜŎǘƛǾŜƭȅ ŘƛǎǇŜƴsed 

through a nozzle or orificeά. 

¶ Material jetting: άŀƴ !a ǇǊƻŎŜǎǎ ƛƴ ǿƘƛŎƘ ŘǊƻǇƭŜǘǎ ƻŦ ōǳƛƭŘ ƳŀǘŜrial are 

selectively depositedά. 

¶ Powder bed fusion: άŀƴ !a ǇǊƻŎŜǎǎ ǇǊƻŎŜǎǎ ƛƴ ǿƘƛŎƘ ǘƘŜǊƳŀl energy 

selectively fuses regions of a powder bedά. 

¶ Sheet lamination: άŀƴ !a ǇǊƻŎess process in which sheets of material are 

bonded to form a partά. 

¶ Vat photopolymerisation: άŀƴ !a ǇǊƻŎŜǎǎ ƛƴ ǿƘƛŎƘ ƭƛǉǳƛŘ ǇƘƻǘƻǇƻƭȅƳŜǊ ƛƴ ŀ 

vat is selectively cured by light-activated polymerizationά. 

 

Historically, the roots of AM can be traced back to the late 19th century due to the 

emergence of sculpture and topography (Gao et al., 2015). HoǿŜǾŜǊΣ ƛǘ ǿŀǎƴΩǘ ǳƴǘƛƭ 

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

stereolithography printer (Gibson et al., 2015). Due to the ability to rapidly 
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manufacture unique parts at low volume, AM techniques became widely known as 

rapid prototyping. In the following decades until now, AM has developed 

significantly, particularly in the areas of materials, processes, software and 

equipment (Pham and Dimov, 2003). Advantages of AM over traditional 

manufacturing (Gibson et al., 2015) include the ability to produce complex and 

lightweight geometries including topology optimisation (Compton and Lewis, 2014; 

Hague et al., 2004), the ability to produce one-off parts (Conner et al., 2014; 

Matilainen et al., 2014) as well as functionally graded parts (Gao et al., 2015), and 

lower material waste. Today AM is being used a wide range of industries, including 

aerospace (Thomas et al., 1996), automotive (Song et al., 2002), and biomaterials 

(Giannatsis and Dedoussis, 2009; Sachlos and Czernuszka, 2003). However, 

challenges with AM remain in areas such as printing speed, printable material 

portfolio and part accuracy (Gibson et al., 2015).  

 

The miniaturisation of products in various industries such as medical, automotive, 

optics, electronics, and biotechnology has led to a demand for improvements in 

micro-fabrication technologies (Alting et al., 2003). Microfabrication processes 

include laser ablation, plating, photolithography, lithography, electroplating, 

molding, chemical etching, microextrusion, laser patterning/cutting/drilling, EDM, 

microinjection molding, microembossing, microstamping, and micromechanical 

cutting (Qin, 2010). However, most of these techniques are restricted when applied 

to new microproducts which require different materials and have complicated 3D 

microstructures with high aspect ratios (Vaezi et al., 2013). Manufacturing 

technologies for 3D microcomponents are crucial for the development of various 

functional applications such as biochips, integrated microsensors, medical devices, 

microelectromechanical systems (MEMS), microfluidic devices, micro-optical 

systems, and photonic crystals (J. W. Lee et al., 2008; K. Lee et al., 2008). These 

technologies will advance substantially if more complex 3D microstructures can be 

manufactured.  
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1.2 Aim and Objectives 

The aim of this PhD has been to additively manufacture electrically conductive 3D Cu 

microparts and further, to better understand if the addition of silver (Ag) to copper 

(Cu) nanoparticles (NPs) can facilitate the copper (Cu) nanoparticle (NP) sintering.  

 

The objectives can be summarised as:  

- Develop a low power (< 10 W) laser process capable of additively 

manufacturing Copper (Cu) microparts from Nanoparticle (NP) feedstock in 

an air environment 

- Investigate 2D 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-fast and slow sintering techniques 

o Investigate Ag and Cu mass transport mechanisms in Cu-Ag NP 

systems and analyse its impact on 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 understanding of AM with metal NPs. Novelty was 

demonstrated in two specific and complementary areas.  

 

Prior to this PhD no process existed that was capable of additively manufacturing Cu 

microparts from with a low-power energy source (2.5 W) in an air environment. In 

this PhD the groundwork was laid to achieve this by sequential recoating or the inkjet 

printing of Cu NP inks and laser processing. Multi-layered parts were manufactured 

using both deposition techniques. The multi-layered parts were characterised to give 

a thorough understanding of their mechanical and electrical properties and their 

microstructure.  
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Printing and sintering of copper (Cu) and silver (Ag) nanoparticles (NPs) has been 

investigated. Though literature exists, novel aspects were investigated in two 

different results chapters as follows.  

 

Specifically, in a comparative study it was shown for the first time that for ultra-fast 

sintering techniques during which Cu does not oxidise, Ag addition does not improve 

processing parameters. Moreover, no prior literature exists on real-time monitoring 

at regular temperature intervals of Cu and Ag NP sintering in-situ an SEM and the 

quantification of this process. It was shown that during thermal treatment, Ag 

migrates predominantly to Cu-Cu particle contact points, increasing contact area 

between adjacent Cu particles. For the first time, 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 Cu and Ag NP materials exist in the 

literature, however, they vary significantly in terms of sample manufacturing and 

testing methodology ς making this the first study directly comparing the two 

materials using the same methodology.  

 

 

1.4 Thesis Structure 

Chapter 2: άLiterature Reviewέ provides a thorough review of the relevant literature 

of this thesis. It covers the background and a brief history of Additive Manufacturing 

(AM). Thereafter printing of electronics is investigated in 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 discussed as well as the 

impact of the cyclic bending on electrical resistance of inkjet printed Cu and Ag tracks. 

It follows a review of the AM techniques capable of manufacturing multi-layered Cu 

parts. Finally, the following gaps in the literature are identified. Firstly, no study exists 

which comparatively investigates the impact of Ag addition to Cu NPs on laser 

sintering, Intense Pulsed Light (IPL) sintering, and thermal sintering in an air 

environment as well as in an inert environment; secondly, there is no literature on 
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the impact of Ag migration during thermal treatment to Cu particle contact points on 

electrical 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 records of a low-power AM process to 

manufacture electrically conductive multi-layered Cu microparts in an air 

environment.  

 

/ƘŀǇǘŜǊ оΥ ά!dditive Manufacture of Electrically Conductive Multi-layered Parts from 

NP Feedstockά ŦƛǊǎǘ ŜȄǇƭŀƛƴǎ ǘƘŜ ƳŜǘƘƻŘƻƭƻƎȅ ǳǎŜŘ ŦƻǊ ǇŀǊǘ ƳŀƴǳŦŀŎǘǳǊŜ ŀƴŘ 

characterisation. The 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. It follows the characterisation of multi-layered Cu samples as a 

comparison between the 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 other processes capable of manufacturing multi-

layered Cu microparts.  

 

Chapter 4: 2D ά2D Printing and Sintering of Copper (Cu) and Silver (Ag) Nanoparticlesέ 

investigates the sintering process of Cu and Ag NPs and the impact of the addition of 

small amounts (Җ 25 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 solely 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 

accumulating in the necks of Cu particles is computationally modelled. A discussion 

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.  

 

Chapter 5: ά! /ȅŎƭƛŎ .ending Study of Inkjet Printed Copper (Cu) and Silver (Ag) Tracks 

ƻƴ CƭŜȄƛōƭŜ t9¢ {ǳōǎǘǊŀǘŜǎέ: The most widely reported application of AM with metal 

NPs is printed electronics. The ability to print and sinter onto flexible materials 
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enables flexible electronics for which copper (Cu) nanoparticle (NP) ink is considered 

a cost-effective 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 whether Cu NPs could replace Ag NPs. It explains the methodology 

of the metal nanoparticle ink printing and annealing (a.k.a. sintering), the cyclic 

bending of the tracks and the characterisation carried out before and after cyclic 

bending. The results are presented as the impact of cyclic bending on electrical 

resistance as well as characterisation prior and post cyclic bending. A discussion 

follows investigating the hypothesis for the disparity in the resilience towards cyclic 

bending of the two materials, Cu and Ag.  

 

Chapter 6: άConclusion & Recommendations for Future Workέ summarises the main 

findings of the thesis and describes how the aims were fulfilled.   
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2 LITERATURE REVIEW 

2.1 Introduction 

The literature review is organised into several sections, namely on AM generally and 

its history, printed electronics, and additively manufacturing electrically conductive 

multi-layered objects.  

 

AM is explained, including a description, its historical background and some of its 

applications are elaborated on. AM applied to electronics through printed electronics 

is covered in more depth, elaborating on nanoparticle synthesis, the various 

conductive inks, and NP sintering techniques. Cu-Ag synergies are discussed followed 

by a review of cyclic bending studies of inkjet printed tracks. Finally, all relevant AM 

processes capable of fabricating multi-layered Cu parts are reviewed, including metal 

jetting and inkjet printing, as well as higher energy processes such as SLM, EBM and 

binder jetting.  

 

 

2.2 Additive Manufacturing (AM) ς An Overview and its History 

The ISO/ASTM F42 Technical Committee defines additive manufacturing (AM) as the 

άǇǊƻŎŜǎǎ ƻŦ ƧƻƛƴƛƴƎ ƳŀǘŜǊƛŀƭǎ ǘƻ ƳŀƪŜ ƻōƧŜŎǘǎ ŦǊƻƳ ǘƘǊŜŜ-dimensional (3D) model 

data, usually layer upon layer, as opposed to subtractive manufacturing 

mŜǘƘƻŘƻƭƻƎƛŜǎέ (ISO/ASTM, 2015).  

 

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

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

ŜŀǊƭȅ ǘŜŎƘƴƻƭƻƎƛŜǎ ƭŜŘ ǘƻ ǘƘŜ άǇhoto-ƎƭȅǇƘ ǊŜŎƻǊŘƛƴƎέ ǘŜŎƘƴƛǉǳŜ ǿƘŜǊŜōȅ ƭŀȅŜǊs of a 

transparent photo emulsion are selectively exposed while scanning cross-sections of 

the object to be replicated; a process that was patented in 1951 (Munz, 1956). 

Subsequent advances in computing, lasers and photopolymers led to 

stereolithography (SLA) in 1984 (Hull, 1986; Jacobs, 1992). Further patents, as well 

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

1990s including vat photopolymerisation (Deckard et al., 1992), Fused Deposition 

Modeling (FDM) (Crump, 1992; Marcus et al., 1994) (an example can be seen in 
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Figure 2), material extrusion, Three Dimensional Printing (3DP) (Sachs et al., 1993), 

Selective Laser Sintering (SLS) (Beaman et al., 1997), Laminated Objective 

Manufacturing (LOM) (Feygin and Hsieh, 1991) and Laser Metal Deposition (LMD) 

(Mazumder et al., 1999). To date, a variety of materials can be used in these 

processes, including polyamide, photo-curable resin, wax, acrylonitrile-butadiene-

styrene (ABS), polycarbonate, metal/ceramic/polymer powders, adhesive coated 

sheets (Guo and Leu, 2013).  

 

Figure 2: Model Eiffel Tower being additively manufactured layer-by-layer.  

 

In the past decade, AM has gained popularity in the media where it is widely referred 

to as 3D printing, particularly through platforms such as Do-It-Yourself (DIY) and the 

Maker Movement (Anderson, 2012). Significant advancements in the past two 

decades in the areas of materials, processes, software and equipment have led to 

improved design flexibility, part accuracy and time and cost efficiency which 

consequentially saw AM being applied in industry beyond solely prototyping in rapid 

tooling and manufacturing (Pham and Dimov, 2003). A few examples of industrial 

applications follow.  

 

Many aerospace components such as the engine housing in Figure 3 require complex 

geometries from advanced materials such as superalloys and ultra-high-temperature 

materials which are costly and time-consuming to manufacture with conventional 

subtractive techniques. Moreover the small volume nature of production runs in the 
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aerospace industry adds to the benefits of the application of AM (Thomas et al., 

1996).  

 

Figure 3: Aerospace engine housing with internal cooling channels additively manufactured through 

Selective Laser Melting (SLM) technique (Guo 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 cars as well as 

motorsports vehicles because AM is able to shorten product development cycles and 

reduce manufacturing costs (Song et al., 2002).  

 

Figure 4: Lightweight cooling water pump for a sports car manufactured through Selective Laser 

Melting (SLM) technique (Guo and Leu, 2013).  

 

Thanks to recent developments in biomaterials, AM techniques have increasingly 

been applied in the biomedical realm for applications such as orthopaedic implants 
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and tissue scaffolding. Printing protein and cells has opened the door to research on 

additively manufacturing biologic chips, micro-vasculature networks and artificial 

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

 

Figure 5: Hip stems with mesh, hole and solid configurations to tailor mechanic properties that mimic 

the stiffness of bone to reduce stress shielding; manufactured by Electron Beam Melting (EBM) of 

Ti6Al4V (Guo and Leu, 2013).  

 

Despite recent progress, challenges remain such as the limited variety of materials 

available, the lack of fundamental design guidelines or standardisation of best 

practices (Gao et al., 2015)Σ ǊŜƭŀǘƛǾŜƭȅ ǇƻƻǊ ǇŀǊǘ ŀŎŎǳǊŀŎȅ ŘǳŜ ǘƻ άǎǘŀƛǊ-ǎǘŜǇǇƛƴƎέ 

effect (Onuh and Yusuf, 1999) (see Figure 6 for a visualisation) as well as poor 

repeatability and consistency (Guo and Leu, 2013).  

 

Figure 6: An example of the stair-stepping effect on a cone and the resulting disparity between a 

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

 

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

added functionality. Multi-material printing for instance enables the creation of parts 
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with functionally graded materials and their corresponding properties such as 

hardness, flexibility, adhesive properties, stiffness and colour on a voxel-by-voxel 

basis (Gao et al., 2015).  

 

Figure 7: Additively manufactured prosthetic arm as an example for a multi-functional product 

consisting of a linked assembly of multiple materials (The University of Nottingham, n.d.). 

 

Printed assemblies are another example of multi-functionality. It often requires 

sacrificial support materials which are removed leaving a captive assembled linkage. 

Thereby physical working models (Alam et al., 1999; Laliberté et al., 1999; Lipson, 

2007; Lipson et al., 2005; Mavroidis et al., 2000), compliant mechanisms (Canfield 

and Frecker, 1999; Goldfarb and Speich, 1999), articulated models (Bächer et al., 

2012; Cali et al., 2012), locomotive robots (Felton et al., 2013; Onal et al., 2011) and 

prosthetics (He et al., 2006; M.-Y. Lee et al., 2008; Rengier et al., 2010; Singare et al., 

2007; Wang et al., 2004) have been manufactured. The ability to embed foreign 

ŎƻƳǇƻƴŜƴǘǎ ǘƘǊƻǳƎƘƻǳǘ ōǳƛƭŘǎ ƛǎ ŀ ŦǳƴŘŀƳŜƴǘŀƭ ŀŘǾŀƴǘŀƎŜ ƻŦ !aΩǎ ƭŀyer-by-layer 

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 limbs, smart structures with embedded sensors and energy 

harvesting devices with embedded piezoelectric materials (Gao et al., 2015). With its 

capabilities of printing circuits, sensors and batteries, printed electronics has been 

developing functionality in AM further, which will be described in the following 

section.  
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2.3 2D Printed Electronics 

Traditionally most conventional electronics can be manufactured subtractively as 

opposed to additively, such as photolithography, vacuum deposition, and electroless 

plating. They are all multi-staged, they require expensive equipment and produce a 

lot of hazardous chemical waste (Kamyshny and Magdassi, 2014). Photolithography, 

which is the most common manufacturing technique,  has been described as the 

cornerstone of modern day computer chip manufacture. It consists of several process 

steps as shown in Figure 8 whereby patterns of light are used to chemically modify 

solubility of coated polymer films (Parekh et al., 2015).  

 

Figure 8.: Schematic overview of the photolithography process. The source is a website in (Parekh et 

al., 2015)  

 

Photolithography is a subtractive multi-step manufacturing process which uses a host 

of hazardous chemicals. The great majority of the deposited conductive material is 

removed through etching and is not recovered from the etched solution ς making 

this a highly resource inefficient process.  

 

In contrast to resource inefficient conventional subtractive manufacturing 

techniques of electronics, additive manufacture of circuitry is capable of selectively 

depositing conductive material digitally controlled precisely where it is required, 

making it highly resource efficient. This is particularly important with precious 
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conductive metals. The ability to selectively print and anneal conductive materials 

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

 

Printed electronics enables manufacture of thin, lightweight and extremely cost-

efficient electronics systems. Currently the main applications of printed electronics 

in industry include organic photovoltaics (Shrotriya, 2009), flexible batteries (Hilder 

et al., 2009; Ho et al., 2008), electro-optic devices (Argun et al., 2004; Chang et al., 

1999; Yoshioka and Jabbour, 2006), field effect transistors (FETs) and thin film 

transistors (TFTs) (Gamerith et al., 2007; Kim et al., 2007; Ko et al., 2007; Sekitani et 

al., 2009; Song et al., 2009), sensors (Chang et al., 2006, 2007; Loffredo et al., 2007; 

Marinov et al., 2007; Möller et al., 2008) and radio frequency identification (RFID) 

tags (Subramanian et al., 2005). The printed electronics market is predicted to exceed 

$300 billion over the next 20 years (Lupo et al., 2013).  

 

However, printing electronics comprises various challenges. The conductive material 

must exist in the form of a well dispersed and stable ink which can be printed. Apart 

from reactive inks, inorganic inks generally require post-deposition treatment to 

anneal or sinter the ink. Furthermore, printing of electronics has not been able to 

produce the similar minimum feature sizes to conventional manufacturing 

techniques.  

 

 

2.3.1 Nanoparticle synthesis 

The most significant attributes of NPs are size, morphology and surface area. Material 

synthesis and handling significantly impacts these attributes. NP synthesis can 

generally be categorised into two categories: top-down and bottom-up.  

 

 

2.3.1.1 Top-down NP synthesis 

Town-down approaches start off with a larger scale of solid material which is broken 

down to a smaller scale. The most common process is mechanochemical milling 
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(Chen et al., 2010) and laser ablation (Amendola et al., 2011). Compared to bottom-

up synthesis approaches, top-down approaches have several disadvantages. These 

include very limited control of final average particle size and the particle size 

distribution tends to be very wide. Moreover, top-down approaches are often very 

energy and time intensive. The literature on bottom-up NP synthesis is therefore 

much greater.  

 

 

2.3.1.2 Bottom-up NP synthesis 

Bottom-up synthesis generally involves starting off with a smaller building block than 

the size of the final particle size. For NPs the starting point are commonly atoms 

(Rotello, 2004). For synthesis of metal NPs relevant to printed electronics and AM 

such as Cu and Ag, liquid-phase methods are the most common synthesis routes. 

Liquid-phase NP synthesis methods include co-precipitation, microemulsion, sol-gel, 

and hydothermal/solvothermal synthesis (Tang et al., 2014).  

 

Hydrothermal synthesis uses water at high temperature and pressure to crystallise 

materials (Ballman and Laudise, 1963). Demazeau defined high temperature in the 

context of hydrothermal processes as above the boiling temperature at which point 

elevated pressure is involved too (Demazeau, 2011). Hydrothermal synthesis can be 

classified into whether the water is above (supercritical) or below (sub-critical) its 

critical point (Ὕ σχτ Јὅ, ὖ ςςȢρ ρπ ὖὥ). Above its critical point, the 

hydrogen bonds in water break down, increasing the H+ and OH- concentration at 

which point water is considered supercritical (Lester et al., 2006). Sub-critical water 

is polar. Supercritical water, on the other hand, is weakly-polar and can dissolve non-

polar molecules. At the same time, however, it only has a low solubility for inorganic 

ionic salts causing them to precipitate out and form solid-state particles.  

 

Where hydrothermal synthesis uses water, solvothermal synthesis uses non-aqueous 

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

water and so different temperatures and pressures for supercritical solvothermal 
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synthesis. With solvents generally being more expensive than water, solvothermal 

synthesis entails higher costs than hydrothermal synthesis. In some cases such as 

often for metal NPs, however, using solvents rather than water is favourable as no 

addition of toxic reducing agents is necessary (Choi et al., 2010).  

 

 

2.3.2 Conductive inks 

In 1909 Pawlow predicted a decrease in melting point of metallic nanoparticles (NPs) 

(Pawlow, 1909). Buffat and Borel demonstrated that this is indeed the case with gold 

NPs (Buffat and Borel, 1976). Due to the high surface-to-volume ratio and the 

consequentially high surface energy of NPs, their thermodynamic driving force for 

sintering is extremely large (Fang and Wang, 2010). The energy required to induce 

sintering or melting is therefore significantly lower than their respective bulk 

materials. The possibility to formulate NPs into stable and inkjet printable inks makes 

NPs attractive for digital additive manufacturing of electrically conductive tracks.  

 

Perelaer et al. defined the ideal metal containing ink to have the following properties: 

cheap, easy to prepare, store and jet, achieving high values of conductivity after 

deposition and post-processing (Perelaer et al., 2010). The majority of literature on 

printing of metal NP inks is on silver, followed by copper and gold and to a lesser 

extent also aluminium and nickel. Of all the conductive materials for printed 

electronics available to date, silver has been most widely used despite its relatively 

expensive nature. This is largely due to the absence of practical issues during use 

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 al., 2012, 2006; Rae and Hammer-

Fritzinger, 2006; Wolf et al., 2013). The 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 $15.00, $0.20, $1288, $0.06 and $0.53 (Money 

Metals Exchange, 2019). Prices per ounce do not accurately represent production 

prices of respective inks, however, they indicate the relative price range of the bulk 

metals which gives an indication of the disparity of the value of the metal content of 
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inks. For instance, the high price of gold prohibits gold from becoming an industry 

standard for printed electronics. They vary slightly in terms of their bulk resistivity 

(1.59 x 10-8 ʍ m, 1.72x 10-8 ʍ m, 2.44 x 10-8 ʍ m, 2.82 x 10-8 ʍ m, 6.99 x 10-8 ʍ m 

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 significantly 

increased further over time due to oxidation and the formation of Nickel oxide which 

occurred at ambient conditions (Li et al., 2009). The only successful 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 bulk nickel were achieved 

(Park and Kim, 2014). Almost no literature was found on successful applications of 

aluminium as a conductive material in printed electronics. According to Kamyshny et 

al. this is because aluminium undergoes rapid oxidation in air leading to the 

formation of a dense thin amorphous aluminium oxide layer (Campbell et al., 1999; 

Foley et al., 2005) which results in a loss of electrical conductivity (Kamyshny et al., 

2011).  

 

In recent years, copper nanoparticles have attracted attention as a significantly 

cheaper alternative due to their potential for replacing silver as a conductive material 

for printed electronics, as copper has a very similar resistivity but comes at a fraction 

of the cost compared to silver.  

 

 

2.3.3 Post-deposition Annealing of Nanoparticles  

High electrical conductivity values are a critical factor for the successful application 

of printed electronics. Post-deposition annealing (also known as sintering) of ink is 

the decisive process impacting final conductivity and remains the key challenge and 

focus of research over the past decade (Huang et al., 2003; Lu et al., 2007; Perelaer 

et al., 2008; Smith et al., 2006). Sintering describes particles bonding together when 

heated through a combination of several atomic mass transport mechanisms, 

including diffusion, creep, viscous flow, plastic flow and evaporation (German, 2010). 
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The resistivity obtained through a sintering process is generally a multiple of the 

resistivity of the bulk material. This is because processing temperatures during 

sintering are significantly below the melting point of the material. Increasing 

temperature towards the melting point increases the degree of densification which 

in turn reduces resistivity towards the bulk material resistivity. Therefore, elevated 

temperatures are required to achieve low values of resistivity which generally is 

desirable with electrically conductive materials.  

 

A major obstacle for Cu to be widely used in printed electronics is its inherent 

tendency to oxidise making it dielectric in ambient conditions which greatly 

accelerates at elevated temperatures during sintering. There have been various 

approaches to overcome this challenge. One of them is coating the copper 

nanoparticles with a protective layer consisting of an organic polymer, alkene chains, 

amorphous carbon, graphenes, or even inorganic materials such as silica or an inert 

metal (Magdassi et al., 2010). However, introducing a less or non-conductive shell on 

the copper nanoparticles has a negative effect on the electrical conductivity of the 

printed pattern. Silver shells appear to be the best reported route to avoiding 

oxidation, since they do not appear to reduce conductivity (Grouchko et al., 2009). 

However, coating copper in silver significantly raises the material and processing 

costs. Lee et al. approached the oxidation challenge by printing metal-organics on 

substrates (Lee et al., 2009). The metal metal-organics then decomposed into highly 

conductive copper metal when annealed at temperatures above 250°C to form 

copper metal and nano-sized copper hydroxide.  

 

 

2.3.3.1 Thermal Sintering 

Thermal sintering of Cu NPs commonly requires temperatures of >250 °C and 

exposure times of >30 minutes. The elevated temperature and time requirements 

limit the compatibility of heat-sensitive substrates such as common polymer foils 

such as polyethylene terephthalate (PET) or polycarbonate (PC). In order to avoid the 

oxidation of Cu, this sintering process has to be carried out in a sealed chamber in an 

inert environment. Even though literature on thermal sintering of Cu NPs exist (Park 
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et al., 2007; Yabuki and Arriffin, 2010), these process requirements limit the 

applicability of thermal sintering to solely research based experiments. The cost 

savings of using copper rather than silver are thereby significantly reduced. Its 

application to large scale industrial manufacturing process, such as roll-2-roll 

manufacturing lines to date seems highly unlikely.  

 

 

2.3.3.2 Photonic Ultra-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 oxidise. Energy is supplied in the form of spatially (and sometimes timely) 

concentrated photons. This allows a spatially confined volume of deposited 

particulate material to be heated to the necessary sintering temperatures, which 

then subsequently cools through energy dissipation, all within milliseconds. As a 

consequence, the 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 few years reports have been increasing on the use of laser irradiation for 

sintering of metal NPs. The first successful report of sintering any metal NPs was 

published in 2007 by Ko et al., who reported successful laser sintering of gold (Au) 

NPs (Ko et al., 2007). Joo et al. first reported on laser sintering of a Cu paste in a 

nitrogen atmosphere using an ultraviolet (UV) laser beam at 355 nm (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 study is to be carried out in an 

ambient 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 2013 (Halonen et al., 2013). Cu NP ink was inkjet printed onto 
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a polyimide (PI) substrate and laser sintered with a continuous-wave 808 nm diode 

laser. A minimum sheet resistance of 90 Ƴʍκ  ǿŀǎ ŀŎƘƛŜǾŜŘΦ  

 

Zenou et al. a commercial ink (metal load of 25 wt%) was spin-coated onto glass 

substrates and dried in ambient air on a hot plate at 70 °C (Zenou et al., 2014). The 

sample was then laser sintered using a continuous wave (CW) Nd: YAG laser. Zenou 

et al. were able to successfully laser sinter copper resulting in resistivities of less than 

3 times bulk copper resistivity (sintered layer thickness 121-450 nm). By reducing the 

laser spot diameter to 4 µm Zenou et al. were able to reduce conductive linewidths 

down to 6.7 µm.  

 

In 2015 Niittynen et al. published a comparative study of laser sintering and intense 

pulsed light sintering of inkjet printed Cu NP inks both in ambient air (Niittynen et al., 

2015). Niittynen et al. were not able to successfully laser sinter single layer Cu-NP ink 

due to the appearance of intensive cracking during laser sintering; they instead laser 

sintering 2-4 layers of inkjet-printed Cu-NP ink. The result with the highest electrical 

conductivity through laser sintering was approximately 16 % of bulk copper 

conductivity. Niittynen et al. are the only publication who printed, though just up to 

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

was approximately 1.9 ˃ Ƴ.  

 

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 at 50 W for 1 min before 

the bar-coating process to enhance adhesion strength between Cu NPs and 

substrates. A CW diode-pumped ND:YAG laser at 532 nm wavelength was used for 

laser sintering under ambient conditions (film thickness of as prepared and laser 

sintered were 11 and 3.2 µm respectively). TG-DTA measurements showed sintering 

occurs at around 150-240 °C. The minimum sheet-resistivity produced was less than 

1 ʍκ Φ Yǿƻƴ Ŝǘ ŀƭΦ ǿŜǊŜ ŀōƭŜ ǘƻ ǇǊƻŘǳŎŜ ŀ ŦƭŜȄƛōƭŜ ŀƴŘ ǘǊŀƴǎǇŀǊŜƴǘ ŎƻƴŘǳŎǘƻǊ ƎǊƛŘ 

pattern on PEN film with 20 ˃ Ƴ ƻŦ ƭƛƴŜ ǿƛŘǘƘ ŀƴŘ ŜŦŦŜŎǘƛǾŜƭȅ ŘŜƳƻƴǎǘǊŀǘƛƴƎ ƛǘǎ 

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

sintering of Cu NP ink was compared with experimental data (Roy et al., 2017). For 

the experimental data they spin-coated Cu NP ink onto glass and aluminium 

substrates to give a layer thickness of 1.2 ˃ ƳΦ ! ŦŜƳǘƻǎŜŎƻƴŘ ƭŀǎŜǊ όулл ƴm 

wavelength) and a nanosecond laser (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 of the experimental laser sintering results 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 images to show particle neck growth.  

 

 

2.3.3.2.2 Intense Pulsed Light (IPL) Sintering  

Kim et al. used a xenon flash lamp at room temperature in ambient condition for IPL 

sintering (Kim et al., 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 varying levels of light intensity, 

with the best result at three times as high as bulk copper. Kim et al. concluded that 

the short sintering time (approximately 2 ms) avoids copper oxidation. Therefore, 

this process does not require an inert gas or vacuum chamber as required with 

thermal sintering. It is worth noting, however, that IPL flash lamps are expensive (in 

the range of hundreds of thousands of US Dollars) and thereby add significantly to 

capital cost of a copper annealing process.  

 

 

2.3.4 Cu-Ag synergies  

The most common approach of utilising small amounts of Ag with Cu NPs for AM 

processes is as core-shell particles 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 prevent Cu oxidation. There are three common synthesis routes for Cu-Ag 
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core-shell NPs: galvanic displacement (Zhang et al., 2008), seeded growth (Grouchko 

et al., 2009), and co-reduction (Kim et al., 2011). In the past few years, galvanic 

displacement has seen the biggest traction. It is 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 surface (see Figure 9).  

 

Figure 9. 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 oxidation up to a temperature 

depending on the publication between 100 °C (Chen et al., 2013) and 400 °C (Njagi 

et al., 2017; Tsai et al., 2013) with the great majority between 150 and 250 °C (Chee 

and Lee, 2014, 2017; Kim et al., 2014; J. Li et al., 2017; W. Li et al., 2017; Pajor-|ǿƛŜǊȊȅ 

et al., 2017a, 2017b; Park et al., 2015; Y. S. Park et al., 2016; Tian et al., 2016; Yim et 

al., 2016; Zhang et al., 2010). 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 in Figure 10.  

 

Figure 10. Dewetting and accumulation of Ag on the surface of Cu particles (Grouchko et al., 2009).  

 

The protective Ag shell therefore only functions effectively in obstructing Cu 

oxidation below the temperature at which the Ag shell dewets the Cu surface. This 
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limits its use to applications of thermal sintering in an oxygen environment below the 

temperature of Ag dewetting, mostly between 150 and 250 °C.  

 

There are differing reports in the literature on where the Ag migrates to. Some report 

Ag migration to the Cu particle necks (Kim et al., 2010; J. Li et al., 2017; Park et al., 

2015; Tian et al., 2016; Yu et al., 2017). However, no theoretical or experimental 

study has been conducted on the impact of Ag accumulation in Cu neck on electric 

resistance. Tsai et al. on the other hand reported that Ag does not migrate to Cu 

necks and that Cu particles form necks independent of the Ag (Tsai et al., 2013). 

 

Other than the Cu-Ag core-shell synergistic 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 strength (Morisada et al., 2010). Wang eǘ ŀƭΦΩǎ ŎƻƳǇǳǘŀǘƛƻƴŀƭ 

simulation of Cu-Ag core-shell NPs showed that the Cu core enhances the mobility of 

the Ag shell atoms thus enhancing sinterability and sintering strength (Wang et al., 

2016). Li et al. synthesised Cu-Ag core-shell particles with excessive amounts of Ag 

NPs present in the matrix (Li et al., 2016). They showed that the excessive amount of 

Ag NPs increases packing density and consequentially reduces electrical resistivity 

and improves resistance to cyclic bending. This was later confirmed by Lui et al. who 

also showed that increasing the concentration of small Ag particles increases packing 

density during sintering and reduces pores (Liu et al., 2019). However, if the addition 

of excessive amounts of Ag NPs is required to induce a processing benefit, at the 

same time the material cost increase of using Ag instead of Cu becomes significant 

and may outweigh processing benefit.   

 

 

2.3.5 Cyclic Bending of Inkjet Printed Copper (Cu) and Silver (Ag) Tracks and its 

Impact on Electrical Resistance 

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

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

deformed enables their application where flexible circuitry is required, such as for 

wearable electronics (Huang and Zhu, 2019). An understanding of the impact of cyclic 
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bending, simulating the use of the device over its lifetime, on the resistance of 

electronic tracks is crucial for the design of the circuitry. Inkjet printing has been 

established as a common deposition method for printing of flexible electronics 

(Calvert, 2001; De Gans et al., 2004; Singh et al., 2010; Yin et al., 2010). Previous 

studies have been conducted on inkjet printed Cu and Ag NP tracks separately to 

evaluate the impact of cyclic bending on resistance. For Ag NP printed tracks Lee et 

al. reported no significant increase in resistance (Jaehwan Lee et al., 2014) and Yang 

et al. reported a relative increase of υ Ϸ (Yang et al., 2014) both over 1,000 bending 

cycles. For Cu NPs tracks also over 1,000 bending cycles relative increases in 

resistance of υ Ϸ (Kwon et al., 2016) and σπ Ϸ (Min et al., 2016) have been 

reported. All of these studies use different inkjet 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 bending 

methodology.  

 

 

2.4 Additively Manufacturing Electrically Conductive Multi-layered Objects: 

Competing Technologies 

2.4.1 Metal Jetting 

Metal jetting, also known as liquid metal jet printing (LMJP), is an emerging AM 

process which is analogue to inkjet printing. This additive method dispenses 

individually controlled micro-droplet of molten metals to precise locations using 

digitally stored computer-aided design (CAD) data in a highly reproducible manner 

(Priest et al., 1997). Upon contact with the substrate micro-droplets solidify and form 

a solid object. Continuous jetting and Drop On Demand (DOD) jetting are the two 

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

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

into a continuous stream at a measurable distance from the orifice (Priest et al., 

1997; Sukhotskiy et al., 2017). In the drop-on-demand method, well-defined droplets 

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

to a substrate in a precise location (Sukhotskiy et al., 2017; Thirumangalath et al., 
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2017). The precision of the DOD jetting process enables a reduction in material waste 

and makes it more advantageous comparing to continuous jetting.  

 

Metal jetting is able to produce 3D metal parts. Printable material selection has thus 

far been restricted to aluminium, low temperature Pb-Sn alloys, Ag and Cu 

(Thirumangalath et al., 2017). In a recent publication, Simonelli et al. reported 

successful metal jetting of tin (Sn) and Ag structures (Simonelli et al., 2019). The Sn 

structures had excellent macroscopic geometrical fidelity to the digital models and 

were printed precisely with no satellites or wrongly-positioned droplets. Moreover, 

the Sn structures had high densities of above 99.9 % and had electrical resistivities of 

one or more orders of magnitude lower than reported for inkjet printing of 

nanoparticle inks. ¢ƘŜ ŀǳǘƘƻǊǎΩ ƳŜǘŀƭ ƧŜǘǘŜŘ Ag structures were in comparison more 

fragile with an average άƎǊŜŜƴέ ŘŜƴǎƛǘȅ ƻŦ фн %. Simonelli et al. publication 

demonstrates the ability of metal jetting to manufacture high density parts of low- 

and relative high-melting temperature metals.  

 

Significantly high equipment and processing costs of metal jetting have so far 

prevented metal jetting from 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 High Energy Manufacture of Multi-layered Copper Structures 

2.4.2.1 Very High Power (VHP) Ultrasonic AM (UAM) of Multi-layered Copper (Cu) 

Parts 

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

of 150 µm-thick copper sheets into previous layers (Sriraman et al., 2010). The 

vibrations are at amplitudes of up to 52 µm and are applied under static normal force 

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

sheet-areas. Hardness across the part is between 11 to 23 % of the single sheet 

hardness. Grain size reduces from an average single-sheet grain size of 25 µm to a 

final part grain size ranging from 0.3 to 10 µm.  
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This process can be considering to be additive in nature as multiple copper sheets 

are merged into each other to form one continuous part, a process 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 complex multi-layered architectures as competing AM processes discussed 

here are capable of.  

 

 

2.4.2.2 Selective Laser Melting (SLM) of Multi-layered Copper (Cu) Parts 

Creating a multi-layered part by laser-induced melting and fusing of successive layers 

of powder material is known as SLM. It is thereby capable of producing near net-

shape parts up to 99.9 % relative density (Yap et al., 2016). The most common 

powder materials used in SLM include steel (Tolosa et al., 2010) and iron-based alloys 

(Kruth et al., 2004), titanium and its alloys (Leuders et al., 2013) as well as Inconel 

(Amato et al., 2012) and nickel-based alloys (Clare et al., 2008).  

 

Figure 11.: Schematic of an SLM process. (i) Laser irradiance melts selective areas of the powder bed. 

(ii) The process is repeated for multiple layers. Interlayer melting/fusion occurs between adjacent 

layers. (iii) Loose powder is removed and the finished part is revealed. (Adapted from Yap et al., 2016) 

 

The use of Cu in SLM is more challenging than the materials mentioned above. Cu 

has a high thermal conductivity (385 W m-1 K-1 at 20 °C). This causes heat to rapidly 

dissipate away from the melt area into the bulk resulting in low thermal gradients, 

leading to layer curling, delamination and ultimately build failure (Singer et al., 2017). 

Its high reflectivity prevents an effective energy coupling into the material (Kaden et 

al., 2017). Copper particles have the tendency to agglomerate, impeding powder 
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ŘŜǇƻǎƛǘƛƻƴ ŀƴŘ ǊŜŘǳŎƛƴƎ ƻǾŜǊŀƭƭ ŦƭƻǿŀōƛƭƛǘȅΦ /ƻǇǇŜǊΩǎ ƛƴƘŜǊŜƴǘ ǘŜƴŘŜƴŎȅ ǘƻ 

spontaneously oxidise even at ambient conditions means extra precautions are 

required in handling and storage before, during and after part manufacture (Singer 

et al., 2017).  

 

However, literature on successful SLM of copper exists. Tang et al. used a 

combination of pure copper and copper(l) phosphide in an SLM process with a 200 W 

CO2 laser (Tang et al., 2003). They were able to manufacture parts of up to 82 % 

density. Pogson et al. were the first to report on SLM processing of pure copper, using 

a 90 W nanosecond-pulsed 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 using a 1 kW laser with a uniform 

laser beam energy profile for processing of Havadur K220 (copper-nickel-silicium 

alloy) in SLM to manufacture parts with 99.9 % relative density (Fraunhofer Institute 

for Laser Technology (ILT), 2011). To date the most advanced publication in the 

academic literature in terms of SLM of pure copper parts is by Kaden et al. (Kaden et 

al., 2017). A femtosecond-pulsed laser at 1030 nm was used for SLM processing of 

pure (>99 %) copper parts. Thin-wall structures with thicknesses below 100 µm were 

produced. Even though the density of the fabricated parts was not quantified, they 

were found to have a highly porous morphology. However, a high density is crucial 

for most potential commercial applications, such as thermal management and 

electric applications. The authors explain the high porosity to be a result of the low 

laser-spot-size-to-particle-size ratio; in 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 laser-spot-size-to-particle-size ratio. This can be 

achieved by either using a larger laser spot size with at least the same energy density 

and/or using particle with a smaller particle size distribution. A larger energy spot 

size with at least the same energy density would require either a higher-powered 

laser or a higher pulse repetition rate; 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 reduced pourability through enhanced agglomeration.  
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The company 3T RPD® claimed in 2014 to have successfully manufacturing the first 

pure copper part using SLM (3T RPD®, 2014). They 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 support structures 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.  

 

Figure 12.: 3T RPD® claim 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 

developments. The manufacture of airplane and rocket engines for instance could 

benefit significantly from AM technologies, as they composed of various complex 

parts and materials making them particularly costly for traditional manufacturing. 

Preston Jones, the US National Aeronautics and Space Administration (NASA) 

director of the Engineering Directorate at Marshall describes metal AM as a process 

ǿƘƛŎƘ άŎƻǳƭŘ ǊŜŘǳŎŜ ŦǳǘǳǊŜ ǊƻŎƪŜǘ ŜƴƎƛƴŜ Ŏƻǎǘǎ ōȅ ǳǇ ǘƻ ŀ ǘƘƛǊŘ ŀƴŘ ƳŀƴǳŦŀŎǘǳǊƛƴƎ 

ǘƛƳŜ ōȅ рл ǇŜǊŎŜƴǘέ (NASA, 2017).  

 

In 2015 NASA recognised the significance of the ability to additively manufacture 3D 

ŎƻǇǇŜǊ ǇŀǊǘǎ ōȅ ǊŜǇƻǊǘƛƴƎ ƻƴ ǘƘŜ άƳƛƭŜǎǘƻƴŜέ ƻŦ ƘŀǾƛƴƎ ǎǳŎŎŜǎǎŦǳƭƭȅ ŀŘŘƛǘƛǾŜƭȅ 
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manufactured and tested the first full-scale copper alloy rocket part ς a combustion 

chamber liner (see Figure 13). It is a part of the rocket combustion chamber in which 

super-cold propellants are mixed and heated to extremely high temperatures 

required to send rockets to space. To prevent melting of the part more than 200 

cooling channels are required to circulate a cooling fluid (NASA, 2015). Hence this 

part must withstand extreme temperatures and pressures and it also requires 

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

b!{!Ωǎ [ƻǿ /ƻǎǘ ¦ǇǇŜǊ {ǘŀƎŜ-Class Propulsion Project. They hope these technologies 

ǿƛƭƭ ǊŜǾƻƭǳǘƛƻƴƛǎŜ ŦǳǘǳǊŜ ǎǇŀŎŜ ŜƴŘŜŀǾƻǳǊǎΣ ƛƴŎƭǳŘƛƴƎ b!{!Ωǎ ƧƻǳǊƴŜy to Mars.  

 

Figure 13ΦΥ b!{!Ωǎ ŀŘŘƛǘƛǾŜƭȅ ƳŀƴǳŦŀŎǘǳǊŜŘ ǊƻŎƪŜǘ ŜƴƎƛƴŜ ŎƻƳōǳǎǘƛƻƴ ŎƘŀƳōŜǊ ƭƛƴŜǊ ƳŀŘŜ ƻŦ ŀ ŎƻǇǇŜǊ 

alloy (GRCo-84). Internal cooling channels are visible at the top and bottom rim (adapted from (NASA, 

2015).  

 

The Fraunhofer ILT announced in a press release in 2017 their success in SLM 

manufacture of pure copper parts. They report to have circumvented the issue of 

copper having a high reflectivity at 1,064 nm wavelength by using a green laser at 

515 nm (400 W) instead (see Figure 14) and are thereby able to use laser powers of 
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400 W. Fraunhofer presented this technology at the formnext conference in 

Frankfurt am Main, Germany in November 2017.  

 

Figure 14.: Two images of SLM process using a green laser to process pure copper (Fraunhofer ILT, 

2017) 

 

 

2.4.2.3 Electron Beam Melting (EBM) of 3D Copper (Cu) Parts 

EBM of Cu was successfully reported by Ramirez et al. who additively manufactured 

open-cellular structures (Ramirez et al., 2011). They used a 99.8 % pure Cu powder 

with an average diameter of approximately 65 µm. A focused electron beam is used 

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

of the internal scaffolding they were able to vary the part density between 8.1 and 

74.4 % of bulk Cu density. The company RadiaBeam Technologies LLC also 

successfully reported on the use of EBM for AM of 3D Cu parts (Frigola et al., 2014). 

Although not many process details are provided, they claim to have produced parts 

with 98.3 % bulk Cu density. Despite 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 

might be a promising approach to mitigate this.  

 

Raab et al. used EBM to additively manufacture 99.91 % pure Cu parts with 99.95 % 

of bulk Cu density. Electrical conductivity of the manufactured parts is reported as 

up to 96.24 % of bulk Cu conductivity. However, resistivity was in fact not directly 

measured but rather back calculated through surface conductivity based on the 

assumption of isotropic properties (Dyos, 2012).  

 

Similar to SLM of Cu, EBM of a highly thermally conductive metal such as Cu requires 

high energy densities to induce melting. Additionally, electron beams only travel 

significant distances in a vacuum, requiring the entire process to be carried out in a 

pressure chamber under vacuum. The equipment and operating costs of EBM are 

therefore significantly high.  

 

 

2.4.2.4 Binder Jetting of 3D Copper (Cu) Parts 

Bai & Williams have pioneered in the field of binder jetted Cu parts. In their first study 

publication (Bai and Williams, 2015) they employed the following process: A layer of 

Cu powder of 91.0 to 96.4 % purity and of median particle size of 15.3 ς 75.2 µm was 

spreaded by a counter-rotating roller; either a polymer binder, a Cu NP binder, or a 

Cu Metal-Organic-Decomposition (MOD) ink was then inkjetted into the powder bed 

which selectively binds the powder particles. To reduce porosity and to increase 

density the part then undergoes heat treatment up to peak temperatures 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 size, sintering profile and atmospheric control 

on final part density and shrinkage was investigated. The presence of hydrogen 

during the final heat treatment was found to increase final part purity by up to 3.9 % 

and density by up to 25.3 % compared to an air with vacuum environment. Final 

densities of between 63.2 and 85.5 % of bulk Cu density and Cu purities of 95.0 to 

97.3 % were reported. Part were found to have 55.6 % of the theoretical ultimate 

tensile strength of bulk Cu which was hypothesised to be due to part porosity.  
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In a later publication (Bai and Williams, 2018) they used a high purity (> 99 %) Cu 

powder with a 17 µm median particle size. A polymeric and a Cu MOD binder were 

used. For the polymeric binder, an intermediate heat treatment to facilitate 

depending at 450 °C for 30 min under pure hydrogen flow was carried out. Heat 

treatment at between 1,025 to 1,075 °C was carried out for both binders also under 

pure hydrogen flow. Green part densities of between 42.3 and 50.5 % of bulk Cu 

density were reported as well as final part densities of between 70.3 and 80.8 % of 

bulk Cu density. Final part porosity was between 4.4 and 5.7 %. The sum of the final 

part densities and the porosities not adding up to 100 % has not been addressed by 

the authors and so the reason for this discrepancy is unknown.  

Bai & Williams have made significant advances towards binder jetting highly 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 Printing and Sintering of Multiple Electrically Conductive Layers 

There are a number of reports in the literature of inkjet printing and sintering of 

multiple layers of Ag NP ink (Saleh et al., 2017; Vaithilingam et al., 2018, 2017). The 

reason for increasing the number of layers was to reduce the resistance of the 

electrically conductive track. These studies are aimed at 2D printed electronics 

applications. Increasing layers therefore is a trade-off between reducing resistance 

and increasing process time and material usage (Perelaer et al., 2010).  

 

Vaithilingam et al. were the first to inkjet print multiple layers of Ag NP ink for the 

purpose of manufacturing 3D structures. In their first publication they reported inkjet 

printing and infrared (IR) sintering up to 50 layers of AP NP ink to create a conductive 

structure with a thickness of 37.2 ± 1.3 ˃ Ƴ (Vaithilingam et al., 2017). The final object 

had a resistivity of approximately 8.6 times bulk silver and was found to have a some 

between 22 and 36 % void fraction. In their later publication Vaithilingam et al. 

upscaled the same process and reported on up to 1,000 printed and IR sintered silver 

NP ink layers to create 3D structures up to 3 mm tall (Vaithilingam et al., 2018); 
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micro-structure, surface, porosity, hardness as well as the impact of two different 

drop spacings during inkjet printing were investigated. ±ŀƛǘƘƛƭƛƴƎŀƳ Ŝǘ ŀƭΦΩǎ 

publications comprise the only published and successful attempt at inkjet printing 3D 

objects from NP feedstock. The company XJet claims to have developed a system to 

produce metal parts from nanoparticles όά·W9¢Σέ ƴΦŘΦύ, however, no publications 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 that with more than 4 layers they 

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 Summary and Gap in the Literature 

Following a thorough review of the literature it is clear that there is a gap in the 

literature concerning the low temperature sintering of multi-layered Cu structures 

beyond 4 layers using a low energy process using nanoparticulate feedstock that 

does not require to be carried out in an inert environment. Previous work on 

additively manufacturing multi-layered Cu parts has concentrated on high energy 

manufacturing processes such as SLM, EBM and Binder Jetting. NPs, however, 

generally require much lower sintering temperatures than micron-sized powder. 

Ample literature of NP sintering using ultra-fast photonic treatments has 

demonstrated that Cu NPs can be sintered in an air environment without oxidation. 

Inkjet printing and sintering of Ag NP ink of up to 1,000 layers to create multi-layered 

parts has been successfully demonstrated (Vaithilingam et al., 2018). However, Cu 

NP ink has to date 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 emerged as a significantly 

cheaper alternative to Ag NP inks. However, from a processing perspective Cu has 

two main disadvantages: its inherent tendency to oxidise which turns it into dielectric 

copper oxide as well as Cu requiring higher sintering temperatures than Ag. 

Harnessing synergistic effects of combining small amounts of Ag with Cu NPs has 

been explored in isolated studies on e.g. Cu-Ag core-shell particle systems or the 

impact of Ag addition on packing density and bonding strength. However, no study 

exists 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 

during thermal sintering of Cu-Ag NP systems. Some suggest that the Ag migrates to 

the Cu particle contact points. The impact of this phenomenon on electrical 

resistance has not been investigated.  

 

Flexible electronics have created much interest in the past few 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 is no conclusive study which 

directly compares inkjet printed Ag NP tracks with Cu NP tracks using the same 

sample manufacturing and testing methodology.   
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3 ADDITIVE MANUFACTURE OF ELECTRICALLY CONDUCTIVE MULTILAYERED 

COPPER (Cu) MICROPARTS FROM NANOPARTICLE (NP) FEEDSTOCK 

3.1 Introduction 

The aim of this chapter is to additively manufacture an electrically conductive multi-

layered copper (Cu) microstructure using a low-power (< 10 W) process in an air 

environment. The main research theory is that an electrically conductive multi-

layered copper microstructure can be additively manufactured by sequentially 

depositing and selective laser sintering of multiple layers of copper (Cu) nanoparticle 

(NP) ink.  

 

The following specific technical objectives were set:  

 

i. Printing of liquid Cu NP ink to give dry Cu deposition  

ii. Sintering of printed Cu to conduct electricity  

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 copper for conductive applications in two dimensions has been 

reported in the literature multiple times as it is outlined in the Literature Review 

section 2.3.3 άPost-deposition Annealing of NanoparticlesέΦ IƻǿŜǾŜǊΣ ŀŘŘƛǘƛǾŜƭȅ 

manufacturing multi-layered electrically conductive objects necessitates novel 

development.  

 

¢ƻ ǘƘŜ ŀǳǘƘƻǊΩǎ ƪƴƻǿƭŜŘƎŜΣ ƴƻ ŜǾƛŘŜƴŎŜ Ƙŀǎ ōŜŜƴ ŦƻǳƴŘ ƻŦ ŀƴ ŜƭŜŎǘǊƛŎŀƭƭȅ ŎƻƴŘǳŎǘƛǾŜ 

multi-layered Cu microparts which were additively manufactured in an oxygen 

environment using a low power (< 10 W) sintering process to date. Printing and 

sintering of Cu NP ink has so far only been carried out with a single deposited layer 

or with a very low amount of layers (Җ 4 layers) and thicknesses below 2 µm 

(Niittynen et al., 2015). All AM processes, which have produced 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, however, it does require high temperature post-

printing heat treatment (Bai and Williams, 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 as the characterisation of the sintered multi-layered 

Cu microparts, e.g. Diffraction Scanning Calorimetry (DSC), optical microscopy, X-Ray 

Diffraction (XRD), nanoindentation, White Light Interferometry (WLI), Scanning 

Electron Microscopy (SEM), and electrical sheet resistance measurements. 

 

 

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 supercritical hydrothermal synthesis (see Figure 15 for a process 

flow diagram). The up-flow into the reactor (FS stream in Figure 15) consisted of 

copper nitrate (Cu(NOϝ)Ϝ). The down-flow into the reactor (FW stream in Figure 15) 

was made up of sodium hypophosphite (NaPO2H2) at a concentration of 0.02M in 

water. The flowrate of the up-flow and down-flow into the reactor was 20 ml min-1 

and both were pressurised to 172 bar. The up-flow enters the reactor at 

approximately 18 °C, whereas the down-flow enters the reactor at 250 °C. The up-

flow and the down-flow mix in a counter-current nozzle flow-reactor (see Figure 15). 

During this mixing the chemical reaction listed in Equation 2 take place. By controlling 

process parameters such as temperature, pressure and residence time it is possible 

to control particle characteristics such as size, composition and shape (Lester et al., 

2006). The use of surfactants (i.e. PVP) in the process can reduce the formation of 

aggregates (Aksomaityte et al., 2013). Once the particle dispersions were collected 

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

particle dispersions were redispersed in propan-2-ol (purchased from Sigma-Aldrich). 
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This washing process was repeated three times in order to remove unreacted copper 

and hypophosphite 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 38 wt%. 

 

Figure 15. ProŎŜǎǎ ŘƛŀƎǊŀƳ ƻŦ tǊƻƳŜǘƘŜŀƴ tŀǊǘƛŎƭŜΩǎ Ŏƻƴǘƛƴǳƻǳǎ ƘȅŘǊƻǘƘŜǊƳŀƭ ƴŀƴƻǇŀǊǘƛŎƭŜ 

manufacturing process (Lester et al., 2006). G 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.  

 

Equation 1. Half reactions of Cu NP synthesis.  

#Õς ςὩ O  ὅόπ 

Ὄςὖὕς  Ὄςὕ O  Ὄςὖὕσ ςὌ ςὩ 

 

Equation 2. Full reaction of Cu NP synthesis.  

#Õ  Ὄςὖὕς  Ὄςὕ O #Õπ  Ὄςὖὕσ ςὌ  

 

Its metal weight loading was stated as συ σχ Ϸ by the manufacturer. The bar 

ŎƻŀǘƛƴƎ /ǳ ƛƴƪΩǎ Ƴŀƛƴ ǎƻƭǾŜƴǘ ƛǎ ǇǊƻǇŀƴ-2-ol (C3H8O) with the addition of 5 g [ѐ1 2-

Hydroxypropanoic acid (also known as lactic acid). The viscosity of the bar coating Cu 

was not supplied by the manufacturer, it was therefore measured as shown in Figure 

16 using a Malvern Kinexus rheometer (see Figure 16). Viscosity decreases with 

increasing shear rate so theCu NP ink shows shear thinning characteristics which is 

common for particle suspensions. Shear thinning ink characteristics are desirable for 
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bar coating. While the ink is spread, high shear forces are applied, which lowers the 

viscosity of the ink, facilitating an even ink spread. Once the shear force is no longer 

applied, the viscosity of the ink increases, causing the ink the remain in place.  

 

Figure 16. Viscosity against shear of the bar coating Cu ink measured at 25°C.  

 

The inkjet printing Cu ink was supplied by Promethean Particles Ltd.. It was also 

synthesised using the same process of continuous supercritical hydothermal 

synthesis. Its metal weight loading was stated as συσχ Ϸ by the manufacturer. 

The main solvent is 2-(2-ethoxyethoxy) ethanol (C6H14O3) (also known as diethylene 

glycol monoethyl ether often abbreviated to DGME). Even though the presence of 

additional additives is acknowledged, no information on which ones and at what 

concentrations was provided. The ink has a viscosity of ςς ὧὖί ͽ ςυ Јὅ and a surface 

tension of συȢς άὔ ά  according to its technical data sheet (which can be found in 

Appendix section 8.1).  

 

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 2 hours at which point the ink looked completely dry and its weight 

ŘƛŘ ƴƻǘ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŎƘŀƴƎŜ ŀƴȅƳƻǊŜΦ Lƴ ƻǊŘŜǊ ǘƻ ŀŘƧǳǎǘ ǘƘŜ ƛƴƪΩǎ ǿŜƛƎƘǘ ƭƻŀŘƛƴƎΣ 

either its main solvent was added or it was placed in a vacuum oven at 30 °C. 
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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 relatively high layer 

thicknesses (approximately 1 to 9 µm) compared to other ink deposition techniques 

(Kwon et al., 2016). The Cu NP ink was kept in a sonication bath. The ink was only 

removed from the bath for the ink deposition which was carried out using a glass 

pipette . Bar coating was carried out using metal bars (see Figure 17) purchased from 

ǘƘŜ ŎƻƳǇŀƴȅ άwY tǊƛƴǘέΦ ! ǎǳōǎǘǊŀǘŜ Ŏƭŀmp is used to hold the substrate in place. 

Liquid ink is dispensed onto the substrate. The hand screen printer is then manually 

pulled across the substrate, thereby spreading the ink across the substrate as it ca 

been see in Figure 17. After screen printing the deposited ink was left to dry which 

generally took less than 30 seconds leaving behind a dry film.  

 

Figure 17: Bar coating of an ink onto a piece of paper (RK Print, n.d.).  

 

 

Bar coaters 

Substrate 
clamp 

Bar 
coated 
ink 
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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 automation. 5x1 mm2 

rectangles were printed using an inkjet printer (Fujifilm Dimatix Materials Printer 

DMP-2900 Series). A standard waveform was used. The drop spacing was set to 

40 µm. The substrate was heated to 60 °C throughout the printing process. After 

each printed layer the ink was left to dry for 90 seconds as inspection using an optical 

microscope showed that this duration was sufficient for the ink to dry. The printing 

and drying processes were repeated five times before laser processing.  

 

For multi-layered Cu microparts using inkjet printing as a deposition method, after 

the inkjet printed layer had dried, the substrate with the printed layer(s) was placed 

into the laser enclosure and it was laser sintered. Sequential inkjet printing, drying, 

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

 

 

3.2.4 Identifying the Copper (Cu) Nanoparticles (NPs) Sintering Temperature Range 

DSC measurements were carried out to measure the temperature range at which the 

Cu NPs sinter, identifiable through an exothermic sintering peak. This was carried out 

on a TA Q600 unit. The sample ink was placed into an alumina pan and dried in a 

vacuum oven at 40 °C prior to the DSC measurement. The temperature profile during 

the DSC measurement was cyclic, starting at room temperature going up to 1,200 °C, 

down to 150 °C, and back up to 1,200 °C. This cycle was repeated three times. All 

heating and cooling temperature ramps were set to 10 degrees min-1. The entire DSC 

experiment was carried out under constant 100 m l in-1 nitrogen flow to prevent 

oxidation. 

 

 

3.2.5 Laser Irradiation of Copper (Cu) Nanoparticle (NP) Ink to Induce Particle 

Sintering  

Low power laser sintering was carried out to sinter deposited NPs. The laser system 

used was custom built by the author with technical support and consists of a fibre 
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ƭŀǎŜǊ ό.YǘŜƭύ ǿƛǘƘ Җ 10 W at a wavelength of 1,064 nm, a scan head (SCANLAB 

hurrySCAN), a 164 mm T-theta lens and control software (laserDESK). The laser 

power used was 2.5 W and the laser scan rate used was 150 mm s-1 (unless otherwise 

stated). The laser was always operated in Continuous Wave (CW) mode. The hatch 

distance between the parallel laser scan lines was 50 µm. 

 

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

multiple vertical layer builds, a computer controlled adjustable z-stage was built 

inside a laser-enclosure, which can be seen in Figure 18.  

 

Figure 18. Adjustable z-stage setup. 

 

The laser beam profile was measured using a laser beam profiler which comprises of 

a camera (SPIRICON SP62OU) with an attached beam splitter (SPIRICON LBS-300-BB).  

T-theta lens 

Webcam 

Adjustable z-stage 

Scanhead 
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Figure 19. Laser beam power density measurement in x-direction on the left and in y-direction on the 

right.  

 

The Beam profile measurements in Figure 20 showed a Gaussian laser beam profile. 

The 90/10 knife edge was found to be 32 µm in x and y-direction.  

 

The laser power output against voltage input was measured using a sensor for low 

power lasers (LASERPOINT A-40/200-D25-USB).  

 

Figure 20. Laser power output against laser voltage input. 

 

The measurements in Figure 20 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 Multi-layered Cu 

Microparts Using Sequential Ink Deposition, Bar Coating, and Laser Sintering 

 

Figure 21. Diagram of the Cu NP ink deposition and laser 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 moves across the build platform and 

spreads the deposited ink to create an even layer. c) the build platform moves down and the metal 

bar moves back to its original position. Between c) and d) there is a time interval of 30 seconds to 

allow the ink to dry. d) The laser beam is focussed onto the surface through an f-theta lens moves 

across the surface to selective sinter the Cu NP layer into the previous layer.  

a) b)

) 

c) d) 
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A diagram of the process used to manufacture multi-layered microparts can be seen 

in Figure 21. Cu NP layers are sequentially deposited and laser sintered up to the 

desired part thickness. For this work the ink was deposited manually using a glass 

pipette and the bar coater was moved across the build platform manually. For future 

work both are recommended to be automated in order to ensure reproducibility of 

the ink spreading.  

 

 

3.2.7 Determination of the Width of the Sintered Area from a Single One-directional 

Laser Pass 

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

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

manufactured multi-layered Cu microparts. For optical microscopy a Nikon Eclipse 

LV100ND was used together with the Nikon NIS-Elements microscope imaging 

software.  

 

 

3.2.8 Investigations into Potential Oxidation of the Copper (Cu) Nanoparticle (NP) 

Ink due to Laser Irradiation using X-ray Diffraction (XRD)  

XRD analysis was carried out to inspect whether oxidation occurred during the 

various sintering techniques. It was carried out using a Bruker D8 Advance Da Vinci. 

¢ƘŜ ǎŎŀƴǎ ǿŜǊŜ ŎŀǊǊƛŜŘ ƻǳǘ ŦƻǊ нʻ ǾŀƭǳŜǎ ōŜǘǿŜŜƴ млϲ ŀƴŘ мллϲΦ ! ǎǘŜǇ ǎƛȊŜ ƻŦ лΦлнϲ 

and a counting time of 74.5 s were used.  

 

Mean crystallite size was quantified before and after sintering using the Scherrer 

Equation:  

 

 

Equation 3 

 

                                                    ὸ
Ȣ
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where ὸ ƛǎ ǘƘŜ ƳŜŀƴ ŎǊȅǎǘŀƭƭƛǘŜ ǎƛȊŜΣ лΦф ƛǎ ǘƘŜ ǎƘŀǇŜ ŦŀŎǘƻǊΣ ˂ ƛǎ ǘƘŜ ǿŀǾŜƭŜƴƎǘƘΣ ὄ  

is the crystallite size broadening, and — is the Bragg angle (Schwartz and Cohen, 

1987).  

 

The peak shapes were assumed to be Gaussian. It follows   

 

 

Equation 4 

 

where ὄ  is the experimentally measured Full Width Half Maximum (FWHM), 

ὄ  is the FWHM due to micro strain, and ὄ  is the FWHM due to the 

instrument (Cullity and Stock, 2014). All examined samples were nanoparticles and 

their only processing history were different heat treatments (laser, intense pulsed 

flashlight and thermal); therefore ὄ  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 

reference sample it can be assumed that no peak broadening due to crystallite size 

(crystallite sizes are sufficiently large) or micro-strains occurred and therefore only 

the instrument broadening is measured. The instrument broadening for the angles 

other than the angles of the Cu reference sample peaks were modelled (Caglioti et 

al., 1958). ¢ƘŜ Yʰ2 contribution to scans was subtracted prior to all peak width 

measurements.  

 

 

3.2.9 Nano-hardness and Creep Behaviour of Multi-layered Copper (Cu) Microparts  

Nanoindentation was carried out to test and compare the local mechanical 

properties of the additively manufactured multi-layered Cu microparts. Due to the 

small size and fragile nature of the samples, the only experimental technique capable 

of measuring mechanical properties of the samples was nanoindentation. 

Nanoindentation testing was conducted on a Micro Materials NanoTest P3 (Micro 

Materials Limited, Willow House, Yale Business Village, Ellice Way, Wrexham, LL13 

7YL, UK). To minimise the impact from environmental pertubation the machine was 

                                    ὄ ὄ ὄ ὄ  
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located inside a polymethyl methacrylate (PMMA) enclosure. A Berkovich indenter 

(— φυȢςχЈ) was used. Prior to the experiment, the sharpness/bluntness of the 

Berkovich indenter tip was tested using a standardised material. According to the 

measured sharpness/bluntness an indenter tip shape correction functions was 

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). The load-

displacement curve was recorded during loading, dwell, and unloading. The load 

applied was increased linearly at a rate of 2 mN s-1 up to a maximum load of 80 mN. 

At 10 mN the load was maintained for 5 s dwell time to allow the material to creep. 

During this dwell time, change in displacement was measured. The load was then 

decreased also linearly at a rate of 2 mN s-1.  

 

Indentation hardness (Ὄ ) ǿŀǎ ŘŜŦƛƴŜŘ ŀŎŎƻǊŘƛƴƎ ǘƻ aŜȅŜǊΩǎ [ŀǿ ŀǎ  

 

 

Equation 5 

where ὖ is load and ὃ is projected area of contact. With a Berkovich indenter the 

projected area of the contact is given by 

 

 

Equation 6 

 

where Ὤ is the contact depth of penetration. With — φυȢςχЈ this equates to  

 

 

 

 

Substituting this projected area function (Equation 6ύ ƛƴǘƻ aŜȅŜǊΩǎ [ŀǿ όEquation 5) 

results in 

 

 

Equation 7 

                                                        Ὄ   

                                           ὃ σ Ѝσ Ὤ ὸὥὲ— 

                                                ὃ ςτȢτωτ Ὤὧ
ς
 

                                                   Ὄ  
Ȣ  
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It should be noted that from the unloading curve substantial elastic recovery was 

observed. The indentation hardness measured is not a true measure of the resistance 

of the material to plastic deformation but rather measures the resistance of the 

material to combined elastic and plastic deformations.  

 

The creep value was obtained from a creep test. At maximum load (10 mN) the load 

was kept constant and displacement was measured for a time duration of 5 seconds. 

The creep value was calculated from:  

 

 

Equation 8 

 

where Ὤ is the indentation depth once the maximum load was applied at the 

beginning of the creep test and Ὤ is the indentation depth at the end of the creep 

test after 5 seconds had passed at the maximum load.  

 

 

3.2.10 Quantifying Surface Roughness of Multi-layered Copper (Cu) Microparts 

White Light Interferometry (WLI) measurements were carried out to quantify and 

compare surface roughness of additively manufactured multi-layered Cu microparts. 

Measurements were conducted using focus variation on an Alicona Infinite Focus G5 

microscope with a 5x objective. Coaxial light was used and manually tuned to achieve 

the best possible result by visual inspection. For computing the Sa parameter, the 

topographies were subjected to levelling by least-squares mean plane subtraction, 

with no additional filtering operation. Arithmetic mean height (Sa) expresses as an 

absolute value the mean difference in height of each point compared to the 

arithmetic mean of the surface. It was obtained from an area of 2 mm × 2 mm 

avoiding the edges.  

 

 

                                                ὅ  
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3.2.11 Electrical Sheet Resistance and Resistivity Measurements of Multi-layered 

Copper (Cu) Microparts 

Sheet resistance measurements were carried out to electrically characterise and 

compare the multi-layered Cu samples. Sheet resistance measurements using four-

point probes has been established as the most common electrical characterisation 

technique of thin-films in academia as well as industry, as its measurement unit 

(ɱȾίήόὥὶὩ) enables 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: SDKR-13) was used to measure the sheet resistance of 

sintered copper. It consists of four probes which are lined up in a row each the same 

distance apart (see Figure 22). The probes are spring-loaded to ensure they are 

applied with a repeatable force. All four probes 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.  

 

 

Figure 22. Basic 4-point probe circuitry and equation that is used to calculate resistance. 

Sheet resistance relates to resistivity as follows 

 

 

Equation 9 

 

                                     Ὑ  
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where Ὑ is sheet resistance (ɱȾίήόὥὶὩ), ” is resistivity (ɱÍ) and ὸ is thickness (Í). 

This correlation is valid as long as the thickness of the material remains below 40 % 

of the distance between each adjacent two of the four probes (Topsøe, 1968). The 

spacing between each of the four probes is 1.3 mm in the case of the four-point 

probe used for this work. Hence Equation 9 is valid for a material thickness of below 

520 µm.  

 

Due to the relationship between sheet resistance and resistivity defined in section 

Equation 9, in order to determine resistivity from sheet resistance measurements, 

the sheet resistance measurements were multiplied by the thickness (height in z-

direction) of the Cu micropart. 

 

 

3.2.12 Particle Size Analysis, Visual Evaluation of Internal Defects and Quantification 

of Internal Porosity of Multi-layered Copper (Cu) Micropart Cross-sections 

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

micropart cross-sections visually as well as through image analysis to obtain part 

porosity. A Field Emission Gun Scanning Electron Microscopy (FEG-SEM) (JEOL 7100F 

FE-SEM), which uses an in-lens Schottky field emission source. It is fitted with an 

integrated Oxford Instruments X-Max silicon drift detector for EDX analysis. The FEG-

SEM was operated at 15 keV and a working distance of between 10 and 12.5 mm.  

 

For the imaging of Cu micropart cross-sections, the parts were mounted in cold 

curing epoxy resin. The epoxy containing the Cu microparts were then grinded and 

polished to expose the Cu micropart cross-section. A 10 nm 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 epoxy. Aluminium 

tape was used to secure the samples to the mount ensuring grounding of the sample 

to prevent charge build up and ensuring a high-quality image.  

 

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

distribution. For the aim of detecting particles, automated edge detection through 
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image analysis gave inaccurate results. The following manual particle highlighting 

methodology was chosen because it enabled capture of overlapping particles. SEM 

images were printed out on paper. An acetate was placed on top of the printout of 

the SEM image. A thin marker pen 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 using MATLAB as follows. The scanned images were 

converted to a black-and-white binary image using a global threshold. Continuous 

objects of fewer than 100 pixels were considered image noise and were removed. 

tŀǊǘƛŎƭŜ ǎƛȊŜǎ ǿŜǊŜ ƻōǘŀƛƴŜŘ ǳǎƛƴƎ ǘƘŜ a!¢[!. ŎƻƳƳŀƴŘ άǊŜƎƛƻƴǇǊƻǇǎέΣ ǿƘƛŎƘ 

measures properties of connected objects in a binary image. The 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 number of pixels to the 

equivalent size in nanometres according to the scale bar on the image. An example 

MATLAB script which was written and used can be seen in Appendix section 8.2.  

 

Multi-layered Cu micropart porosity was quantified in order to compare the two 

different ink deposition methods (bar coating and inkjet printing) in terms of the 

resulting internal porosities. A quantification of internal porosity gives valuable 

insight into the degree of densification which impacts the mechanical micropart 

properties. Image analysis of SEM images of cross sections was carried out using 

MATLAB. Images were converted to black and white images using a global threshold. 

Pixel noise smaller than 50 pixels was removed. Black pixels representing pores were 

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

 

 

3.2.13 Heat Treatment of Printed and Sintered Multi-layered Copper (Cu) Microparts 

to Enhance Densification 

In order to increase micropart density and decrease porosity, a heat treatment of the 

deposited multi-layered Cu microparts was attempted based on prior work by Bai 

and William (Bai and Williams, 2018). Post-printing heat treatments of multi-layered 

Cu microparts were carried out in a CARBOLITE GERO CTF 12/65/550 tube furnace 

with a CARBOLITE GERO 3216 controller. The temperature profile consisted of a 
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heating ramp of 5 °C min-1 up to temperatures varying between 1,025 and 1,075 °C 

where the temperature was held for 2 hours. Cooling through radiation was 

continued until 40 °C was reached. The entire heat treatment was carried out under 

constant argon flow.  

 

 

3.3 Pre-experimental Work to Define the Process to Additively Manufacture Multi-

layered Copper (Cu) Microparts from Nanoparticle (NP) Feedstock in an Air 

Environment  

This section describes a number of experiments carried out and conclusions drawn 

which led to the design of the process used to additively manufacture multi-layered 

Cu microparts from NP feedstock in an air environment. The experimental work 

comprises of characterisation of the Cu NP ink used in terms of its particle size 

distribution through image analysis of FEG-SEM images, sintering temperature range 

through DSC measurements, and its elemental composition through XRD analysis.  

 

 

3.3.1 The Size of the Metal Particles Used and The Sintering Process  

3.3.1.1 Particle Size and Sintering Temperature 

In AM processes, the building block is of a smaller size than the final object. The 

additively manufactured multi-layered Cu microparts reported on in this chapter 

were in the sub-millimetre range. Most AM processes capable of manufacturing 

multi-layered Cu microparts use micron-sized Cu powder as their input material (see 

section 2.4.2 άHigh Energy Manufacture of Multi-layered Copper Structuresέ). 

However, for the work presented here NPs were used because they require 

significantly lower sintering temperatures. Sintering describes densification through 

mass transport phenomena, such as diffusion, creep, viscous flow, plastic flow, and 

evaporation, all of which are dependent on temperature and time (German, 2010). 

The consumption of surface energy is the predominant driving force for sintering. 

Surface energy is a measure of the density of broken bonds per unit area (Vitos et al., 

1998). The smaller the particles, the higher is the surface area per volume of the 

material. As increased surface area of a material means an increase in broken bonds, 
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consequentially the surface area per unit volume increases with decreases particle 

size. A graphical representation of the reduction in onset temperature of sintering 

due to particle size can be seen in Figure 23.  

 

Figure 23. Schematic diagram illustrating different onset temperatures of sintering of nano- and 

micron-sized particles. (Fang and Wang, 2010) 

 

The temperature required to induce sintering is therefore dependant on particle size 

which has been widely reported in the literature (Moon et al., 2005). The average 

particle size of both of the Cu NP inks was 330 nm (as shown in Figure 25) and laser 

power of between 1 and 5 W was sufficient to induce sintering. In contrast, selective 

laser melting (SLM) processes commonly use powder with particles sizes in the low 

micron-range (30 to 80 µm) (Yap et al., 2016) as opposed to NPs which were used in 

this study. This is partly because powders with a particle size any smaller than 30 µm 

form aggregates which causes poor powder spreading. SLM of micron-sized Cu 

powder generally required significantly higher laser powers; for instance, Singer et 

al. at reported using a laser power of 1,000 W (Singer et al., 2017). It goes without 

saying that the capital cost of low power fibre laser as it was used in this study is 

significantly lower than a laser capable of delivering powers of 1,000 W 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 during which 

particles give up surface energy to build bonds between particles (German, 2010). 

Particle sintering is therefore identifiable by the exothermic (positive direction on the 

y-axis) peak in Figure 24 between approximately 155 and 597 °C. This peak only 

occurs on the first temperature ramp and does not occur during the second and third 

temperature ramp, as the sintering is an irreversible one-way process. The reason for 

the particle sintering peak being so broad is that the particle size distribution is also 

broad (see Figure 25), ranging from 101 to 1228 nm. Particle sintering temperature 

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

sintering temperature (German, 2010).  

 

Figure 24. DSC curve of weight corrected heat flow against temperature of Cu NP ink.  

 

 

3.3.1.2 Sintering Time  

Even at room temperatures Cu oxidises. An everyday-life example of Cu oxidation are 

Cu coins or pipes which start off as shiny become increasingly dark over time. The 

rate of oxidation increases with increasing 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 complexity and cost. 

Sintering starting 
temperature 

Sintering ending 
temperature 

Sintering peak 
temperature 
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¢ƘŜǊŜŦƻǊŜΣ ŀǎ ½Ŝƴƻǳ Ŝǘ ŀƭΦ Ǉǳǘ ƛǘ ƴƛŎŜƭȅΣ άǎƛƴǘŜǊƛƴƎ ƻŦ ŎƻǇǇŜǊ bt ƛƴƪǎ ƛƴ ŀƴ ŀƳōƛŜƴǘ 

ŀǘƳƻǎǇƘŜǊŜ ƛǎ ŀ ǊŀŎŜ ŀƎŀƛƴǎǘ ƻȄƛŘŀǘƛƻƴέ (Zenou et al., 2014).  

 

The DSC measurement in Figure 24 show sintering of the Cu NP starts at 155 °C and 

ends at 597 °C. Consequentially, in order to induce sintering the temperature must 

be raised to above approximately 155 °C. Kim et al., who were the first to successfully 

publish on oxidation-free sintering of Cu NPs in an ambient environment estimated 

that a sintering time in the millisecond-rŀƴƎŜ ƛǎ ǊŜǉǳƛǊŜŘ ǘƻ άƻǳǘǊǳƴέ ƻȄƛŘŀǘƛƻƴ (Kim 

et al., 2009).  

 

The stated aim in the in the INTRODUCTION section 1.2 άAim and Objectivesέ of 

developing a system capable of building electrically conductive multi-layered copper 

microparts in an ambient environment therefore requires heating of the Cu NPs 

above 155 °C. Within a time period in the millisecond-range the material must have 

cooled down sufficiently to avoid oxidation. The most widely proven energy sources 

to be capable of inducing sufficiently high heating and cooling rates are photonic 

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

 

As previously mentioned, sintering mass transport phenomena are inherently time-

dependant, hence the low sintering time requirement inherently limits the degree of 

densification obtainable. Sintering time can be prolonged by decreasing laser speeds, 

however, the sintering time must remain within a millisecond-time period to avoid 

oxidation. One of the advantages of using a fast sintering speed is that the heating is 

spatially highly confined. This enables sintering to be carried out on heat-sensitive 

substrates such as PET (Lopez-Espiricueta et al., 2016; Wei et al., 2015).  

 

All other reports in the literature of additively manufactured electrically conductive 

multi-layered metal microparts report significantly longer sintering times. The reason 

for this that they either use different metals with which oxidation is not an issue or 

the process is carried out in a low-oxygen environment. Vaithilingam et al. for 

instance in arguably the most comparable study inkjet printed up to 1,000 layers of 

Ag NP ink and used an IR lamp for sintering (Vaithilingam et al., 2018, 2017). 



 

 
 54  

±ŀƛǘƘƛƭƛƴƎŀƳ Ŝǘ ŀƭΦΩǎ Lw ǎƻǳǊŎŜ ƛǎ ƴƻƴ-selective and even though it is not explicitly 

stated the exposure time can be assumed to be in excess of 1 s. In the case of this 

study, the photonic sintering source is a laser which has an in-focus spot size of 

32 x 32 µm. At a scan rate of 250 mm s-1 the average exposure time is therefore 

approximately 4 orders of magnitude lower. 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 the 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 washed into 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 post-synthesis 

formulation. The particle size distribution at room temperature was quantified as 

explained in Materials and Methodology section 3.2.12 (see Figure 25). An example 

of an analysed SEM image can be seen in Figure 27 on the left).  

 

The result was an average particle size of 330 nm with a standard deviation of 

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

indeed insignificant, as claimed by the manufacturer.  
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Figure 25. Number of particles as a fraction of the overall particle distribution against particle size to 

show the Cu particle size distribution.  

 

 

3.3.3 Deposition of the Nanoparticle (NP) Ink  

Literature has shown that NPs are more toxic to humans than microparticles (Chen 

et al., 2006). Inhaled airborne nanoparticles are significantly more hazardous to 

humans than NPs in a liquid suspension (Quadros and Marr, 2010). In order to 

minimise the potential health risk of working with NPs, the experimental strategy 

was designed to accommodate for all NPs being always handled in a liquid suspension 

until they were deposited. Spreading NPs in a liquid suspension has the additional 

advantage over spreading dry NPs in that dry NPs easily agglomerate and negatively 

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., 2016), inkjet printing (Soltani et al., 

2015; Wang et al., 2017), and bar coating (Kwon et al., 2016). Using spin coating as a 

deposition method as part of an additive manufacturing process would require 

sequentially spin coating layers onto previous layers with a selective 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 would have to have the 

capability to be adjustable in z-direction 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 to be kept 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 of ink ς not even for Ag NP ink 

for which literature exists on printing multi-layered 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 al. (Niittynen et al., 2015). The only examples that exist 

in the literature of additively manufactured metal parts using a NP feedstock are of 

Ag and solely use inkjet printing (Vaithilingam et al., 2018, 2017). Therefore, 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 often used for single layer deposition of metal NP ink. A single layer of bar 

coated ink tends to be between 1 and 10 µm thick (Kwon et al., 2016) whereas a 

single inkjet printed layer usually significantly less than 1 µm. For the purpose of 

building up an additively manufactured object of a significant z-dimension, 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 multi-layered Cu microparts from NP feedstock.   

 

 

3.3.4 The Drying Process of the Deposited Copper (Cu) Nanoparticle (NP) Film 

Early experiments of laser exposure to varyingly 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 violent solvent 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 takes to dry and is 

therefore from a time-efficiency point-of-view favourable. Bar coated layers 

generally dried within 15 seconds 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 

surface. 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 longer period 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 platform was utilised. It was set to 60 °C 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 15 seconds.  

 

In order to 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 

accelerate drying 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 obtain an in-between result where the Cu film dries in a non-
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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 inkjet printed layers was approximately 0.1 to 0.5 µm and 

hence much lower than the layer thickness which varied between 1 to 10 µm. The 

inkjet printer and the laser scanning system were not integrated into one system, 

they were two separate systems. It was found that 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 time-efficient to inkjet print multiple 

layers prior to each laser sintering scan. As 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 applying the 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 (60 °C). As expected, the additional vacuum 

accelerated the drying process. However, a macroscopic deformation of the entire 

micropart was observed in SEM cross sections (see Figure 36). The deformations 

were concluded to be caused by the coffee-ring effect (Deegan et al., 1997), whereby 

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 coffee-ring effect of multiple layers of inkjetted Ag 

(Vaithilingam et al., 2018). This deformation was considered undesirable for 

manufacturing consistent 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 Layer Thickness on the Additive Manufacturing 

(AM) Process of Multi-layered Copper (Cu) Microparts from Nanoparticle (NP) 

Feedstock 

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

the ink as well as the drop spacing. The weight loading of the ink is not something 
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that can be freely 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 thickness is primarily 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 by a computer-controlled z-stage which according to its manufacturer claims to 

have a stop size of 20 nm with no mention of accuracy or precision (THOR LABS, 

1999). It was found that the lower limit of the metal weight loading of the ink was 

approximately 5 weight %; any lower resulted in an inconsistent film characterised 

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 the resulting film was found to be inconsistent with patches 

where there is no Cu.  

 

In terms of build-time minimisation a higher layer thickness is favourable as it 

reduces the number of layers required in order to reach a certain vertical micropart 

height. However, for any given particle suspension a critical cracking thickness exists 

above which cracks form during drying. A Cu layer which contains cracks is 

catastrophic for multi-layer builds because following layers will be highly uneven due 

to the cracks. An optical microscope image of an example of a cracked bar coated 

film can be seen in the Appendix in Figure 98.  

 

Cracking in drying colloidal films is a consequence of the balance between capillary 

pressure and paǊǘƛŎƭŜ ƴŜǘǿƻǊƪ ǎǘǊŜƴƎǘƘΦ .ŀǎŜŘ ƻƴ ǘƘŜ DǊƛŦŦƛǘƘΩǎ ŎǊƛǘŜǊƛƻƴ (Griffith, 

1921) for crack propagation Singh et al. have derived a relationship to describe the 

critical film thickness Ὤ  as  

 

 

Equation 10 

 

                            Ὤ πȢφτ  
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where Ὃ is the shear modulus of the particles, ὓ is the coordination number, ‰  is 

the particle volume fraction at random close packing, Ὑ is the particle radius, ‎ is the 

solvent-air interfacial tension, ὖ  is the maximum capillary pressure (Singh and 

Tirumkudulu, 2007). The maximum capillary pressure was described by White as 

 

 

Equation 11 

 

where ὃ  is the specific surface area per unit volume of solid, and ‰ is the particle 

volume fraction (White, 1982). Considering the bar coating ink printing in this study, 

the particle size distribution was given, however, variables which were 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 time according to Equation 10 

increased evaporation rate increases drying stress and hence in turns reduces the 

critical film thickness.  

 

In the case of the solvent of choice for the bar coating ink, propan-2-ol, experiments 

of increasing film thickness until cracks appear during drying showed that the critical 

cracking height was at approximately 9 µm. Propan-2-ol is a relatively volatile solvent 

(boiling point of 82.5 °C) and so it has the advantage of speeding up the drying 

process of the wet Cu film ς the drying of the bar coated layers only took less than 

15 seconds. A maximum layer thickness of up to the critical cracking height of 9 µm 

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

inkjet printed layers (0.1 to 0.5 µm).  

 

Consistently homogeneous ink spreading was identified as the main challenge for bar 

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 the layer (an example can be seen in the Appendix, Figure 99). It 

was impossible to remove inconsistent layers once deposited without significant 

damage to previous layers. If the deposited layer had holes it was also impossible to 

                                            ὖ  
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fill the holes with a new additional applied layer on top. Therefore, once one bar 

coated layer turned out significantly inconsistent it practically meant the individual 

build could not be continued. In order to minimise the chances of poor ink spreading, 

several factors were identified which impact the homogeneity of the ink spreading. 

Firstly, it was found that the ink spreading was most consistent at an ink metal weight 

loading of approximately 45 %. Any higher metal weight loading increased the 

appearance of chunky grains. Secondly, ultra-sonication of the ink right until the 

moment it was applied was found to improve homogeneity of the ink. Literature 

shows that ultra-sonication of colloidal solutions breaks up aggregates (Higashitani 

et al., 1993) so one can conclude that in this case the ultra-sonication improved 

spreading of the ink by breaking up Cu aggregates. Thirdly, it was found the ink 

spreading with a bar coater (made by RK 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 wire wrappings 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 any volumes which can act as ink reservoirs.  

 

Figure 26. Illustration 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 website (RK Print, n.d.)).  

 

Fourthly, it was 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 across the substrate the more even the ink spreading turned 

out. It was shown in Figure 16 that the Cu NP ink showed shear-thinning 

Effective 

ink 

reservoir 
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characteristics. It is believed that the increased speed of the bar coater increases the 

shear forces acting on the ink which in turn reduces its viscosity and ŎŀǳǎŜǎ ǘƘŜ ƛƴƪΩǎ 

spreadability to be enhanced. For 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 and 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 (Cu) Nanoparticles 

(NPs) through Field-emission Gun (FEG) Scanning Electron Microscopy (SEM) 

Imaging 

FEG-SEM images were taken of unsintered and laser sintering Cu NPs and visually 

inspected to qualitatively assess the impact of laser sintering on particle morphology 

and size distribution. Figure 27 shows FEG-SEM secondary images of unsintered (left) 

and laser sintered (right) NPs. Both images were taken at the same magnification of 

7,000x. The laser sintering increases particle size and decreases spatial homogeneity.  

 

Figure 27. FEG-SEM secondary electron image of unsintered Cu particles on the left and sintered Cu 

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

through XRD 

No copper oxide peak is evident in the laser sintered XRD spectrum in Figure 28. It 

was therefore concluded that no copper oxidation occurred during laser sintering.  

 

Figure 28. XRD spectrum of Cu NPs before (bottom graph) 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 conducted to investigate what kind of substrates would be most suited 

for multi-layered laser sintering of dry copper ink. The material heating induced by 

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

heat sensitive substrates, 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 single-layer metal NP deposition and 

sintering. They were therefore chosen as the two substrate materials to be 

investigated under single-layer Cu NP deposition and laser sintering to make an 

informed decision on which one of the two materials will be used for multi-layer 

builds. An example of sintering Cu NPs on PET and glass can be see in Figure 29 in a) 

and b), respectively.  

 

Figure 29. Example images of laser sintered Cu NP ink in a) on PET and in b) on glass.  

 

Single laser line scans were carried out. The two independent variables investigated 

were laser power and laser speed. Both were incrementally varied within their 

operating range from minimum to maximum. The optical microscopy images in 

Figure 30 are exemplary optical microscope images of each of the four identified 

outcomes which were clearly differentiable by eye. In each case the laser was 

scanned vertically across the area captured in the image.  

a) 

b) 
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Figure 30. Optical microscope image of the result of a single vertical laser line pass. Cu which was not 

exposed to laser irradiation is unsintered and appears brown. The laser speed and power is indicted. 

Top left: The vertical line affected by the laser exposure in the centre of the image (orange coloured) 

appears to be evenly sintered. Top 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 (bright-yellow coloured) appears to be strongly sintered or melted. 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. Next to the ablated area is an accumulation 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 coloured). Bottom right: The vertical line affected by the 

laser exposure in the centre of the image (lighter in colour than the surrounded brown coloured 

copper) is partially ablated. 

 

Process window mapping of those four laser processing outcomes was carried out on 

two different substrates, PET (polyethylene terephthalate) 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. Therefore, the energy exposure is the highest in the bottom right corner 

and lowest in the top left corner of all the contour maps (Figure 31 and Figure 32). 

With increasing film thickness the energy delivered by the laser affects a greater 

volume of copper. So at constant energy delivered from the laser and increasing film 

thickness a greater volume of copper particles is exposed to the same amount of 

energy ς or in other words the energy per volume of copper ratio decreases. This 

explains why with increasing film thickness the process window of an evenly sintered 

result becomes larger towards the bottom right corner of the process window map.  

 

 

Figure 31. Process window contour maps of different identified sintering phenomena at varying laser 

irradiance and laser speed on four different Cu film thicknesses on a PET substrate. The images (see 

Figure 30) and labels indicate dark blue: no effect, light blue: evenly sintered, green: strongly sintered, 

yellow: continuously ablated and melted.  

 

No effect 
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On glass substrates (Figure 32) the same effect as on PET can be seen; with increasing 

film thickness the process window of an evenly sintered result increases. For all of 

the four different film thicknesses, the process window for an evenly sintered result 

is larger on glass than the equivalent process window on PET. Contrary to PET 

substrates, however, on glass substrates ablation occurred at all film thicknesses at 

high laser irradiance and speed (top right corners of process window maps).  

 

 

 

Figure 32. Process window contour maps of different identified sintering phenomena at varying laser 

irradiance and laser speed on four different Cu film thicknesses on a glass substrate. The images (see 

Figure 30) and labels indicate dark blue: no effect, light blue: evenly sintered, green: strongly sintered, 

yellow: continuously 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 

No effect 
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carried out for the process window maps in Figure 31 and Figure 32, the energy input 

was plotted against the sintered line width. The laser fluence was calculated by 

 

 

Equation 12 

 

where Ὂ is the laser fluence (J cm-2), 0 is the laser power (W), 5 is the laser velocity 

(mm s-1), and $ is the laser spot diameter (on average 32 µm as measured in Figure 

19). To measure the sintered line width, an optical microscope (Nikon 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 (and conductive) line measured was approximately 15 µm wide; an 

optical microscope image of it can be seen in the Appendix (Figure 97).  

 

 

Figure 33. Sintered line width against laser fluence on a single layer of Cu NPs on PET substrates. The 

descriptions of the sintering state relate to Figure 31 as indicated.  
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Figure 34. Sintered line width against laser fluence on a single layer of Cu NPs on a glass substrate. 

The descriptions of the sintering state relate to Figure 32 as indicated.  

 

 

Figure 35. Plot of energy input against sintered line width on a glass substrate (green data points) and 

on a PET substrate (blue data points). To highlight the overall trend of each of the substrates, 

trendlines are shown, which are in the form of power function  
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From Figure 35, it can be seen that there is a clear positive correlation between laser 

fluence and sintered line width for both, a PET as well as a glass substrate. However, 

the increase is greater on the PET substrate than on the glass substrate. The great 

majority of the sintered line widths measured are larger than the laser spot size (32 

x 32 µm as measured in Figure 19). 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 sintered line with follows a different 

trend for the two substrates strongly suggests that the kind of substrate influences 

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

 

CƻǳǊƛŜǊΩǎ [ŀǿ ƻŦ ƘŜŀǘ ŎƻƴŘǳŎǘƛƻƴ ǎǘŀǘŜǎ  

 

 

Equation 13 

 

where ὗ is the heat flow rate by conduction (W), Ὧ is the thermal conductivity of the 

material (W m-1 K-1), ὃ is the cross-sectional area normal to the direction of heat flow 

(m2), Ä4 is the temperature difference (K), and ÄØ is the spatial distance in the 

direction of heat flow (m) (Arpaci, 1966). Considering one-dimensional heat flow as 

a consequence of laser exposure through the substrate away from the Cu NP bed we 

can assume the cross-sectional area normal to the direction of heat flow (ὃ) and the 

temperature difference (Ä4) to be equal for the two different substrates. However, 

the thermal conductivity (Ὧ) and the spatial distance in the direction of heat flow (ÄØ) 

are not the same. In the case of PET, Ὧ πȢρσ ὡ ά  ὑ  (Speight, 2005) and Ὠὼ

ρππρπ  ά (the thickness of the PET used was 100 µm) therefore the term  

becomes ρσππ ὡ ὑ . In the case of glass, Ὧ ρȢτ ὡ ά  ὑ  (Powell et al., 1966) 

and Ὠὼ ρ ρπ  ά (the thickness of the glass used was 1 mm) therefore the  term 

 becomes ρτππ ὡ ὑ . Assuming ὃ and Ä4 are the same in both cases, it follows 

that ὗ   ὗ , meaning the PET substrate used has less heat flow 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 

                                                      ὗ Ὧὃ  
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increasing laser fluence the sintered line width increases at a higher rate on the PET 

substrate than on the glass substrate.  

 

For the PET substrate in Figure 33 at a laser fluence of around 7 J cm-2, one can say 

that below this laser fluence the great majority of data points indicate an evenly 

sintered result and above this laser fluence the great majority of data points indicate 

a result where the centre of the laser scan was ablated. For the glass substrate in 

Figure 34, however, a similarly segregating laser fluence value cannot be identified 

as there is more 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 7 J cm-2 is also indicated by a vertical red line in Figure 34. In Figure 

34 compared with Figure 33, there were significantly more evenly sintered data 

points above a laser fluence of 7 J cm-2. Moreover, the ratio of strongly sintered to 

centre ablated lines is higher in Figure 34 than in Figure 33. 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 acts of more of a thermal sink compared to the PET 

substrates. A laser scan which results in the centre of the scan line being ablated is 

likely due to a localised temperature build-up, which results in overly high 

temperature gradients causing damage to the material.  

 

It seems reasonable to conclude that the glass substrate, considering it is a more 

efficient heat-sink than the PET substrate, would be able to prevent this harmful 

thermal damage at higher laser fluences. To prevent harmful thermal heat build-up 

as a consequence of this finding, glass substrate was chosen as the substrate of 

choice for multi-layered builds.  
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3.5 Additive Manufacture (AM) of Multi-layered Copper (Cu) Microparts from 

Nanoparticle (NP) feedstock ς A Comparison Between Bar Coating and Inkjet 

Printing 

Sequential ink deposition and laser sintering was used to manufacture multi-layered 

Cu microparts of approximately 300 µm height (unless stated otherwise). For the ink 

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

of the characterisations of the multi-layered Cu microparts in terms of their internal 

porosity, surface roughness, mechanical properties, density, and sheet resistance. 

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

printed samples.  

 

 

3.5.1 Scanning Electron Microscopy (SEM) Imaging of Cross-sections of Multi-

layered Copper (Cu) Microparts 

SEM images were carried out to visually inspect Cu micropart cross-sections as well 

as to quantify porosity through image analysis.  

 

Figure 36. SEM image of the cross section of 100 layers of inkjet printed copper. Labels indicate the 

location of the epoxy resin, the copper and the substrate. 

Glass substrate 

Copper 
Epoxy resin 
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Figure 37. Backscatter electron SEM images of a vertical cross-section of the sequentially inkjet printed 

and laser processed Cu sample. 

 

The backscatter electron SEM images of the inkjet printed Cu sample (Figure 37) 

reveal an inhomogeneous internal microstructure. Particle sizes appear to be 

predominantly in the nano-range with some particles being orders of magnitude 

larger (up to approximately 15 µm) randomly scattered across the cross-section. In a 

similar fashion some pores of up to approximately 50 µm mostly horizontal in 

orientation are located randomly across the cross-section.  

 

Figure 38. Backscatter electron SEM images of a vertical cross-section of the sequentially bar coated 

and laser processed Cu sample.  

 

The backscatter electron SEM images of the bar coated Cu sample (Figure 38) 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 microstructure of the inkjet printed samples was significantly less 

homogeneous than the bar coated samples. Despite the heating of the inkjet printing 

100 µm 10 µm 

10 µm 1 µm 
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platform to facilitate the drying, it is believed that the inkjet printed film just prior to 

laser sintering was not as dry as the bar coated film. As a consequence, the flashing 

of organic residue caused irregular sintering characterised by irregular particle and 

pore sizes (see Figure 38).  

 

 

3.5.2 Quantification of the Internal Porosity through Image Analysis of Scanning 

Electron Microscopy (SEM) images of Cross-sections of Multi-layered Printed 

Copper (Cu) Microparts  

The Internal porosity was quantified from image analysis of SEM images of cross-

sections of multi-layered Cu samples.  

 

Figure 39. Porosity of bar coated and inkjet printed samples obtained through image analysis of 

backscatter SEM images of cross sections (Figure 38). Error bars indicate standard deviation.  

 

The comparison in porosity obtained though image analysis in Figure 39 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 samples is significantly greater than for the bar coated samples.  
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3.5.3 An Investigation into Surface Roughness of the Multi-layered Printed Copper 

(Cu) Microparts through White Light Interferometry (WLI) 

The samples analysed in Figure 40 were all approximately 100 µm high. The bar 

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

to reach the desired height of 100 µm. The arithmetical mean roughness (commonly 

referred to as Sa) is a common surface roughness indicator which quantifies as an 

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

arithmetical mean height of a surface. Figure 40 shows the top surface of 100 µm 

high inkjet printed samples were on average 53.5 % rougher than the bar coated 

samples in terms of their arithmetical mean height.  

 

Figure 40. Arithmetical mean height (surface roughness) of the top surface of 100 µm high bar coated 

and the inkjet printed samples. Error bars indicate standard deviations.  

 

Vaithilingam et al. measured surface roughness of Ag structures which consisted of 

50 and 100 inkjet printed and IR sintered layers (Vaithilingam et al., 2017). They 

report an approximately twofold increase in surface roughness with the twofold 

increase in layer height. They reasoned this to be due to surface roughness being an 

accumulation of the roughness of printed layers, suggesting an approximately linear 

relationship between surface roughness and layers printed. The inkjet printed 

sample in this work (see Figure 40) was made of three times the amount of inkjet 
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printed layers and was found to have approximately three times the arithmetic mean 

height. Therefore, it can be said that the inkjet printed sample from this work concurs 

with ±ŀƛǘƘƛƭƛƴƎŀƳ Ŝǘ ŀƭΦΩǎ ŦƛƴŘƛƴƎ and follows the same linear relationship between 

surface roughness and number of layers printed, as follows  

 

 

Equation 14 

 

where Ὓ  is the top surface roughness of the stack of layers, ὲ  is the 

number of layers, and Ὓ  is the average surface roughness per layer.  

 

It was previously discussed in section 3.3.5 άThe Impact of the Deposited Layer 

Thickness on the Additive Manufacturing (AM) Process of Multi-layered Copper (Cu) 

Microparts from Nanoparticle (NP) Feedstockέ that bar coated layers (1 to 9 µm) are 

significantly thicker than inkjet printed layers (0.1 to 0.5 µm). As for the bar coated 

and inkjet printed samples compared in Figure 40, with bar coating the amount of 

layers required to reach a part height of 100 µm was 15 whereas inkjet printing 

required 300 layers, hence inkjet printing 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 0.3 µm. Assuming the linear relationship between 

surface roughness and number of layers printed proposed in Equation 14 applies not 

just exclusively to inkjet printing but also to bar coating, substituting the respective 

top surface roughness and the number of layers of the bar coated and inkjet printed 

samples from Figure 40 into Equation 14, it follows that the bar coated and inkjet 

printed samples have an average surface roughness per layer of 1.3 and 0.1 µm 

respectively. Therefore, each bar coated layer is on average 12.7 times more rough 

than the average inkjet printed layer. The average layer thickness of bar coated layers 

is 20 times greater than the average inkjet printed layer thickness. It can 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.  

 

                                        Ὓ ὲ  Ὓ  



 

 
 77  

3.5.4 An Investigation into Mechanical Properties of the Multi-layered Printed 

Copper (Cu) Microparts using Nanoindentation 

Indentation hardness and creep were investigated. The predominant deformation 

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

appeared to be viscous, elastic, and plastic deformation. As shown in Figure 41, 

the indentation hardness of the bar coated samples was on average 55.8 % 

higher than the indentation hardness of the inkjet printed samples.  

 

Figure 41. Indentation hardness as a fraction of bulk Cu indentation hardness. Error bars indicate 

standard deviations. 

 

The creep distance over 5 seconds divided by the maximum plastic deformation 

of the inkjet printed samples was approximately the same as bulk Cu. The 

measurement of the inkjet printed samples was on average 88.3 % higher the bar 

coated samples. The standard deviation of the inkjet printed sample was 404.0 % 

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 flow commonly continues beyond the hold time into the 

unloading. Elastic deformation as well as viscous flow therefore both impact the 

ƛƴŘŜƴǘŀǘƛƻƴ ƳƻŘǳƭǳǎ ƻŦ ǘƘŜ ǳƴƭƻŀŘƛƴƎΦ !ǎ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ ƻƴƭȅ ŘŜǎŎǊƛōŜǎ ǘƘŜ 
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stiffness (relationship between stress and strain) as a result of solely its elastic 

properties, indentation modulus cannot accurately ŘŜǎŎǊƛōŜ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ ƛƴ 

this case and was not presented in this work.  

 

Figure 42. Creep distance over 5 seconds as a fraction of maximum deformation. The result is shown 

here as a fraction of the bulk Cu measurement. Error bars indicate standard deviations.  

 

Jiang et al. studied the impact of surface roughness on indentation hardness of Cu 

(Jiang et al., 2008). They showed through simulations and experimental data that 

increasing surface roughness significantly reduces indentation hardness. This 

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 inkjet printed samples were on average 

16.4 and 13.6 µm respectively, and the arithmetical mean height (common surface 

roughness quantification) for the bar coated and inkjet printed samples were 19.0 

and 29.2 µm respectively (Figure 40). Hence the average surface roughness 

measurements were even greater than the average maximum indentation depths. It 

can therefore be concluded that the proximity of the surface roughness 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 (see Figure 41). Both were on 

average below 1 % of the measured indentation hardness of bulk Cu sample. Based 

on similar findings of highly nanoporous materials in the literature (Meyers and 

Chawla, 1964; Tabor, 1951), the main reason for this low hardness is likely to be the 

high porosity of the samples which was found to be greater than 60 % for both 

printing methods (see Figure 39).  

 

Srivatsan et al. used two different Cu powders with an average particle size of 100 nm 

and 13 µm and consolidated the mixture through Plasma Pressure Compaction (P2C) 

(Srivatsan et al., 2001). The powder was poured into a graphite die and compressed 

with 40 MPa pressure using graphite plungers. During the compression a DC voltage 

was applied for 3 min to accelerate densification of the material by inducing 

resistance heating which raises local temperature and thus facilitates mass diffusion. 

Srivatsan et al. report their process is capable of causing heating rates of up to 

500 °C min-1. The 100 nm and 13 µm particle size samples were found to have a 

density of 99 % and 95 %, respectively and an indentation hardness of 2.42 and 

1.26 GPa, respectively. These indentation hardness results are in the same range as 

the measured indenation hardness of the bulk Cu sample in this study (1.45 GPa). 

{ǊƛǾŀǘǎŀƴ Ŝǘ ŀƭΦΩǎ ǎǘǳŘȅ ǎƘƻǿǎ ǘƘŀǘ ŜǾŜƴ ǿƘŜƴ ǳǎƛƴƎ ƴŀƴƻ-sized Cu particles as a 

starting point, a final material hardness similar to bulk Cu can be achieved. However, 

ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ ƳŜǘƘƻŘƻƭƻƎȅ ŜƳǇƭƻȅŜŘ ƛƴ ǘƘƛǎ ǎǘǳŘȅΣ {ǊƛǾŀǘǎŀƴΩǎ ƳŜǘƘƻŘƻƭƻƎȅ Ƙŀǎ 

several drawbacks. Firstly, the equipment cost and the energy requirement are both 

assumed to much greater. Cu heated above 100 °C for more than a few seconds 

undergoes rapid oxidation. The smaller the particle size and hence the bigger the 

surface area-to-volume ratio, the faster this chemical reaction takes place. With 

nano-sized particles the oxidation occurs almost instantaneously. SriǾŀǘǎŀƴ Ŝǘ ŀƭΦΩǎ 

process involves elevated temperatures above 100 °C for time durations in excess of 

seconds. In order to achieve non-oxidised electrically conductive final Cu microparts, 

despite not being explicitly mentioning it, Srivatsan et al. must have conducted the 

pressure and electrical treatment of in a low-oxygen environment. For this the 

process must be carried out in to air-tight sealed container under a constant gas flow 
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(commonly argon or nitrogen are used). This requirement adds cost as well as 

process design complexity. SeŎƻƴŘƭȅΣ {ǊƛǾŀǘǎŀƴ Ŝǘ ŀƭΦΩǎ ǇŀǊǘƛŎƭŜ ǎƛƴǘŜǊƛƴƎ ǇǊƻŎŜǎǎ ƛǎ ƴƻǘ 

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 Srivatsan eǘ ŀƭΦΩǎ ǇǊƻŎŜǎǎ 

impossible to be applied to an additive manufacturing process.  

 

Vaithilingam et al. inkjet printed and sintered using an infrared (IR) source up to 

1,000 layers of Ag NP ink (Vaithilingam et al., 2018). Unlike in this study in which 

nanoindentation was used, Vaithilingam et al. used Vickers hardness (HV) to quantify 

hardness. Their reported hardness was higher than cast commercially pure Ag and 

lower than sterling Ag and cold-worked Ag. Vaithilingam et al. hypothesised that the 

existence of carbon, oxygen and possibly a fraction of other metals in the sample 

matrix and exposure of the printed layers to IR power source for prolonged time may 

have altered the microstructure and thus increased the hardness of the printed 

sample compared to the conventional as-cast samples. This hypothesis is neither 

backed up with evidence nor explained. The comparable hardness to the bulk 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 

±ŀƛǘƘƛƭƛƴƎŀƳ Ŝǘ ŀƭΦΩǎ ǇǊƻŎŜǎǎ ŀƴŘ ǘƘŜ ǇǊƻcess in this study. Firstly, the conductive 

ƳŜǘŀƭ ǇǊƛƴǘŜŘ ǿŀǎ !Ǝ ƛƴ ±ŀƛǘƘƛƭƛƴƎŀƳ Ŝǘ ŀƭΦΩǎ ŎŀǎŜ ŀƴŘ /ǳ ƛƴ ǘƘŜ ŎŀǎŜ ƻŦ ǘƘƛǎ ǎǘǳŘȅΦ 

Secondly, the particle size distributions differ. Vaithilingam et al. state that the size 

of the Ag NPs used in the study was less than 100 nm. In this study the average 

particle size of the Cu NPs used was found to be 330 nm (see Figure 25). It has been 

widely reported and well understood in literature that the temperature required to 

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

well as inversely proportional to the particle size (Fang and Wang, 2010). Considering 

Ag has a lower bulk material melting point than Cu (962 and 1,085 °C 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 sintering 

sources are photonic IR soǳǊŎŜǎΣ ǎƛƎƴƛŦƛŎŀƴǘ ŘƛŦŦŜǊŜƴŎŜǎ ŜȄƛǎǘΦ ±ŀƛǘƘƛƭƛƴƎŀƳ Ŝǘ ŀƭΦΩǎ Lw 

source is non-selective, additionally even though it is not stated the exposure time 

can be assumed to be in excess of 1 s. In the case of this study, the IR source is a laser 
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which due to the optics in the scan head is selective as a spot size of 32 x 32 µm. At 

a scan rate of 250 mm s-1 the average exposure time is therefore approximately 4 

orders of magnitude lower. It was previously mentioned in section 3.3.1 άThe Size of 

the Metal Particles Used and The Sintering ProcessέΣ sintering describes mass 

transport phenomena which are inherently time dependent. It is therefore logical 

that Vaithilingam et al., who employed sintering times approximately 4 orders of 

magnitude higher than in this study, achieved a higher degree of densification and 

consequentially a greater hardness. As explained in section 3.3.1.2 άSintering Timeέ 

in order to achieve the stated aim of additively manufacturing electrically conductive 

multi-layered Cu structures in an ambient environment, comparable sintering times 

would have cause detrimental oxidation of the Cu.  

 

Vaithilingam et al. state that drop spacing negatively correlates with micropart 

porosity and hence positively correlates with micropart hardness. They reported a 

decrease of the drop spacing from 50.8 to 42.3 µm resulted in an increase of 29 % in 

hardness. The impact of drop spacing of the inkjet printing on micropart properties 

ǿŀǎ ƴƻǘ ƛƴǾŜǎǘƛƎŀǘŜŘ ƛƴ ǘƘƛǎ ǎǘǳŘȅΣ ƘƻǿŜǾŜǊΣ ±ŀƛǘƘƛƭƛƴƎŀƳ Ŝǘ ŀƭΦΩǎ ŦƛƴŘƛƴƎǎ ƛƴŘƛŎŀǘŜ 

that regarding the inkjet printed samples, adjusting drop spacing will likely have an 

impact on materials properties such as hardness and should therefore be 

investigated.  

 

 

3.5.5 An Investigation into the Density and a Heat Treatment to Increase Density of 

the Multi-layered Printed Copper (Cu) Microparts  

In order to quantify density, the mass of the samples was measured using a scientific 

scale and divided by the volume of the samples which was measured using white 

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 scan, the 

volume of the sample was calculated.  
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Figure 43. Density as a fraction of bulk Cu density. The error bars indicate standard deviation. 

 

The average density of the bar coated samples was found to be 15.5 % of bulk Cu 

density (8,960 kg m-3). It was not possible to obtain the density of the inkjet printed 

samples as they were too fragile to be removed from the glass substrate they were 

printed on without significant damage.  

 

LƴǎǇƛǊŜŘ ōȅ .ŀƛ ŀƴŘ ²ƛƭƭƛŀƳǎΩ Ǉƻǎǘ-printing heat treatment to reduce porosity and 

increase density (Bai and Williams, 2018), heat treatment at the same temperatures 

was carried out but under argon flow whereas Bai and Williams used hydrogen flow 

(for complete methodology see section 3.2.13 άHeat Treatment of Printed and 

Sintered Multi-layered Copper (Cu) Microparts to Enhance Densificationέ). The heat-

treated samples came out grey in colour (see Figure 44). Resistance was found to be 

above the measureable range of the multimeter used; it 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 Cu (XRD spectrum in Appendix section 8.3.1 

Figure 90).  
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Figure 44. Photo of oxidised Cu samples after heat treatment indicated by red arrows.  

 

The low density of the bar coated and laser sintered microparts of on average 15.5 % 

as a faction of bulk Cu density (see Figure 43) is significantly lower than multi-layered 

Cu microparts manufactured through different AM processes. SLM, for instance, has 

been able to produce multi-layered Cu parts with densities of up to 96.5 % (Zhang et 

al., 2013). Bai and Williams used binders to consolidate Cu powder (Bai and Williams, 

2018). Their binder jetted green part densities were between 42.3 and 50.5 %. 

Though not quite as low as in this study their densities were also insufficiently low. 

In order to increase part density, Bai and Williams employed post-printing heat 

treatment to densify their green parts. The heat treatment was carried out at 

temperatures of 1,025 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 led to a volumetric shrinkage of between 23.7 and 35.5 % and significantly 

increased the Cu part densities to a final part density of between 70.3 and 80.8 %. 

This remarkable increase in part density was taken as an inspiration to attempt to 

increase part density of the multi-layered Cu microparts additively manufactured in 

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

Bai and Williams were used. It was not possible to use hydrogen gas for this 

experiment so argon gas was used instead. As demonstrated by the XRD scan in 

Figure 90, the Cu microparts came out completely oxidised. No practical reason for 

this such as a gas leak or loose furnace sealings could be found. It has thus been 

Oxidised Cu samples 
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hypothesised that the oxygen concentration in the tube furnace was not sufficiently 

low to prevent oxidation of the Cu micropart. The Cu NPs which were used in this 

study with an average particle size of 330 nm (see Figure 25) have a significantly 

higher surface-area-to-volume ratio than the Cu powder with particle sizes in the 

micron-range used by Bai & Williams. The 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 is an inert gas towards Cu and prevents oxidation solely by 

passively shielding the Cu from oxygen. Hydrogen, on the other hand, reacts with Cu 

oxide as follows:  

 

 

Equation 15 

 

 

 

Equation 16 

 

Hence as well as also passively shielding the Cu from oxygen, hydrogen additionally 

actively reverses Cu oxidation. It is believed that a combination those two factors 

explains the oxidation of the multi-layered Cu microparts during the heat treatment 

in this study, namely the small particle size making the material more reactive 

towards oxygen as well as the use of which is less effective at preventing Cu oxidation 

argon rather than hydrogen.  

 

 

3.5.6 An Investigation of Electrical Properties of the Multi-layered Printed Copper 

(Cu) Microparts through Sheet Resistance Measurements 

The four-point probe was used to carry out sheet resistance measurements of the 

multi-layered Cu microparts throughout the build height. Taking into account the 

spatial dimensions of the microparts, the sheet resistance measurements were also 

converted to resistivity.  

                                    ὅόὕ  Ὄ ựựự ς ὅό Ὄὕ 

                                    ὅόὕ  Ὄ ựựự  ὅό Ὄὕ 



 

 
 85  

 

Figure 45. Sheet resistance against build height for the two different ink deposition methods. Error 

bars indicate standard deviations. Note, the y-axis is logarithmic to better visualise the two data sets. 

 

The sheet resistance decreases with increasing build height for both, the bar coated 

and the inkjet printed samples (see Figure 45). The sheet resistance of the bar coated 

sample is approximately one order of magnitude lower across the entire build height 

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

film to the flow of electric current (Topsøe, 1968). The volume of the electrically 

conductive material increases with increasing build height. Sheet resistance is a 

measurement of the absolute resistance of a thin film to the flow of electricity 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 sheet resistance 

decreases with increasing build height. 
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Figure 46. The resistivity as a multiple of bulk Cu resistivity against build height for the two different 

ink deposition methods. Error bars indicate standard deviations. Note, the y-axis is logarithmic to 

better visualise the two data sets.  

 

Equation 9 was used to obtain resistivity. The resistivity was plotted as a multiple of 

bulk Cu resistivity (1.68 x 10-8 ʍ m). In general, resistivity describes a material 

property which (whilst being dependant on the nature of the material and its 

temperature) is independent of its special expansion, i.e. shape or size. It describes 

the resistance of a material of a unit length and unit cross-sectional area. A mere 

increase in volume (at constant resistivity) which comes with the increase in build 

height does therefore not impact resistivity. It can be seen from Figure 46 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 the ink jet printed sample. 

The range of the resistivities across the entire build height of the inkjet 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 printed samples 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 increased (see Figure 46).  

 

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 interlayer ς between the first and the second layer. It is believed that 

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 the cross-sectional 

SEM images the interlayer was clearly visible (an example can be seen in Figure 47). 

It is hypothesised that the interlayer does not conduct electricity as well as the layer 

itself; this would explain why the material resistivity increases with increasing build 

height, because with increasing build more layers and hence more interlayers are 

added to the material.  

 

Figure 47. Backscatter electron SEM image of a vertical cross-section of a multi-layered Cu sample. 

The five interlayers of the six layers present are indicated by red arrows.  

 

Interlayer 
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Neither Vaithilingam et al. nor Saleh et al. measured resistivity throughout the build 

(Saleh et al., 2017; Vaithilingam et al., 2018, 2017); both were therefore not able to 

provide data on the resistivity with increasing build height comparable to Figure 45 

or Figure 46. The only comparable data set in the literature is by Xu et al., however, 

it is for Ag NP ink rather than Cu NP ink (Xu et al., 2017). The authors do not state 

how their stated resistivity values were obtained. Xu et al. report no conductivity 

below 6 printed and 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 in resistivity with increase micropart height was 

reported in Figure 46Φ ¢ƘŜ ǊŜŀǎƻƴ ŦƻǊ ǘƘƛǎ ŘƛǎǇŀǊƛǘȅ ŀǇǇŜŀǊǎ ǘƻ ōŜ ǘƘŀǘ ·ǳ Ŝǘ ŀƭΦΩǎ ƭŀȅŜǊǎ 

were highly inconsistent and unconnected which was not the case in this study. It 

therefore took Xu et al. 6 layers to achieve a 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 printing parameters are also not stated and there 

is no mention of 3-dimensionality. Assuming a common inkjet printed layer height it 

can be concluded that Xu et al. maximum thickness is well below 10 µm, which 

profoundly changes the nature of the analysed changes in resistivity 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 

al.Ωǎ ǎǘǳŘȅΦ  

 

In this study the resistivity of the 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 (see Figure 45). Comparing 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 final micropart resistivity of between 8 and 14 times of bulk 

Ag resistivity (Vaithilingam et al., 2017). Saleh 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 and the resistivity reaches a minimum after 

approximately 10 seconds at approximately 30 times bulk Ag resistivity (Saleh et al., 

2017). As it was previously discussed in section 3.3.1.2 άSintering Timeέ, 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 authors used Ag rather than Cu NPs and so rapid and 

detrimental oxidation is not an issue. Despite sintering times being approximately 4 

orders of magnitude lower in this study, the bar coating and laser sintering process 

was able to produce multi-layered electrically conductive metal structures with 

resistivities in the same range as the ones reported by Vaithilingam et al. and Saleh 

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

 

 

3.6 Discussion of the Comparison between Inkjet Printing and Bar Coating as a 

Deposition Methods for Additive Manufacture of Multi-layered Printed Copper 

(Cu) Parts from Nanoparticle (NP) Feedstock 

For the purpose of additively manufacturing a multi-layered Cu micropart with 

properties close to a bulk Cu micropart, it is clear from the Results chapter 3.5 

Additive Manufacture (AM) of Multi-layered Copper (Cu) Microparts from 

Nanoparticle (NP) feedstock ς A Comparison Between Bar Coating and Inkjet Printing 

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

out as closely to bulk Cu as the 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, the ink formulations differed. For an ink to be inkjet 

printable, it needs to be capable of repeated droplet formation through piezo 

ŜƭŜŎǘǊƛŎŀƭƭȅ ƻǇŜǊŀǘŜŘ ƴƻȊȊƭŜǎΦ ¢ƘŜ ƛƴƪΩǎ ǊƘŜƻƭƻƎƛŎŀƭ ǇǊƻǇŜǊǘƛŜǎ ǎǳŎƘ ŀǎ ǾƛǎŎƻǎƛǘȅΣ 

surface tension and volatility therefore are required to fall within specific narrow 

ranges to enable droplet formation of the inkjet printer-and-cartridge-combination 

used. In the case of the inkjet printer and cartridges used according to the 

manufacturer of both they are defined as viscosity: 0.010 ς 0.012 Pa s, surface 

tension: 0.028 ς 0.033 N m-1, particle size: ideally no more than 210 nm, fluid 

evaporation: the ink must not dry at the nozzle-air-interface so a low evaporation 

rate high boiling point is required (FUJIFILM Dimatix, 2016). Additionally, high particle 
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suspension stability as well as the inhibition of particle agglomeration is required to 

prevent inkjet nozzle clogging and to 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 doctor blade. From the experimental work 

conducted it was concluded the only requirement is a metal weight loading of 

between 15 and 50 wt%, hence almost no ink formulation was required. Significantly, 

unlike inkjet printing which requires a high boiling point, it was found that with bar 

coating it was possible to use a significantly more volatile solvent such as propan-2-

ol, which has a boiling point of 83 °C. In contrast, the boiling point of the main solvent 

in the inkjet ink (2-(2-ethoxyethoxy)ethanol)) is 210 °C.  

 

 

3.7 Summary of Additive Manufacturing (AM) of Multi-layered Printed Copper (Cu) 

Microparts from Nanoparticle (NP) Feedstock 

Electrically conductive multi-layered Cu microparts were successfully additively 

manufactured from Cu nanoparticle feedstock using low power laser sintering in an 

ambient environment. The Cu microparts were found to be of low-density and highly 

porous. This had a significant negative effect on their mechanical properties which 

were far off from bulk Cu properties. However, the electrical properties were not as 

significantly affected since resistivities close to bulk Cu were still achieved, similar to 

comparable literature which produced much higher micropart densities. This 

suggests that even with a highly porous sintered particle network, resistivities close 

to bulk metal are achievable. Similar material characteristics of laser sintered metal 

NP structures are reported in literature (Niittynen et al., 2014).  

 

The sintering phenomenon and its associated degree of densification is the 

predominant parameter affecting final micropart characteristics such as mechanical 

and electrical properties. The stated aim of the study 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. In order to increase micropart 
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density an additional heat treatment was attempted. 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 post-printing heat treatment should be 

able to significantly densify the microparts and it hoped 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 time-efficient as with bar coating more volatile 

solvents can be used and its deposited layers are significantly thicker. Moreover, the 

structures manufactured through bar coating were found to have significantly better 

electrical properties and more robust mechanical properties.  

 

The ability to additively manufacture electrically conductive multi-layered Cu 

structures from a nanoparticle feedstock in an ambient environment means multi-

layered Cu microparts can be additively manufactured with significantly lower 

equipment and running cost than all comparable processes. This is largely because a 

sealed low-oxygen environment is not necessary as well as the laser being a low 

power fibre laser compared to the high-power lasers which are commonly used in 

SLM for instance. The significantly reduced cost of the process has the potential to 

make AM of multi-layered Cu microparts more affordable and hence more widely 

commercialisable.   
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4 2D PRINTING AND SINTERING OF COPPER (Cu) AND SILVER (Ag) 

NANOPARTICLES 

4.1 Introduction 

This chapter investigates the sintering process of Cu and Ag NPs. Printing and 

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

explained in the Literature Review subchapter 2.3.3 άPost-deposition Annealing of 

Nanoparticlesέ this is because Cu sintering requires higher temperatures than Ag and 

also because at elevated temperatures (> 80 °C) in an air environment, Cu has the 

tendency to rapidly oxidise which is detrimental to its electrical conductivity (Li et al., 

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

investigate the impact of the addition of small amounts (Җ 25 wt%) of Ag to Cu NPs 

on the sintering process. Firstly, the sintering process of solely Cu NPs and solely Ag 

NPs are investigated separately using FEG-SEM imaging of in-situ thermal sintering 

inside the microscope. Secondly, Cu NPs inks with additions of up to 25 wt% Ag are 

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

and through thermal heat. The impact of the Ag additions on oxidation stability and 

electrical resistance is investigated. A discussion follows which based on the results 

discusses 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.  

 

 

4.2 Materials and Methodology 

This section describes the equipment, methods and materials used. This involves NP 

ink synthesis and formulation, NP ink deposition and laser, IPL, and thermal sintering, 

as well as the characterisation of the sintered tracks, i.e. SEM and EDX, LDA, DSC, 

XRD, and electrical sheet resistance measurements.  

 

 

4.2.1 Copper Nanoparticle and Silver Nanoparticle Synthesis and Ink Formulation 

and Ink Deposition 

The NP inks used in this chapter were synthesised by Bernard Christaud, an intern of 

Prof. Ed Lester, who was co-supervised by the author. The same synthesis process as 
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described in 3.2.1 άCopper Nanoparticle Synthesis and Formulationέ was used to 

produce NP dispersions ς the only difference being that the up-flow into the reactor 

(FS stream in Figure 15) consisted of other than copper nitrate (Cu(NOϝ)Ϝ) also of 

silver nitrate (AgNO3) solutions at the following Ag/Cu weight (wt) ratios in deionised 

water.: 0/100, 1/99, 3/97, 8/92, and 25/75. The silver ions react in the reactor as 

described in Equation 17 and Equation 18.  

 

Equation 17. Half reactions of Ag NP synthesis.  

ὃὫ  Ὡ O  ὃὫπ 

Ὄςὖὕς  Ὄςὕ O  Ὄςὖὕσ ςὌ ςὩ 

 

Equation 18. Full reaction of Ag NP synthesis.  

ςὃὫ  Ὄὖὕ  Ὄὕ O ςὃὫ  Ὄὖὕ ςὌ  

 

Energy-dispersive X-ray (EDX) spectroscopy analysis of the final inks showed that the 

final Ag weight loadings with respect to the total metal content (Ag content + Cu 

content) in the inks were on average: 0, 1, 3, 8 and 25 wt% (note, from here onwards 

they will be referred to as 0, 1, 3, 8, and 25 wt% Ag). The EDX scans can be found in 

the Appendix section 8.6.  

 

Bar coating was used to deposit Cu and Ag inks. The same methodology was used as 

explained in the previous subchapter 3.2.2 άDeposition of Copper (Cu) Nanoparticle 

(NP) Ink through Bar Coatingέ.  

 

 

4.2.2 Particle Sintering of Copper (Cu) ς Silver (Ag) Hybrid Inks 

Three different sintering techniques were used to anneal deposited inks to 

investigate the impact of the addition of Ag to Cu NPs on electrical resistance: laser 

sintering, intense pulsed light (IPL) sintering, and thermal sintering.  
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The laser sintering methodology described in section 3.2.5 άLaser Irradiation of 

Copper (Cu) Nanoparticle (NP) Ink to Induce Particle Sinteringέ was used.  

 

A Heraeus Noblelight flash lamp system was used for IPL sintering. The sample was 

placed under the flashlight at a distance of 15 mm between the bottom of the lamp 

and the surface of the sample. The sample was exposed to a single flash with a flash 

duration of 6 ms at a voltage of 400 V.  

 

Thermal sintering in air of Cu and Cu-Ag NP was carried out to investigate oxidation 

and its impact on electrical sheet resistance. A generic chemistry lab hotplate was 

used for thermal sintering in air. A thermocouple was placed onto the sample surface 

and glued down using heat-resistant Kapton® tape (consists of polyimide with 

silicone adhesive) to ensure physical contact between the probe and material. The 

temperature was increased in 10° steps from room temperature to 265 °C. At each 

temperature step the temperature was held for 2 minutes. At the end of the 

2 minutes hold-time a sheet resistance reading was taken with the four-point probe 

as explained in section 3.2.11 άElectrical Sheet Resistance and Resistivity 

Measurements of Multi-layered Copper (Cu) Micropartsέ. The same experiment was 

repeated three times; averages and standard deviations were determined.  

 

 

4.2.3 Thermally Induced Nanoparticle (NP) Sintering in-situ the Electron Microscope 

In order to obtain FEG-SEM images of particle sintering in real time, NPs were 

thermally sintered in-situ the microscope. This provided unique visual information on 

mass transport phenomena occurring at a sub-micrometer scale.  

 

A Field Emission Gun Scanning Electron Microscopy (FEG-SEM) (JEOL 7100F FE-SEM) 

which uses an in-lens Schottky field emission source was used which is fitted with an 

integrated Oxford Instruments X-Max silicon drift detector for EDX analysis. It was 

fitted with a Gatan Murano 525 in situ heating stage (see Figure 48). The transferable 

carriage assembly is coupled with mating electrical contact pins for a heater and a 

temperature sensor. The sample is mounted on a consumable semiconductor 
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hotplate made of silicon, located on a ceramic block support. A power booster 

provides power up to 20 W, while the temperature of the hotplate is controlled by a 

USB temperature controller, which displays the temperature of a thermocouple that 

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 assembly, the hot 

plate is covered by a metallic shield with a 2 mm sized circular aperture: this is 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 surface through 

the aperture, located above the centre of the hotplate.  

 

Figure 48. Murano 525 Gatan in situ heating stage with labels. όάaǳǊŀƴƻ рнр DŀǘƘŀƴ ƘŜŀǘƛƴƎ ǎǘŀƎŜΣ 

¦ǎŜǊ aŀƴǳŀƭΣέ ƴΦŘΦύ 

 

The heating stage was programmed through its software to incrementally increase 

its temperature by 30 degrees at a time. At each 30-degree temperature increment 

the temperature was kept constant for 10 minutes. Right afterwards, for the 

following 5 minutes, images were captured using the secondary electron detector. 

The FEG-SEM was operated at 15 keV and the sample was kept at a working distance 

of 12.5 mm.  

 

 

4.2.4 Image Analysis of FEG-SEM Images of Nanoparticles (NPs)  

In order to quantify attributes of the images obtained during the thermal sintering 

in-situ the microscope, image analysis was carried out. As the particle morphology 

ceramic block support

detachable 
electrical contactsheater and 

thermocouple pins

semiconductor 
hotplate
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and the particle size distribution were significantly different for the Cu and Ag NPs, 

different image analysis techniques were employed to extract information as 

described below.  

 

Image analysis SEM images of Cu NPs was carried out as follows. For the aim of 

detecting particles, automated edge detection through image analysis gave 

inaccurate results. The following manual particle highlighting methodology was 

chosen because it enabled capture of overlapping particles.  

 

SEM images were printed out on paper. An acetate was placed on top of the 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 were then scanned 

(example in the centre of Figure 49) and analysed using MATLAB as follows. The 

scanned images were converted to a black-and-white binary image using a global 

threshold. Continuous objects of fewer than 100 pixels were considered image noise 

and were removed (example on the right of Figure 49). Particle sizes were obtained 

ǳǎƛƴƎ ǘƘŜ a!¢[!. ŎƻƳƳŀƴŘ άǊŜƎƛƻƴǇǊƻǇǎέ ǿƘƛŎƘ ƳŜŀǎǳǊŜǎ ǇǊƻǇŜǊǘƛŜǎ ƻŦ ŎƻƴƴŜŎǘŜŘ 

objects in a binary image. The 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 number of pixels to the equivalent size in nanometres. 

An example MATLAB script that was written and used can be seen in Appendix 

section 8.2.  

 

Figure 49. Example of steps involved in particle size distribution quantification from left to right; left: 

Secondary electron SEM image of Cu particles; centre: scan of the acetate with manually highlighted 

particles; right: converted to binary for image analysis.  
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For the image analysis of the Cu particles involved in particle fusion, SEM images of 

consecutive temperature steps were visually compared to identify the fusing and the 

fused particle. The edges of those particles were then manually highlighted using the 

software Image J version 1.52a. Statistical analysis was sub-sequentially performed 

of the particle dimensions.  

 

Image analysis SEM images of Ag NPs was carried out as follows. Ag NP FEG-SEM 

images were analysed using MATLAB. All images that were used during the analysis 

were taken at the same magnification of 35,000x. Images were binarised using a 

global threshold. Continuous objects of fewer than 75 pixels were considered image 

noise and were removed. To obtain the number of particles in a frame the MATLAB 

ŎƻƳƳŀƴŘ άǊŜƎƛƻƴǇǊƻǇǎέ ǿƘƛŎƘ Ŏƻǳƴǘǎ ǘƘŜ ƴǳƳōŜǊ ƻŦ Ŏƻƴǘƛƴǳƻǳǎ ƻōƧŜŎǘǎΦ ¢ƘŜ 

number of particles in the frame prior to any heating (at room temperature) was 

averaged. Subsequent numbers of particles at increased temperatures were 

averaged and taken as a fraction of the average number of particles at room 

temperature.  

 

 

4.2.5 Laser Diffraction Analysis (LDA) of Copper (Cu) ς Silver (Ag) Hybrid Inks 

LDA was carried out to quantify the particle size distribution of the NP inks. The ISO 

13320:2009 (Particle size analysis ς Laser diffraction methods) standard was followed 

using a Malvern Mastersizer 3000 and its wet cell to carry out laser diffraction particle 

size analysis (British Standards Institute, 2009).  

 

Pigment concentrate was diluted in propan-2-ol (purchased from Sigma Aldrich) to 

an obscuration level of approximately 15 %. It was then passed through a beam 

which alternates between a monochromatic red laser and blue light. The light 

scattered by particles was measured by multi-element detectors at various angles for 

a total of 3.5 min for each sample. Using optical models and mathematical 

procedures, the Mastersizer software then transformed the numerical scattering 

data to yield the volumetric particle size distribution.  
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Volumetric particle size distribution determination is based on the Fraunhofer 

diffraction theory which states that particles scatter light in all directions with an 

intensity pattern which is dependent on particle size, particle shape and optical 

properties of the particle (Born and Wolf, 2002).  

 

 

4.2.6 Differential Scanning Calorimetry (DSC) of Copper (Cu) ς Silver (Ag) Hybrid Inks 

DSC analysis was carried out to identify the melting point temperature of the Cu and 

Cu-Ag materials. DSC measurements were carried out on TA Instruments unit (TA 

Q600). The sample ink was placed into an alumina pan and heated up at a 

temperature ramp of 10 degree min-1 under constant 100 ml min-1 nitrogen flow to 

prevent oxidation.  

 

 

4.2.7 X-ray Diffraction (XRD) Analysis of Copper (Cu) ς Silver (Ag) Hybrid Inks 

XRD analysis was carried out to inspect whether oxidation occurred during the 

various sintering techniques as well as to quantify the increases in mean crystallite 

size as a consequence of sintering. Samples analysed were συσυ άά (nominal 

values) squares. The same methodology as explained in section 3.2.8 άInvestigations 

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

Irradiationέ was used.  

 

 

4.2.8 Sheet Resistance Measurements of Sintered Copper (Cu) ς Silver (Ag) Hybrid 

Inks 

Sheet resistance measurements were carried out to quantify electrical resistance to 

analyse the impact of additions of Ag to Cu NPs for the various sintering techniques 

employed. The same methodology described in section 3.2.11 άElectrical Sheet 

Resistance and Resistivity Measurements of Multi-layered Copper (Cu) Micropartsέ 

was used. 
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4.3 Characterisation of Copper (Cu) ς Silver (Ag) Hybrid Inks 

The Cu and Cu-Ag 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 addition on the particle size distribution. With increasing Ag content, 

the characteristic Ag peak increases at the expense of the characteristic Cu peak 

(see Figure 50).  

 

Figure 50. XRD spectra of NP of varying Ag/Cu mass ratios. 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 

Figure 51, the section with the largest absolute 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 particle diameter decreases.  

 

Figure 51. LDA analysis of Cu inks with varying Ag content. 

 

 

4.4 Laser Sintering of Copper (Cu) ς Silver (Ag) Hybrid Inks 

Laser sintering of the Cu and Cu-Ag NPs was carried out. It was previously established 

in section 3.2.8 άInvestigations into Potential Oxidation of the Copper (Cu) 

Nanoparticle (NP) Ink due to Laser Irradiation using X-ray Diffraction (XRD)έ that no 

Cu oxidation occurred during laser sintering. The laser sintered samples were 

electrically characterised to understand the impact of Ag addition on sheet 

resistance.  

 

Increasing Ag wt% loading between 0 and 8 % does not significantly impact sheet 

resistance. At 25 wt% Ag concentration the sheet resistance slightly increases.  
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Figure 52. Sheet resistance of laser sintered Cu NPs containing varying Ag concentrations. Error bars 

indicate standard deviation. 

 

 

4.5 Intense Pulsed Light (IPL) Sintering of Copper (Cu) ς Silver (Ag) Hybrid Inks 

IPL sintering of the Cu and Cu-Ag NPs was carried out. XRD analysis before and after 

IPL sintering was carried out to identify whether Cu oxidation occurred. The IPL 

sintered samples were electrically characterised to understand the impact of Ag 

addition on sheet resistance.  

 

As previously with laser sintering (see Figure 28), with IPL sintering no copper oxide 

peak is evident in the laser sintered XRD spectrum (Figure 91 in Appendix 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 weight loading and 

sheet resistance, similar to laser sintering (Figure 52). Compared to laser sintering, 

the IPL sintered materials all achieved lower sheet resistance values.  
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Figure 53. Sheet resistance of IPL sintered Cu NPs containing varying Ag concentrations. Error bars 

indicate standard deviations 

 

 

4.6 Thermal Sintering of Copper (Cu) ς Silver (Ag) hybrid inks 

Thermal sintering of the Cu and Cu-Ag NPs in an oxygen-containing environment and 

in an oxygen-free environment were carried out.  

 

 

4.6.1 Air (Oxygen-containing) Environment 

In order to investigate thermal sintering in an air environment, XRD scans were taken 

before and after the sintering of the materials. Electrical characterisation was 

obtained at regular temperature intervals during the thermal sintering through sheet 

resistance measurements. XRD scans (in Appendix section 8.3.3) showed that the 

initial Cu content of the materials with Ag content of 0, 1, 3, and 8 wt% were 

completely oxidised after the thermal treatment in an air environment. Solely the 

material with 25 wt% Ag shows a significant characteristic Cu peak after the thermal 

treatment (see Figure 96 in Appendix). Through the Scherrer equation (see Equation 

3) it was calculated that thermal sintering of the 25 wt% Ag in Cu material resulted in 

on average a 117 % increase in mean Ag crystallite size (see Figure 54).  
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Figure 54. Mean Ag crystallite size before and after thermal sintering. The data can be found in 

Appendix section 8.3 Table 10.  

 

Across all of the materials thermally sintered in air, the mean Cu2O crystallite size 

after thermal sintering was found to be on average 15 nm which is around 4.7 % of 

the mean Cu crystallite size before thermal sintering (see Figure 55). The mean CuO 

crystallite size after thermal sintering was found to be 19 nm which is around 6.0 % 

of the mean Cu crystallite size before thermal sintering.  
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Figure 55. Mean crystallite size before thermal sintering of Cu NP and mean crystallite sizes after 

thermal sintering of Cu2O and CuO. The data can be found in Appendix section 8.3 Table 11. 

 

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

 

In the previous DSC measurement of the Cu particles (see Figure 24 in section 3.3.1.1 

άParticle Size and Sintering Temperatureέύ it was found that Cu particle sintering 

starts at 155 °C. Visual observation of the material containing 0 wt% Ag and 100 % 

(of the metal content) Cu showed that a distinctive colour change from dark red 

(usual Cu colour) to dark blue-gray (common colour of copper oxide) occurred during 

the thermal treatment (in an air environment) at around approximately 90 °C ς at a 

significantly lower temperature than 155 °C. Thermal sintering in air of Cu NPs 

containing 0 and 1 wt% Ag did not show any measurable electrical conductivity, 

therefore those materials are not represented by graphs in Figure 56. This appears 

to be logical because Cu NPs oxidisation occurs at a lower temperature than the Cu 

NP sintering as explained previously.  

 

However, the Cu NPs containing 3, 8, and 25 wt% Ag showed measurable electrical 

conductivity (see Figure 56). Two hypothesis or a combination of both are 

conceivable an explanation for what caused the measured electrical conductivity.  
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Firstly, the Cu content entirely oxidised and the Ag migrated to form a connected grid 

to conduct electricity. Secondly, in some areas the Ag content acted as a protective 

barrier between the Cu and the air and thereby prevented Cu oxidation in some 

areas, enabling the sintering of Cu particles which in turn enabled electrical 

conductivity.  

 

The crucial aspect here is at which temperature does the Ag become mobile. In the 

results the later section 4.6.2.2 άElectron Microscopy Analysis of Copper (Cu) and 

Silver (Ag) Nanoparticle Sintering in-situ the Microscopeέ it is shown that Ag NPs 

showed the highest change in NPs neck formation between 170 and 200 °C. This neck 

formation is the consequence of enabled mass transport of the Ag. In the Literature 

Review section 2.3.4 άCu-Ag synergiesέ it was stated that in the literature on Cu-Ag 

core-shell particles the Ag shell is able to protect the Cu core from oxidation up to a 

temperature depending on the publication between 100 °C (Chen et al., 2013) and 

400 °C (Njagi et al., 2017; Tsai et al., 2013) with the great majority between 150 and 

250 °C (Chee and Lee, 2014, 2017; Kim et al., 2014; J. Li et al., 2017; W. Li et al., 2017; 

Pajor-|ǿƛŜǊȊȅ Ŝǘ ŀƭΦΣ нлмтŀΣ 2017b; Park et al., 2015; Y. S. Park et al., 2016; Tian et al., 

2016; Yim et al., 2016; Zhang et al., 2010); 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. The results from the later section 4.6.2.2 therefore 

fall within the same temperature range of the great majority of the of the literature 

findings. The electrical resistance of the Cu NP materials with 3, 8 and 25 wt% Ag 

content below 185 °C was too high to be measured. At 185 °C and at higher 

temperatures the materials showed measurable electrical conductivity. The fact that 

the temperature at which the materials became electrically conductive falls within 

the temperature range at which the Ag was found to be most mobile (170 to 200 °C) 

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

conductivity and that thus the first hypothesis is true.  

 

For the second hypothesis to be true, Ag must have protected Cu from oxidising from 

the onset of Cu oxidation at 80 °C up to the sintering temperature of the Cu NPs. As 

mentioned, the great majority of the literature on thermal sintering of Cu-Ag 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 surface ς 

leaving it exposed for Cu oxidation to occur. The results from the later section 4.6.2.2 

show a maximum mobility of the Ag between 170 and 200 °C. It is unlikely that from 

Ag protected Cu NPs sintered prior to the Ag becoming highly mobile (170 to 200 °C) 

because no electrical conductivity was measurable below 185 °C.  

 

All in all it can be said that the first hypothesis is more likely to have cause electrical 

conductivity than the second hypothesis. Based on these findings it can be concluded 

that from a threshold level of as low as 3 wt% Ag there is sufficient Ag present to 

form a connected network of Ag which conducts electricity.  

 

Figure 56. Sheet resistance against temperature during thermal sintering of Cu NPs containing varying 

Ag concentrations. Error bars indicate standard deviations.  

 

 

4.6.2 Oxygen-free Environment  

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 of the elemental metal NP sintering process without Cu or Ag 

oxidation occurring. Thermal sintering of the Cu and Cu-Ag materials in an oxygen-
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free environment was analysed using DSC scans to detect bulk melting points, the 

thermal sintering was monitored in-situ an SEM and the acquired images were 

quantified using image analysis. SEM and EDX of thermally sintered 25 wt% Ag in Cu 

in an oxygen-free environment were carried out and theoretical simulations of the 

implications of the results were carried out.  

 

 

4.6.2.1 Bulk Melting Point Analysis of Copper (Cu) ς Silver (Ag) Hybrid Inks in an 

Oxygen-free Environment 

DSC measurements were carried out on each of the Ag-Cu NP inks. All DSC curves can 

be found in the Appendix section 8.6. For each curve, the bulk melting point 

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

melting. From Figure 57 it can be seen that with increasing Ag wt% the melting point 

decreases.  

 

Figure 57. Bulk melting point temperature of Cu NPs containing varying Ag concentrations.  
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4.6.2.2 Electron Microscopy Analysis of Copper (Cu) and Silver (Ag) Nanoparticle 

Sintering in-situ the Microscope 

Cu NPs were heated up under vacuum in-situ a FEG-SEM using a host stage (as 

explained in Materials and Methodology section 4.2.3). Secondary electron images 

were taken of the same sample location at regular temperature intervals to monitor 

NP sintering. Examples of a Cu NP cluster as well as a NP bed can be seen in Figure 

58 and Figure 59, respectively.  
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Figure 58. Secondary electron SEM images of Cu NPs acquired at the same location at various 

temperatures indicated by the red labels.  

320 °C 
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Figure 59. Secondary electron SEM images of a Cu NP bedacquired at the same location at various 

temperatures indicated by the red labels.  

 

The average particle diameters were obtained at regular temperature intervals 

through image analysis (see Materials and Methodologysection 4.2.4 άImage 

430 °C 460 °C 

490 °C 520 °C 

400 °C 370 °C 

340 °C 310 °C 
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Analysis of FEG-SEM Images of Nanoparticles (NPsύέ). Figure 60 shows with 

increasing temperature between 400 and 490 °C two parameters increase due to 

particle sintering, firstly the average particle diameter and secondly the standard 

deviation of the particle size distribution.  

 

Figure 60. Average Cu particle diameter with increasing temperature. Error bars indicate standard 

deviation of the particle size distribution. 

 

Inter-particle diffusion leads to coarsening of particles when NPs are in contact 

during sintering (Fang and Wang, 2010). Large particles will grow 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 as a fusing particle and the 

larger particle counterpart which receives the smaller particle is described as a fused 

particle. Above 350 °C particle sizes of fused particles were unobtainable because 

from the 2D SEM images it was impossible to reliably determine whether a fused 

particle was a distinct and separate particle or whether it had sintered with its 

neighbouring matter.  
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Figure 61. Average Cu particle size involved in the particle fusion with increasing temperature. Error 

bars indicate standard deviation of the particle size distributions. 

 

With increasing temperature, the average particle size of fusing particles does not 

change significantly. The average fusing particle size as well as the standard deviation 

of the size distribution of fusing particles both increase with increasing temperature. 

The latter finding is coherent with the thermodynamics of particle sintering. The 

driving force for mass transport during sintering increases with decreasing particle 

size (Fang and Wang, 2010). This is because the driving force of sintering is affected 

by specific surface energy which increases with decreasing particle size (Campbell et 

al., 2002; Nanda et al., 2003). Consequentially, to induce particle fusion of larger 

particles a higher temperature is required to supply sufficient driving force for mass 

ǘǊŀƴǎǇƻǊǘ ǿƘƛŎƘ ƛǎ ǊŜŦƭŜŎǘŜŘ ƛƴ ǘƘŜ άFusing ǇŀǊǘƛŎƭŜέ ƎǊŀǇƘ ƛƴ Figure 61.  

 

In 1950 Herring first introduced the scaling law, which relates the sintering 

phenomenon to the size of the particles involved in it (Herring, 1950). The scaling law 

was denoted by Herring as:  

 

 

Equation 19                                 Ўὸ ‗Ўὸ 
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where ‗ , Ὑ and Ὑ are particle radii and ὲ depends on the specific mass 

transport mechanism of the sintering phenomenon as follows: ὲ ρ for viscous 

flow, ὲ ς for evaporation and condensation, ὲ σ for volume diffusion, and ὲ

τ for grain boundary diffusion or surface diffusion. The scaling law can be rearranged 

as follows:  

 

 

Equation 20 

 

In Figure 62 the exponent ὲ from Equation 19 was calculated using Equation 20 for 

each temperature interval and its corresponding SEM image from Figure 59.  

 

Figure 62. The sintering phenomenon characterising exponent n with increasing temperature. 

 

The calculated exponents ὲ from Equation 19 across the temperature range in Figure 

62 are on average 0.5 and do not rise above 1 so it can be concluded that the mass 

transport mechanism of the sintering of the Cu particles is viscous flow according to 

Herring.  

 

                                                       ὲ

Ў

Ў
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Just as for Cu NPs, secondary electron images were also taken of Ag NPs of the same 

sample location at regular temperature intervals during in-situ heat treatment under 

vacuum inside a FEG-SEM. Compared to the Cu NPs (Figure 59) the particle sintering 

of the Ag NP (see Figure 63) is noticeably different ς 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 

adjacent larger particles (Cu NPs), Ag NPs appear to predominantly form necks. 

 

Figure 63. Secondary electron SEM image of Ag NPs taken at various temperatures indicated by the 

red labels. 

 

Images such as the ones in Figure 63 were analysed using image analysis (see 

Materials and Methodologysection 4.2.4 άImage Analysis of FEG-SEM Images of 

Nanoparticles (NPsύέ). The fraction of sintered Ag NPs of the total number of initially 

unsintered Ag NPs was quantified and plotted in Figure 64. There is a rapid increase 

in the amount of particles sintered between 100 and 200 °C with the highest rate of 

change between 170 and 200 °C (see Figure 65).  

200 °C 170 °C 

140 °C 110 °C 
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Figure 64. Plot of the fraction of Ag NPs on the sample surface which have sintered against 

temperature. Exemplary images are included with arrow indications to the correspond data points. 

Error bars indicate standard deviation. 

 

Figure 65. Change in fraction of Ag NPs which have sintered with increasing temperature. Error bars 

indicate standard deviation. 
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4.6.2.3 Electron Microscopy (EM) and Energy-dispersive X-ray (EDX) Spectroscopy 

Analysis of Thermally Sintered Cu-Ag NPs 

Backscatter electron images of the NPs with the highest Ag content (25 wt%) after 

they were thermally sintered in-situ the EM were obtained using a FEG-SEM. 

Additionally EDX spectra were acquired and overlaid with the backscatter electron 

images.  

 

SEM images obtained using the backscatter detector are informed by high-energy 

electrons which are reflected or back-scattered out of the specimen interaction 

volume by elastic scattering interactions with specimen atom. Heavy elements 

backscatter electrons stronger than light elements. Therefore, heavy elements 

appear lighter and light elements darker in backscatter electron images. Ag is a 

heavier element than Cu (atomic numbers of 47 and 29, respectively). In the 

following examples (see Figure 66 and Figure 67) regions of the particles are lighter 

and darker in brightness. Hence it can be assumed lighter and darker regions are 

predominantly Ag and Cu, respectively. To investigate this hypothesis EDX map 

spectra were obtained and overlaid with the backscatter electron images (see Figure 

66 and Figure 67). EDX point spectra were also obtained (location of the point spectra 

are highlighted in Figure 66 and Figure 67) and the Cu/Ag wt ratio of those point 

spectra was quantified (see Table 1 and Table 2). The EDX scans confirm that the 

lighter regions of the particles are indeed regions of high Ag concentration and the 

darker regions are regions of high Cu concentration. From the backscatter electron 

images and the corresponding EDX scans, particularly in Figure 67, it is possible to 

see that a great fraction of Ag is located in the necking regions of Cu particles. This 

observation was the basis for the calculations in the following sub-chapter 

Theoretical Simulation of the Neck Formation of Silver (Ag) and Copper (Cu) 

Nanoparticle (NP) Sintering.  
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Figure 66. Backscatter electron SEM images: on the left containing Cu and Ag with indications of where 

EDX point spectra were taken and on the right the SEM image is overlaid with an EDX scan where red 

represents Cu and green represents Ag.  

 Spectrum 15 Spectrum 16 

Cu/Ag wt ratio 10.5 0.8 

Table 1. Cu/Ag wt ratio of point spectra indicated in Figure 66.  

 

 

Figure 67. Backscatter electron SEM images: on the left containing Cu and Ag with indications of where 

EDX point spectra were taken and on the right the SEM image is overlaid with an EDX scan where red 

represents Cu and green represents Ag.  

 Spectrum 1 Spectrum 2 Spectrum 3 Spectrum 4 

Cu/Ag wt 

ratio 

0.3 6.6 0.1 6.4 

Table 2. Cu/Ag wt ratio of point spectra indicated in Figure 67.  

 














































































































































































